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General Introduction

General Introduction

Medical imaging is an important, rapidly growing field which groups all the existent
imaging modalities. The development of this field has been boosted by the necessity of better
understanding and early detecting of a wide range of complex human pathologies. The
characteristics of each imaging modality make them more or less suitable for an organ within
the human body. Currently, there exist several techniques such as: Ultrasound Imaging (US),
Magnetic Resonance Imaging (MRI), X-rays, Computer Tomography (CT), and Positron
Emission Tomography (PET) among others. Amid these imaging modalities, US is one of the
most popular among clinicians, due to being a “clean” technology which does not pose any
risk to patients and to be much more affordable and easier to implement than other imaging
techniques.

Ultrasound imaging is based on the propagation of acoustic waves in biological
tissues. This technique allows to monitor the human body in real time and to acquire
grayscale images from ultrasound signals which have been reflected by different types of
biological tissues within the body. Therefore, the images offer only part of the information
contained on the reflected waves. Nevertheless, in order to fully exploit information from the
reflected signals, other ultrasound-based techniques have been developed during the past
decades. For instance, “2D-Colour Flow Imaging” (better known as Doppler Imaging), which
allows the retrieval of the blood flow, has become particularly useful in the diagnosis of
cardio-vascular pathologies. Aiming to improve tissue characterization, as conventional
ultrasonic images offer only qualitative morphological information, another technique called
Static Elastography appeared by the late nineties. This technique permitted the qualitative
estimation of the tissue elasticity, a parameter which plays a key role in tissue
characterization. Later, a technique named Transient Elastography was developed during the
doctorate of S. Catheline and L. Sandrin. This technique studied the generation and
propagation of shear waves. In fact, at low frequency, the human body behaves like an elastic
solid. Thus, it is possible to generate shear waves within the body and to assess their speed
which is directly related to the medium elasticity. The impulse elastography technique opened
the path for what is today known as the Supersonic Shear Wave Imaging (SSI) technique,
which utilizes acoustic radiation force to excite the medium and generate shear waves and
ultrafast imaging to track their displacement; offering a quantitative estimation of the tissue
elasticity. Other dynamic elastography techniques such as sonoelastography and Magnetic
Resonance Elastography which study the shear wave propagation have been developed. These

dynamic elastography techniques possess their own advantages and limitations, but none of
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them is able to follow the shear wave propagation in real time, an essential aspect in the
retrieval of biological tissue elasticity.

The SSI technigue has proved to be instrumental in the detection and monitoring of
human cancerous tumours. This technique is the base of the work contained in this
manuscript. The results of several studies in which tissue mechanical parameters such as
elasticity and shear non-linearity are used for the characterization of biological tissues are
presented.

This report begins with the elastography state of the art, in which a brief overview of
the most relevant elastography techniques developed during the last decades is given.
Particular emphasis is placed on the SSI technique due to being the core of this work. This
information could be relevant for those readers who are not very familiar with the
elastography imaging modalities.

In Chapter 2, the results of a clinical study performed in collaboration with [’institut
Curie on thirty-three patients presenting breast cancer lesions are introduced. The clinical
protocol was divided in two parts: Protocol | and Protocol II. In Protocol 1, 3D-US was used
to calculate the tumour volumes of twenty-three patients. These volumes were then compared
to MRI calculated volumes in order to measure the degree of agreement between both
imaging modalities for volume retrieval. In Phase Il, ten patients (different from the ones
taking part in Phase I) were monitored by using 3D-US and 3D-SWE as they underwent neo-
adjuvant chemotherapy treatment. 3D-US was used to measure tumour volume (as done in
Protocol 1) and 3D-SWE to measure the tumour elasticity at each time measurement point.
The aim was to evaluate the feasibility of using 3D-SWE to monitor the chemotherapy
treatment efficiency along with tumour volume, which is currently the most important
parameter used by clinicians to determine the efficiency of a chemotherapy treatment.

Although clinical studies are extremely important in medical research, they possess
their own limitations. For instance, the degree of experimental flexibility is much more
reduced than in pre-clinical studies not to put the patient’s health in danger. Chapter 3
presents the results of a pre-clinical study performed on mice in collaboration with L'hépital
Européen Georges-Pompidou (HEGP). The study was also divided into two parts: Phase |
(tumour growth) and Phase Il (chemotherapy). During Phase |, a representative human breast
carcinoma was implanted on the flank of immune deficient female mice. US and the SSI
techniques were used to measure the tumour volume and elasticity respectively from the
moment the tumours become large enough to be monitored. In Phase Il, the same type of
human breast carcinomas were implanted in a different population of mice. The mice begin to
receive a neo-adjuvant chemotherapy treatment when the tumours reached an approximate

diameter of 2 cm. US and the SSI techniques were used to measure the tumour volume and
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elasticity respectively during chemotherapy. The goal of this pre-clinical protocol was to
understand the pathology underlying stiffness. In other words, to comprehend how and which
physio-pathological parameters (cellularity, microvascular density, fibrosis and necrosis) are
correlated with tissue stiffness.

Since there exists different kinds of anti-cancerous therapies depending on the
characteristics and state of the lesions, the information retrieved from studies performed with
a given treatment may not be directly transposable to other types of therapies. Chapter 3
introduces the results of another pre-clinical study performed in mice in collaboration with
researchers from the faculty of Pharmacy of L'Universite Paris V Descartes. Human colon
carcinomas were implanted in the flank and in the abdominal cavity of female mice. An
antivascular treatment, which attacks the tumour vascular network and whose effects appear
much earlier than in chemotherapy treatment, was administered to the mice beginning twelve
days after tumour implantation. As done in the protocol presented in Chapter 3, US and the
SSI techniques were used to measure the tumour volume and elasticity respectively five days
after the implantation. This pre-clinical study intended to know if this particular type of
therapy would cause a change in the tumour elasticity, and if this change would take place
earlier than the change in the tumour size, which as it was said before, is currently the most
important criteria to decide whether a given anti-cancerous treatment is causing a positive
effect on the patient or not.

From the beginning of this work, only tissue elasticity has been the parameter
employed for the characterization of biological tissues. Nevertheless, in some cases, elasticity
may not be sufficient to determine the pathological state of a biological tissue. Chapter 5
presents the development of a technique combining static and dynamic elastography for the
retrieval of an additional tissue mechanical parameter: the third order non-linear shear
parameter . Here, the first known 2D non-linear shear elasticity maps are presented. The
results of the experiences were performed on tissue mimicking phantoms and on beef liver
samples. The technique developed was used in ex vivo experiences on mice colon to
determine the amount of stress induced to the colons by the interaction between a magnet and
ferro-magnetic liposomes previously injected into the colon. The induced stress intended to
emulate the stress induced by tumour growth on neighbouring tissues, which seemingly plays
a key role in the development of cancer tumours in tissues with a genetic cancer

predisposition.
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1. Chapter 1. Elastography: an important medical imaging research field

1.1 Introduction

It is widely known that the presence of cancerous tumours can be detected by medical
palpation [1]. In fact, it is during this medical procedure that clinicians intuitively try to assess
the Young’s modulus of the tissue (which is a physical parameter linked to the tissue
elasticity) in order to determine the presence of any tissue abnormality, due to the fact that the
pathological state of a tissue is commonly associated with its elastic properties at the
macroscopic level. This concept is the base of a medical imaging technique called ultrasound
elastography, which has found great applicability in the detection of breast lesions. Since the
70s, Ultrasound Elastography has gradually become a powerful medical imaging technique as
it offers real time qualitative, quantitative and functional information on the inner structure of
the human body. However, the technique has its limitations as in some cases it is not able to
offer the required information on the areas of interest. This has inspired several scientists who
tried to use other techniques to complement the elastography results. R. Dickinson [2] had the
idea in 1981 of quantifying the body’s natural vibrations. He designed an ultrasound signal
correlation method to quantify the amplitude and the frequency of these vibrations. He
proposed a relationship between the human organs’ elasticity and their natural displacements.
Two years later, A. Eisencher [3] exploited, for the first time, the propagation of elastic
waves. His idea consisted in replacing the human vibrations by controlled mechanical
vibrations. He called his technique echosismography and it consisted in combining
conventional ultrasound with the use of an external vibrator. He showed that it was possible to
qualitatively interpret the images obtained by this technique to determine different elasticity
areas (Fig 1.1). The applied vibrations were distinguishable on the image and the analysis of
their amplitude allowed (with some experience) the determination of tumour lesions (pointed
out by the white arrow on Fig 1.1). In this way, Eisencher showed the feasibility of detecting
the presence of hard masses surrounded by healthy tissue. His work set the basis for the

development of the dynamic elastography domain.
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Fig 1.1. One the first echosismography images of human breast. The qualitative analysis of the obtained
vibrations allows the discrimination of areas of different elasticity [4].

Another pioneer in the elastography domain is J. Ophir [5]. In the 90’s, he suggested
that the use of ultrasound was sufficient to determine the elasticity of biological soft tissues.
His technique was based on the simple comparison of several ultrasound images acquired
before and after the application of static compression on the medium under investigation.
Thus, he substituted the external vibrations by the static compression.

The work of Eisencher and Ophir set the foundations for all the currently existing
ultrasound elastography modalities, which can be classified into static and dynamic
elastography depending on the sort of mechanical excitation employed. Dynamic elastography
techniques can then be sub-classified in monochromatic and transient as it will be described
further in this chapter. Explaining all the existing elastography modalities constitutes a big
challenge. Hence, in this chapter, only a brief explanation of the most important elastography
techniques will be given, before focusing on the structure and main characteristics of the
transient elastography technique which constitutes the core of this work.

1.1.1 Static Elastography

Ultrasound static elastography was first introduced in 1991 by Ophir [5]. It consists in
measuring the displacement induced within the tissue by a continuous mechanical force. This
technique is based on Hooke’s law which states that for homogenous and isotropic material,
the deformation (¢) is directly proportional to the uni-axially applied stress (o) (see Eqg. 1);

where E represents the elastic Young’s modulus of the material.

c=FE¢ Eq.1

The static elastography technique employs an external, quasi-static uni-axial source of
compression such as mechanical actuators to compress the tissue and generate displacement
and strain (Fig 1.2). Local strains are derived from the ultrasonic backscatter signals before
and after compression by the 2D cross-correlation of the ultrasound pre and post compression
data. This technique thus produces qualitative deformation gradient images (elastograms) (Fig

5
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1.3) which are easy to interpret as long as the applied stress is relatively uniform. The
technique is based on the physical principle that the lower the Young’s modulus of a material,

the higher the strain or deformation.

a) b)

N

Static compression " I
M
x

Static compression

Fig 1.2. Static Elastography principle. Axial-compression (o) is applied to the medium to cause a deformation
(¢); a) medium before compression and b) after compression.

Fig 1.3. (Left) Echographic image of a biopsy proven breast carcinoma; (Right). The elastogram depicts the
deformation caused by the quasi-static compression for each pixel on the image. The lesion appears significantly
stiffer (reddish) than its healthy surrounding tissue. eSie TouchTM software elasticity imaging — ACUSON S200
ultrasound system (SIEMENS).

The efficiency of static elastography as a complementary medical imaging tool has
been shown [6][7]. It has the advantage of being relatively easy to apply. Moreover, the fact
that the ultrasound probe can be used to produce localized compression near the region of
interest for the breast and other superficial targets make it an appealing imaging technique.
However, it possesses some limitations for in vivo imaging: the boundary conditions are not
taken into account; nearly uniform stress must be applied in order to be able to interpret the
images which renders it very operator dependant; the targets tend to move out of plane during
compression; it is difficult to compress deeper organs and the elastograms give only
qualitative information since the amount of applied compression is unknown and hard to
control.

In order to overcome the limitations of static elastography and more importantly, to
obtain quantitative elasticity maps, new elastography modalities have been developed in the
last decade. Unlike static elastography, these new modalities known as dynamic elastography

6
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techniques, do not excite the tissue by mechanical means but employ a vibrating force
(sonoelastography) [8], a given frequency shift (vibroacoustography) [9], a very short
impulsion (transient elastography) [10] or acoustic radiation force [11][12]. All these methods
have shown their efficiency to determine elastic properties of biological soft tissues, as they
give access to quantitative elastograms with better resolution than the qualitative ones
obtained through static elastography. Nonetheless, they are slightly more difficult to
implement since they need more complex setups able to generate and detect shear waves. A

brief explanation of the principal dynamic elastography methods is given as follows.

1.1.2 Dynamic Elastography

Parallel to the static elastography technique, dynamic elastography methods based on
shear wave propagation were also developed. The biggest advantage lies on their capability to
offer quantitative elastograms. Depending on the way the tissue is excited, the dynamic
elastography techniques can be classified into monochromatic and transient.

1.1.2.1 Monocromatic

Unlike transient elastography, monochromatic elastography techniques utilize a
monochromatic (continuous) source to excite the tissue. The shear wave velocity is then
retrieved by ultrasonic (sonoelastography and vibro-acoustography) or magnetic resonance
(magnetic resonance imaging) imaging methods.

1.1.2.1.1 Sonoelastography

In 1987, Krouskop et al. [13] performed the first in vivo quantitative measurements of
tissue elasticity on amputated limb stumps. In his experiments, a vibrator excited the muscles
of the living part of the leg attached to the amputee at a frequency of 10 Hz. The
displacements induced by the shear wave propagation were measured by the Doppler effect
avec un ultrasound probe. This technique was based on the fact that the frequency shift
obtained by the Doppler effect is proportional to the amplitude of the displacements. Then, by
applying a simple viscoelastic model, the tissue elasticity could be retrieved. This technique
would be later known as sonoelastography.

Sonoelastography is a method that combines mechanical vibrations and ultrasound
Doppler imaging. Lerner and Parker carried out later in 1992 [14][15] and in 1998 [8] new
experiments on sonoelastography, in which a low frequency vibration (20 to 100 Hz) was
externally applied to excite internal vibrations within the tissue under investigation. They
believed that the elasticity of a medium was directly connected to the amplitude of the
displacements. The hypothesis was that stiffer areas would vibrate at much lower amplitude
than softer ones.
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The first sonoelastography images show the presence of a hard inclusion within a
sponge (Fig 1.4). The level of stiffness was represented by colours. The stiffer areas were
depicted in darker colours. Hence, the higher the elasticity the darker the colour and the lower
the vibration amplitude. Nevertheless, this simplified approach did not take into consideration
the undesirable effects caused by diffraction, dissipation and stationary waves, diminishing
the application of the technique for in vivo measurements of the elasticity of biological tissues

such as muscle.

A
/ St Viration
indusion source

Fig 1.4. First known sonoelastographic image (7x5 cm2). The image shows the vibration within a sponge
containing a stiff inclusion (low-dark region). The stiffer regions are represented by darker colours [16].

A second approach was developed by Sato [17][18]. Aiming to overcome the
obstacles encountered by the first sonoelastography experiments, his work focused on the
visualization of the shear wave propagation. In fact, for any source exciting the surface of an
homogenous isotropic medium, two types of waves are generated: a shear wave and a
compressional wave. Each wave possess a velocity (Vs and Vp for the shear and
compressional wave velocities respectively) which can be expressed with the Lamé

coefficients A and p as follows:

u A+2u
V= |— and Vp = Eq.2
s Po P Po 1

Where py is the initial medium density, p the elastic shear modulus and (A + 2pu) the

elastic modulus of compression. The wave velocities are linked to a couple of independent
coefficients (A, u) which are expressed as a function of the medium’s Young’s modulus (E)

and Poisson’s ratio (V) [19]:

Ev

A= TEna-m

and u Eq.3

T 20 +v)

Which means that:
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2u+ 34 A
o Heutsy

= — Eq.4
A+ pu 20+ w) d

Since we deal with biological tissues, which are quasi-incompressible materials (v =
0.5), £q. 3 becomes:

E =3u Eq.5

The medium’s Young’s modulus is directly linked to the shear wave speed. Moreover,
the shear modulus p is negligible compared to the Lamé coefficient A. It has been
experimentally proven that in soft media, the compressional wave velocity (Ve = 1500 m/s ) is
much higher that the shear wave velocity (Vs~1 m/s).

It was on measuring the shear wave velocities that S. Levinson focused one of his first
in vivo studies in 1995. Here, he measured the elasticity evolution as a function of the force
delivered by a group of leg muscles (the quadriceps) [20]. He came to the conclusion that the

more the group of muscles was contracted, the higher the global Young’s modulus (Fig 1.5).
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Fig 1.5. Shear wave speed values in ten subjects as a function of the applied load. The values have been
averaged over all the eighteen combinations of frequency, knee flexion angle and propagation direction. The
speed of sound increased uniformly with increasing load (apart from subject 5), supporting the theoretical link
between elasticity and sound speed [20].

There exist a considerable amount of literature on sonoelastography. In their
respective work, K. Fujii [21] measured the shear wave velocity by Laser-Doppler
Interferometry at several frequencies; V. Dutt and J. Greenleaf [22] employed a method of
Quadrature- Phase on the echographic signals and also measured the shear wave velocities for
frequencies ranging from 200 to 500 Hz without measuring the elasticity.

Fig 1.6 presents the sonoelastographic image of a biopsy proven cancer tumour. The
sonoelatographic image puts in evidence a stiffer zone which appears normal on the B-mode

image.
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a)

Fig 1.6. Sonoelastography image of a histology proved prostate cancer tumour. a) histologic image portrays the
tumour enclosed by the green contour line; b) the corresponding B-mode image obtained on the same plane does
not show any kind of tissue abnormality; c¢) the sonoelastographic image of the same area shows a vibration
deficit (red arrows) characteristic of stiffer tissue areas [23].

The sensibility of all these methods to the boundary conditions made it very difficult
to interpret the shear wave phase velocity maps. Nevertheless, this obstacle can be overcome
by Magnetic Resonance Elastography (MRE), a technique which gives access to the three
spatial components of the induced tissue displacement with high accuracy and precision,
facilitating the resolution of the inverse problem. It uses the same low-frequency excitation

system but the ultrasound imaging system is replaced by a magnetic resonance imaging one.

1.1.2.1.2 Magnetic Resonance Elastography (MRE)

It was initiated in 1995 by J. Greenleaf [24] when the first displacement phase and
displacement amplitude images were obtained by using Magnetic Resonance. This technique
uses a low frequency vibrator to excite the tissue at a central frequency ranging between 50
and 1000 Hz (usually centred at 100 Hz for human beings) depending on the targeted organ.
A special Magnetic Resonance Imaging (MRI) sequence allows the movement codification at
the given central frequency. A stroboscopic technique is then employed to rebuild the three-
dimensional movement within the organ from several points taken for each period. The
retrieved 2D displacement vector field is used to retrieve the tissue’s Young’s Modulus. MRE
very much depends upon the number of cycles (which is elevated) and permits the
measurement of the three components of the displacement vector having a vector base of the
right gradient. Its precision for measuring the tissue displacement reaches the 100 nm. The
acquisition time depends on the image resolution and can easily achieve several minutes,
which makes it impossible to use in moving organs such as the heart and the kidney.
Moreover, the mechanical excitation must be “monochromatic”, since the displacement
acquisition is not instantaneous and requires a perfect synchronization between the MRI
device and the low frequency mechanical excitation. Therefore, the observed waves are
exclusively monochromatic.

Fig 1.7 presents the MR and MRE images of a breast lesion before and after
chemotherapy, where a change in the tissue elasticity pre and post treatment of the lesion is

observed.
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Sinkus et al. [25] used MRI to show the feasibility of the determination of additional
tissue biological parameters such as anisotropy, and its importance when assessing the
pathological state of a lesion. Additionally, Oliphant [26] succeeded in estimating the
complex shear modulus and showed the feasibility of retrieving the shear viscosity modulus.
In vivo studies have been performed. Plewes [27] visualized and quantified the breast
mechanical properties and Dresner [28] quantified the biceps elasticity during muscular

contraction.

3

1000 4000 7000

Fig 1.7. Representative MRE study of a breast lesion. (Top) the MR images of a the lesion before and after
chemotherapy. (Bottom) Corresponding gquantitative elasticity maps based on MRE of the same areas of interest,
at both time points. A reduction of the highest values of stiffness is noted after chemotherapy [16].

MRE is particularly useful for imaging the brain since it rests still within the cranial
cavity. Even though MRE offers 3D quantitative images of very good resolution, its cost,
limited mobility and long acquisition times are important obstacles for in vivo imaging
studies. In addition to this, the technique is very noise sensitive and the inverse problem is
difficult to resolve. Nevertheless, these obstacles can be overcome with the use of impulse

elastography, whose main characteristics are explained further in this chapter.

1.1.2.1.3 Vibro-acoustography

As an ultrasound beam propagates through an absorbing medium, the energy transfer
results in a second-order effect that produces a force proportional to local intensity and
absorption, which is termed radiation force [34]. In 1990, Sugimoto et al [35] came up with a
set-up which applied radiation force to a tissue sample while measuring the resulting tissue
displacement with an ultrasound probe. The displacement vs. the relaxation curve were fitted
to a multi-exponential function as a model of the mechanical properties [16].

M. Fatemi and J. Greenleaf [36] developed a two-frequency method which measured
the acoustic responses to the excitation caused by the radiation force of two interfering

ultrasound beams. A confocal transducer produced two continuous ultrasound waves whose
11
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frequencies (f and f + Af) slightly differ and which intersected at the object. The acoustic
remote intersection of the two beams produced an oscillating radiation force over the object at
the frequency difference which made it vibrate, emitting an acoustic field in the surrounding
medium. The beam’s remote intersection eliminates the object’s acoustic emissions and the
transducer’s interference. The sound waves generated by the vibration of the object are
detected by an hydrophone tuned to the difference frequency (Af) and filtered by a band-pass
filter centred at the same frequency. In order to build a 2D image, the confocal transducers
sweep out the entire area in raster scanning like motion (Fig 1.8). The main frequency (f) and
the difference frequency (Af) are in the order of MHz and kHz respectively.

Covering the entire region by the radiation force caused a considerable energy transfer
to the medium under test and a relatively long acquisition time, which limited the in vivo
applicability of this technique. Moreover, the measured parameter depended on the radiation
force and the stiffness and geometry of the vibrating object. Fig 1.9 shows a Xx-ray

mammography of a healthy breast and its corresponding vibro-acoustographic image.
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Fig 1.8. Vibro-acoustography system diagram. (Top) A simplified vibro-acoustography set-up. (Bottom)Two
continuous wave generators drive these elements at slightly different frequencies. The transducer is focused on
the object, with the beams interacting at the joint focal point to produce an oscillating radiation force on the
object at the difference frequency. This force causes the object to vibrate and as a result an acoustic emission
field is produced in the surrounding medium. This field is detected by the hydrophone and filtered by a band-
pass filter centred at the difference frequency. The amplitude of the resulting signal, detected by the detector, is
used to modulate the intensity of the image at a point corresponding to the position of the beam on the object.
[37].
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Fig 1.9. Breast Images of a healthy breast. (a) X-ray mammography of the entire breast and (b) its
corresponding vibro-acoustographic image focused at 2 cm depth from the skin (Af = 50 kHz) [38].

Later in 2004, Greenleaf developed a quantitative method called Shear Wave
Dispersion Ultrasound Vibrometry (SDUV) [39] to measure stiffness and viscosity of soft
tissue non-invasively. SDUV uses a focused ultrasound beam within the FDA power limits to
stimulate (within the studied tissue) cylindrical harmonic monochromatic shear waves
propagating outwards from the beam axis. The shear wave propagation is tracked using a
separate ultrasound beam in pulse\echo mode. The phase of shear wave is measured at two
different points within the propagation path and used to retrieve the shear wave speed. This
processes is repeated at several frequencies and fitted with a theoretical Voigt dispersion
model to inversely solve for tissue viscosity and elasticity.

Despite the fact that the monochromatic excitation elastography techniques offer a
quantitative mapping of the tissue elasticity, the disadvantage of the monochromatic
vibrations lies on the impossibility to separate the compressional waves from the shear waves,
an aspect that can affect the shear wave velocity calculation. This aspect paved the way for
the development of new elastography techniques, in which the tissue excitation was not

monochromatic but transient.

1.1.2.2 Transient Elastography

Several techniques focus on the propagating shear waves resulting from a transient
(impulsive or short tone burst) tissue excitation, whose displacement history along the central
axial line can be extracted by ultrasonic techniques. This allows the global estimation of the

tissue shear wave velocity and therefore the tissue elasticity.

1.1.2.2.1 1D Impulse Elastography

One-dimensional impulse elastography was born in 1994 during the PhD thesis of S.
Catheline [29]. The idea consisted in measuring the tissue elasticity after exciting the tissue
not monochromatically like in sonoelastography or MRE but by using a short impulsion. This
technique allowed separating the compressional wave (which propagates very rapidly) from
the slower shear wave without taking into account the boundary conditions. Therefore, the

shear wave (generated by the pulse) displacement was no longer stroboscoped but recorded in

13
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real time by using a conventional ultrasound probe along the entire trajectory. Fig 1.10
illustrates a typical 1D impulse elastography setup.
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Fig 1.10. The vibrator gives a low frequency touch (about 50 Hz) to the sample, generating a compressional and
a shear wave. The ultrasound probe (which is placed over the vibrator) permits monitoring the shear wave
propagation within the medium by using speckle axial correlation more than 1000 times/s. Therefore, the shear
wave velocity and the material’s Young’s modulus can be retrieved [31].

Initially, a shear wave and a spherical compressional wave were generated when a
circular piston (with a diameter ranging from 5 to 20 mm) slightly touched the medium [30].
A 3 MHz transducer placed right in front of the piston and focused, permitted to image the
entire area of interest. The displacement generated within the medium by the shear wave
propagation was then retrieved by correlating the back-scattered echo signals using an
ultrasound probe more than 1300 times (repetitions) per second [4]. Finally, the shear wave
velocities were retrieved from a spectral analysis around the displacement central frequency.
Therefore, the Young’s modulus of the medium (considered as isotropic and non-viscous)
could be retrieved using the expression on the left side of Eq. 2.

The technique was first tested mainly on agar-gelatine tissue mimicking samples
which simulated the properties of biological tissues. These materials have the advantage of
being homogeneous, isotropic, viscoelastic and linear. This method was then employed to
perform measurements in the skin and muscles by J. Gennisson [4]. Due to its effectiveness,
the technique has been commercialized as Fibroscan® and permits to characterize the liver
fibrotic state by giving a global score based on the mean elasticity. This non-invasive imaging
technique can avoid performing biopsies in some cases. Fig 1.11 portrays the shear wave
displacement simulation with the Green’s function (left) and the wave-front displacement as a

function of depth and time in human muscle (right).
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Fig 1.11. 1D-Transient Elastography. Shear wave displacement as function of the depth and time in (left) a
simulated environment and (right) human muscle in vivo[4].

The 1D transient impulse elastrography technique allowed the determination of the
Young’s modulus of isotropic materials along the beam axis. However, in order to retrieve the
complete 2D Young’s modulus map of the medium, the shear wave front propagation must be
tracked in two dimensions with conventional ultrasound probes. Thus, it is necessary to have
a ultrasonic frame rate (frequency) high enough to catch the shear wave propagation in real
time, which reaches a few meters per second. Therefore, a frame rate of a few thousands of
images per second is needed. At that time, the echographic systems were limited to 50 images
per second, which was too low for following the shear wave propagation. Hence, an ultrafast
imaging system was developed to meet with the high frame rate requirements. Such system

was part of a technique initially known as 2D impulse elastography.

1.1.2.2.2 2D Impulse Elastography

Continuing with the development of the one-dimensional impulse elastography
technique, some features were upgraded. In 1997, an echographic device used for acoustics
time reversal experiments was adapted to perform ultrafast imaging [32] based on the
emission of ultrasound plane waves. The system was composed of 128 independent
emission\reception channels, each one with a 2 MB memory capacity. The ultrasound signals
were sampled at 50 MHz. The transducer was fixed to a mechanical vibrator capable of
generating shear waves within the medium at a frequency of 100 Hz (Fig 1.12 - right). The
entire system was then controlled by a computer (Fig 1.12 - left). Once the shear wave
propagation film was reconstructed, the inversion of the wave equation allowed the retrieval
of the complete 2D Young’s modulus map of the medium. This system was known as two-

dimensional impulse elastography.
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Fig 1.12. (Left) ultrafast imaging system. The electronic system composed by 128 independent channels
(emission/reception), allows the acquisition of the echo-signals coming from each of the 128 elements of the
probe. The entire system is controlled through a computer. (Right) The ultrasound probe (linear array) is fixed
to a vibrator which excites the tissue to generate the shear waves[4].

An ultrafast imaging sequence takes place as follows:

Initially, unlike a conventional echographic device, there is not beamforming during the
emission. Therefore, the ultrasonic image is not formed by emitting a series of focused
ultrasound beams to cover the complete region of interest (Fig 1.13(a)) but by emitting a
single ultrasonic plane wave by all the probe transducers (Fig 1.13(b)) at the same time. The
acquired backscattered signals are subsequently saved and post-processed. The displacements
generated by the shear wave propagation are then calculated by the cross-correlation of
consecutive images as done in the 1D version of the technique. In this way, only a single
emission is needed to obtain a complete ultrasound image of the medium. This method allows
the acquisition of approximately 8000 raw RF data images per second.

The resolution of the inverse problem in two dimensions of the shear wave propagation
permitted the retrieval of the 2D velocity map and therefore the 2D elastic map of the

medium.
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Fig 1.13. (a) Schematic principle of a classical ultrasonic device. The ultrasound waves are focused at emission,
with a time interval of about 0.13 ms between the activation of two neighbouring transducer elements. Such
systems can reach an imaging frequency of approximately 50 Hz.(b) Ultrafast imaging principle. The medium is
imaged after a single emission of a plane ultrasound wave. The shear wave displacements are obtained after
post-processing the back-scattered signals. This system can reach an imaging frequency of about 8000 Hz.

The first In vivo experiments with this technique on humans were performed in 2003 with
encouraging results [33]. Here, the technique was employed on patients presenting breast
lesions. The 2D maps of elasticity showed an important elasticity contrast between the lesions
and their healthy surrounding tissue (Fig 1.14). However, the device remained bulky and not

very practical for in vivo experiments.
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Fig 1.14. Malignant breast tumour (adenocarcinoma): a) The lesion (which is enclosed by the dotted yellow
rectangle) appears darker than its surrounding tissue on the echographic image; b) Superposition of the shear
modulus map of the same region over the echographic image. The colour-contrast shows that the lesion has a
much higher elastic modulus than the surrounding healthy tissue; ¢) Zoomed shear modulus map of the region of
interest [33].

1.1.2.2.3 Acoustic Radiation Force Imaging (ARFI)

The ARFI or Acoustic Radiation Force Method is a dynamic elastography technique
method developed by Nightingale et al. [40] in 2001, which uses acoustic radiation force to
generate localized tissue displacements that are directly correlated with localized variations in
tissue stiffness. These displacements are measured using ultrasonic correlation based methods
and their magnitude is inversely proportional to the local tissue stiffness. In this method,
focused ultrasound is used to apply localized radiation force (pushing) to small volumes of
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tissue (2 to 3 mm) for short durations (less than 1 ms). The resulting tissue displacements are
mapped using ultrasonic correlation-based methods [40]. Therefore, the ARFI technique
allows to track the tissue displacement and relaxation directly after the radiation force has
been applied (Fig 1.15). The temporal properties of such relaxation curves permit the retrieval
of information regarding the elasticity and viscosity at the focal point only [41]. Moreover,
radiation force induced tissue displacements are generated at multiple locations and combined
to build a complete quantitative map of tissue stiffness (Fig 1.16). This increases the time
needed to build one entire image [42] as well as the tissue temperature due to multiple
“pushing”. This technique has been used to build quantitative elasticity maps on breast ,

prostate and liver [43][44].

0 ms

Fig 1.15. 3D finite-element simulation of the shear wave propagation represented as isocontours of
displacement at different times after ARFI excitation. The medium was assumed to be purely elastic, with a
Young’s modulus of 4 kPa and an acoustic attenuation coefficient of 0.7 dB cm™ MHz™. The 0 ms isocontour
image portrays the radiation force region of excitation (ROE). The central axis of this displacement profile is the
location used to generate qualitative ARFI images as shown in Fig 1.16. The plot in the upper right shows the
displacement-through-time profiles at the axial focal depth of the radiation force excitation at three different
lateral positions (indicated by the arrows in the isocontour images). Blue, 0 mm; red, 1.5 mm; green, 3 mm [45].
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Fig 1.16. Images of a mammary tumour (left) and a melanoma tumour (right) implanted on mice. (Above) ARFI
images and (below) the corresponding B-mode images. ARFI imaging uses the acoustic radiation force to
generate the “pushing” within the tissue and conventional ultrasonic methods to track their displacements.
Although the two tumours are both displayed as slightly anechoic regions in the B-modes images, the mammary
tumour appears as a dark, lower displacement region (i.e. stiffer) in the ARFI image, whereas the melanoma
tumour appears as a bright higher displacement region (soft) in the ARFI image. Source:
http://kathynightingalelab.pratt.duke.edu
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1.1.2.2.4 The Supersonic Shear Wave Imaging (SSI) Technic

The SSI technique is a step further in the development of the 2D impulse elastography
technique [12]. This dynamic elastography technique born in 2004, utilizes radiation force to
excite the medium and generate shear waves and ultrafast imaging to track their displacement.
The idea of associating radiation force to the study of generated shear waves comes from
Sarvazyan, who introduced the concept of Shear Wave Elasticity Imaging (SWE) in 1998
[46]. It was in 2004 that Bercoff [47] combined two fundamental ideas to overcome the
limitations encountered by the 2D elastography technique. These two concepts, radiation
force and ultrafast shear wave imaging are the base of the Supersonic Shear Imaging
technique. The technique can be subdivided into two basic steps as follows:

— The Mach-cone creation: ultrasound waves are focalised successively at
different depths to create spherical waves at each focal point. All the generated
spherical waves interfere constructively to create a sort of Mach-cone [12]
(quasi-plane on the imaging plane and cylindrical in three dimensions) which
propagates in opposite directions (Fig 1.17(a)). The constructive spherical
wave interference increases the shear wave amplitude and the signal to noise
ratio. In the imaging plane, the plane wave front allows the simplification of
propagation hypotheses, which is of great interest for the inverse problem.
Only one Mach-cone is needed to generate the quasi-plane shear wave fronts
that travel across the medium to cover the entire region of interest.

— Ultrafast Imaging: ultrasound plane waves are generated to track the shear
wave displacement along the entire imaging plane. During a single acquisition,
up to 8000 images per second can be acquired. Hence, only one Mach-cone is
enough to acquire the complete 2D shear velocity map of the medium (Fig
1.17(b)).

In the SSI technique, the external vibrator employed to generate the shear waves in the
2D impulse elastography technique is replaced by the acoustic radiation force. Therefore, both
the excitation and imaging processes are carried out using an ultrasound probe. The generated
shear waves have an amplitude (from O to the maximum) of several dozens of micrometres
and are detectable with a good signal to noise ratio by axial correlation and ultrafast imaging.
The latter allows to perform an entire single acquisition in less than 30 ms, imaging in real
time the shear wave displacement and permitting the retrieval of the shear wave velocity and
the complete 2D quantitative elasticity map of the medium (using Eq. 2 and Eg. 5) with great
precision. The Spatial resolution of the elasticity maps obtained with this technique at 8 MHz

and 15 MHz are of 1.2 mm and 0.4 mm respectively.
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Fig 1.17. The two basic steps of a SSI technique experiment: (a) Generation of the shear wave. (b) Propagation
of the quasi-plane wave sources on opposite directions. Acoustic radiation force is used to excite the medium
and generate shear waves. Then, by using ultrafast imaging, the shear wave displacement is tracked. Only one
Mach-cone is needed to image the entire region of interest. The entire imaging process take less than 30 ms.

The SSI technique is also not very sensitive to breathing movement. As in 2D Impulse
Elastography, the shear elasticity maps are obtained by the inversion of the wave equation.
Bercoff [47] developed the technique for the first prototypes and acquired the first in vivo
images within the frame of his doctorate.

Nowadays, the techniques based on the application of the acoustic radiation force to
excite the tissue (ARFI and SSI) are very popular due to the fact that they give very accurate
quantitative estimation of the tissue elasticity and being very suitable for in vivo applications.
Whereas today ARFI offers a quantitative elasticity value only at one given location at a time,
the ultrafast ultrasonic imaging capabilities of the SSI technique give the ability to produce
full quantitative elasticity maps of the medium in real time.

Tanter et al [48] performed a first clinical trial of breast cancer imaging using SSI in
2008. The trial showed the capability of the SSI technique to sharply discriminate between
benign and malignant lesions in a limited number of patients (N=15). In 2012, Berg et al.[49]
showed in a multi-centric clinical study involving a very large cohort of a 939 patients, that
the SSI technique offers a very high specificity level which could help improve the
ultrasonographic assessment of breast masses. Fig 1.18 presents B-mode images and their
corresponding shear wave elastography images (acquired by using the SSI technique) of three
different human breast lesions. For the elastographic images, the colour-bar was fixed
between 0 and 180 kPa, with black and red representing the lowest and highest elasticity
values, respectively. In this case, the SSI measurement of elasticity correlated with the
malignancy degree of a biopsy proven grade | infiltrating ductal carcinoma (a), a grade IlI

invasive ductal carcinoma (b) and a fibroadenoma (c).
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Fig 1.18. B-mode images(bottom) of three different breast lesions and their corresponding elastographic images
(top)acquired by using the SSI technique. (a) A 6-mm irregular hypoechoic mass considered to be BI-RADS
category 5 in a 58-year-old woman. Biopsy showed grade | infiltrating ductal carcinoma. (b) An oval,
circumscribed mass considered to be BI-RADS category 3 in a 67-year-old woman. Shear wave (SW)
elastographic image shows that the mass and surrounding tissue are heterogeneously stiff and that the zone of
stiffness is irregular, all of which are suspicious findings on an SW elastographic image. Biopsy showed grade
111 invasive ductal carcinoma. (c) An oval, mostly circumscribed mass considered to be BI-RADS category 4a in
a 35-year-old woman. SW elastographic image shows that the mass (arrow) was relatively homogeneously soft.
On the basis of the benign appearance on SW elastographic image, this mass could have been considered Bl-
RADS category 3. Biopsy showed fibroadenoma [49].

Cosgrove [50] performed a study on 758 breast masses that were visible on ultrasound
to evaluate the reproducibility of the SSI technique. Fig 1.19 shows the B-mode images
(bottom) and their corresponding elastographic (top) images for one of the lesions. For the
elastographic images, the colour-bar was fixed between 0 and 180 kPa, with black and red
representing the lowest and highest elasticity values respectively. The colourless areas within
the Q-boxes (white square) denote the regions with no detectable echo. In order to assess the
intraobserver reproducibility (when one observer examines the same material more than
once), each observer obtained three consecutive SWE images of 758 masses that were visible
on ultrasound. 144 (19%) were malignant. For the interobserver reproducibility (when two or
more observers examine the same material), a blinded observer reviewed images and
agreement on elastographic features was determined. This clinical study showed that SWE is
highly reproducible for assessing elastographic features of breast masses within and across
observers. Moreover, it also showed that the SWE interpretation is at least as consistent as

that of ultrasound B-mode features.
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Fig 1.19. Three sequentially acquired B-mode images and the corresponding Shearwave Elastography images of
a breast cancer showing the small changes registered over time. The acquisitions show a high repeatability. The
colour-bar represent the lowest and highest elasticity values in black and red respectively [50].

The performed clinical studies proved that the SSI technique is a powerful tool for the
detection and characterization of breast lesions with good specificity and reproducibility
[49][50]. Nevertheless, there is room for improving the performance of the technique. For
instance, it has not been yet proved if the technique can be used to monitor the development
and medical treatment of cancer tumours in vivo. The question as to whether cancer tumour
characterization can be enhanced with the use of 3D-SWE elastography is answered
throughout this work.

Elastography imaging modalities present an added value with respect to other imaging
modalities for medical diagnosis, which lies in the contrast observed in the tissue viscoelastic
properties that correlate with significant changes in the stroma and connective tissues during
disease processes.

In the last two decades, the use of elastography as a medical imaging technique has
grown rapidly. New techniques have been developed; some of them with a great applicability
as medical imaging tools. However, for some others, their cost, limited mobility and the lack
of quantitative information limit their in vivo applicability. Therefore, it is important to have a

good understanding of the advantages and limitations of each technique to better exploit them.

1.2 Conclusion

This work focuses on the application of SWE for the characterization and monitoring
of cancerous tissues in human beings and mice. Chapter 2 contains the results of a clinical
study on patients presenting different kinds of breast abnormalities. The study aimed to
evaluate the feasibility of using 3D-SWE and 3D ultrasound to monitor tumour growth and
tumour response to neo-adjuvant chemotherapy treatment. In this study, the tumour volumes
measured by conventional ultrasound and MRI were correlated.

In Chapter 3, the results of an animal study are presented. In this case, the idea was to

understand the pathology underlying stiffness. A representative type of human breast cancer
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tumour was implanted in the flank of nude mice. The tumour volumes and their global
elasticity values were measured by conventional ultrasound and 2D-SWE respectively before
and after chemotherapy treatment. Histological analyses were performed to retrieve the
percentages of cellularity, fibrosis and necrosis of the tumours.

Continuing with the monitoring of the cancer tumour behaviour pre and post treatment
by the SSI technique, the results of a second animal study are presented in Chapter 4. This
time, fragments of human colon-rectal tumour were ectopically and orthotopically implanted
in mice. The tumour volumes and elasticity values pre and post treatment were measured by
ultrasound and the SSI technique respectively. Unlike the study mentioned in Chapter 3, in
this study the animals were treated with an antivascular drug to destroy the tumours vascular
network and halt their development.

In Chapters 2 to 4, the elasticity is utilized as a biomarker for the tissue
characterization. Nevertheless, there exist additional parameters such as elastic non-linearity,
which could offer new and precious information on tissue characteristics. Chapter 5 presents
the first known 2D-nonlinear elasticity maps of tissue mimicking phantoms and liver beef
samples. Here, the third order non-linear parameter is retrieved for a wide range of elasticity
values by using a developed technigque, which employs a conventional ultrasonic probe and
combines both the SSI technique and the Static Elastography concepts to retrieve elastic
nonlinearity. Chapter 5 ends by presenting the result of a study performed ex vivo on mice
colon samples, in which the technique used to retrieve the non-linear parameter is employed
to understand the mechano-transduction processes involved in tumour development in
biological tissues. The colon samples were taken from genetically and non-genetically
modified mice. Some of the genetically modified mice had developed cancer tumours in the
colon. The goal of the experiments was to calculate the amount of intracellular stress needed
to trigger the development of cancerous tumours in mouse tissue. The stress was calculated by

combining quasi-static compressions with the SSI technique through Hooke’s law.
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2. Chapter 2. Monitoring Chemotherapy treatment by using 3D-Shear
Wave Elastography (3D-SWE)

2.1 Introduction

Breast cancer is the most commonly diagnosed cancer and the leading cause of women
death worldwide, accounting for 23% of the total number of new cases and 14% of deaths in
2008 [1][2].

Imaging plays a key role in the early detection of cancer abnormalities. Screening is
based on mammography and B-mode Ultrasound (US). The discrimination of breast
abnormalities between benign or malignant with ultrasound imaging is purely based on
morphological criteria (e.g. mass margins, shape and orientation), which is defined in the BI-

RADS lexicon (Breast Imaging Reporting And Data System) of the ACR (American College
of Radiology) [3]. However, some cancers, including high pathological grade carcinoma may

exhibit morphological features similar to benign lesions in 15 to 18% of the cases, while some
seemingly ‘suspicious’ lesions may actually be benign [4]-[6]. Hence, morphological criteria
are not always sufficient to fully characterize lesions.

Over the last two decades, researchers and industry have been trying to develop novel
imaging techniques to measure new parameters which could help improve the characterization
of breast lesions. Among the methods developed, there exist the Shear Wave Elastography
(SWE) family, which groups those techniques that study the displacement of generated shear
waves to quantify the medium elasticity. Amid the SWE family, we have the Supersonic
Shear Wave Imaging (SSI technique), which has become increasingly popular as a
complementary imaging tool to conventional US for the diagnosis of breast cancer
abnormalities in vivo on humans [7]-[9]. Recent studies have shown that the SSI technique
could improve the specificity of breast ultrasound up to 78.5% without loss of sensitivity [7],
whereas it could be fairly reproducible in at least 87.9% of the 758 studied cases [8]. The
technique has also shown that malignant lesions have much Young’s modulus values than
benign ones [9]. These new findings along with the classical morphological criteria seem to
help improve breast lesion ultrasound characterization as shown by some recent studies [10]-
[12]. Due to the proven efficacy of SWE, some approaches have been made to develop 3D-
quasi-static elastographic methods [13][14]. Although they constituted interesting approaches
to 3D-Elastography, these quasi-static elastographic systems offered only qualitative
information and lacked robustness as some of the planes were dominated by strain estimation

errors.
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In this chapter, the concept of 3D-Shear Wave Elastography (3D-SWE) is introduced.
It combines the multi-planar imaging benefits of 3D-US with the quantitative elasticity
mapping of the SSI technique. Compared to 2D-US, 3D-US offers more information, i.e. the
additional coronal view due to the real-time multi-planar lesion view. This additional plane
permits a better evaluation of lesion features such as shape, margins and orientation. Lesion
dimensions can be measured in three planes and the volume estimated. 3D-SWE has the
advantage of offering detailed elasticity distribution in three dimensions. All the previously
mentioned features would be particularly useful to evaluate lesion response to pre-operative
anti-cancerous treatment.

This chapter presents the results of a clinical study aiming to evaluate the feasibility of
using 3D-SWE in the monitoring of patients undergoing a type of chemotherapy which is
intended to shrink the tumour before performing surgery (neo-adjuvant chemotherapy). This
sort of treatment is usually for patients who desire to avoid mastectomy (surgical removal of
the entire breast). Tumour volumes were measured with 3D-US and compared to MRI
measurements. Tumour elasticity was measured with 3D-SWE.

2.2 Materials and Methods

2.2.1 Clinical protocol
This study was approved by the local research and ethics committee (CPP 2010-07-01)

and written consent was obtained from all patients. Between December 2010 and January
2012, thirty-three patients (mean age of 51 + 5 years [range 32 to 61] and mean lesion
diameter of 32 £ 5 mm [range 22 to 48 mm] presenting with suspicious breast lesions were
included. Characterization of breast lesions was performed using the Breast Imaging
Reporting and Data System (BI-RADS) [16]. Lesions were classified as BIRADS 4 and
BIRADS 5 . Biopsy was performed in all cases.

The study was subdivided into two protocols: Protocol | and Protocol Il. In Protocol I, the
tumour volumes of twenty-three patients were measured by using MRI and 3D-US imaging
before the patients begun any kind of anti-cancerous therapy. The aim was to correlate the
volumes retrieved with both techniques. In Protocol I, ten patients (which were not part of
Protocol 1) presenting with breast tumours were monitored periodically as they underwent
neo-adjuvant chemotherapy treatment. The tumour volumes and elasticity were measured by
3D-US and 3D-SWE respectively. The 3D-US, 3D-SWE and MRI acquisitions were
performed and interpreted by two experienced breast radiologists from the Radiology
department at the Institut Curie (Paris, France). 3D-US and 3D-SWE images were acquired
by using the Aixplorer ultrasound system (SuperSonic Imagine, Aix en Provence, France).
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2.2.2 3D-Ultrasound (3D-US)

A 2D probe (SuperLinearTM Volumetric (SLV 16-5) - Supersonic Imagine) designed
for 3D imaging was implemented into the Aixplorer system to be able to perform 3D-US
acquisitions. This probe is composed by a 1D linear array of 192 elements with a central
frequency of 8 MHz. The linear array is displaced in fixed angular intervals by means of a
small mechanical motor that sweeps the entire region of interest in about 5 s (Fig 2.1).
However, the acquisition time varys depending on the image depth. At each probe position,
2D images are acquired. The 3D ultrasound volume of the lesion is then reconstructed from
the acquired 2D image dataset. The system allows multi-planar navigation within the lesion in
three different imaging planes: axial (z-axis), sagittal (y-axis) and coronal (x-axis) as
presented in Fig 2.2 to Fig 2.4. This feature permits better and more accurate lesion

visualization.

/‘

Fig 2.1. (a) Probe used for 3D-US and 3D SWE.; (b) The probe sweeps along the lesion, acquiring 2D images at
each angular position which are then used to reconstruct and display a 3D volume.

Imaging settings such as image depth, focal position, contrast and resolution, can be
adjusted before performing a 3D acquisition depending on the patient morpho-type and lesion
localization inside the breast. A 3D-US sequence proceeded as follows:

The 3D probe was positioned along the tumour’s central-axial plane before launching
the image acquisition. Several acquisitions were performed at each probe position. Before
each acquisition, the probe was removed and repositioned in order to test the robustness of the
technique. Once the 3D sequence had been launched, the probe remained still until the
acquisition had finished and the entire tumour had been covered. The complete volume was
then displayed in three-orthogonal slice planes (axial, sagittal and coronal), along with a
texture-mapped 3D rendering which showed the 3D relative position of each plane (Fig 2.2).
The tumour’s maximal diameters were measured in the central axial, sagittal and coronal
planes of each 3D-US acquisition. To facilitate the volume calculations, the lesions were
assumed to have an ellipsoidal shape. Therefore, tumour volumes were calculated by

introducing the measured maximal diameters into the mathematical expression for the volume
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of an ellipsoid presented in (1), in which d,,ds; and d. represent the tumour maximal

diameters measured in the axial, sagittal and coronal planes respectively.

_ mdgds.de
- 6

% Eq. 1

2.2.3 3D-Shear Wave Ultrasound Elastography (3D-SWE)

3D-SWE acquisitions were performed using the same 3D probe by simply switching
on the Shear Wave imaging mode. In this mode, the Supersonic Shear Wave Imaging (SSI)
technique presented in the last chapter, uses the shear wave propagation to remotely displace
tissue in real time at each imaging plane. 2D quantitative elasticity maps are obtain at each
angular position as the entire tumour is swept by the probe as in the 3D-US acquisitions. The
3D elasticity volume is then reconstructed from the acquired 2D images. The probe was then
rotated 90° and placed in the central-sagittal plane of the tumour. As for the 3D-US
acquisitions, 3D-SWE acquisitions were again performed along the central-axial and central-
sagittal plane. Each pixel within the 3D elastic volume is quantified in kiloPascals (kPa) and
colour-coded from black (softer) to red (harder). In this study, the colour-bar was fixed
between 0 kPa and 180 kPa for all the patients. A complete 3D-SWE acquisition takes
approximately 25s. Nevertheless, the acquisition time varies depending of the imaged depth.
At the end of the acquisition, three orthogonal planes (axial, sagittal ad coronal) are displayed
together with a texture-mapped 3D rendering (see Fig 2.8(b), Fig 2.9(b) and Fig 2.10(b)).
Hence, the system offers precious quantitative information on the tissue stiffness at every
single voxel within the 3D elastic volume. The tumour elasticity was retrieved by calculating
the mean elasticity value within a circular region covering the largest possible tumour area.
As said in the previous chapter, the spatial resolution of the elasticity maps obtained with this

technique at 8 MHz is 1.2 mm.

2.2.4 Magnetic Resonance Imaging (MRI)

Breast MRI protocols were standardized according to the EUSOMA (European
Society of Breast Cancer Specialists) and EUSOBI (European Society of Breast Imaging)
recommendations [17,18] and comprised a bilateral examination including morphologic
sequences (T1 or T2 with or without fat saturation) and dynamic sequences after intravenous
injection of gadolinium. Subtraction and maximum intensity projections (MIP) were
performed in post-processing. MIP is a volume rendering method for 3D data, which projects
in the visualization plane the voxels with maximum intensity that fall in the way of parallel
rays traced from the viewpoint to the plane of projection. This implies that two MIP

renderings from opposite viewpoints are symmetrical images if they are rendered using
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orthographic projection. Lesion volume was calculated on MRI by using the appropriate
segmentation tools of the Volume Viewer software available in the work station. The MRI
system (1.5 Tesla Siemens Symphony - TIM Magnet) has an in-plane spatial resolution of 0.8

mm X 0.8 mm.

2.2.5 Statistical analysis.

A statistical Bland-Altman plot and Box-plot were employed to analyse the agreement
between the calculated 3D-US and MRI volumes.

The Bland-Altman plot compared pairwise the mean values of the volume
measurements performed with US and MRI. In this method, the difference between the
volumes was plotted against the average. The test gave as a results the bias, or the average of
the differences. The bias was computed as the volume determined by MRI minus the volume
determined by 3D-US. Ideally, the bias should be very close to zero. If it is not the case, this
indicates that the two measurement methods are producing different results. The confidence
interval was set to 95%, which means that in future volume measurements using 3D-US and
MRI, the difference between both techniques should lie within the confidence interval
approximately 95% of the time.

The Box-plot gave three statistical measures: the median, the upper and lower
quartiles, and the minimum and maximum data values. Each box within the plot contained the
middle 50% of the data. The box’s upper and lower edges illustrated the 75" and 25"
percentile of the dataset. The horizontal line within the box indicated the median dataset
value. Ideally, the median line should be equidistant from the upper and lower edges,
otherwise the data distribution (which was assumed non-Gaussian for this study) is distorted.

The ends of the vertical lines depicted the maximum and minimum data values.
2.3 Results

2.3.1 Protocol |

Fig 2.2, Fig 2.3 and Fig 2.4 present the 3D-US multi-planar views of a carcinoma
(1.20 cm®) present in Patient 15, a fibroadenoma (2.06 cm®) present in Patient 02 and a
carcinoma present in Patient 08 (6.31 cm®), respectively. The central axial (A), sagittal (T)
and coronal (C) planes of the lesions are also depicted. The centre of the volume is
represented by the yellow line overdraw on top of the volumetric view. The system allows
navigation in any plane. The lesion morphology can be clearly distinguished from the

surrounding tissue.
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Fig 2.2. 3D-US multi-planar view of the carcinoma present in Patient 15 (Protocol I). (Upper-left corner) Axial
plane (A); (Upper-right corner) Transversal plane (T); (Lower-left corner) Coronal plane (C). The lesion
volume estimated from the 3D-US images was 1.20 cm®.

Fig 2.3. 3D-US multi-planar view of a fibroadenoma present in Patient 02 (Protocol I). (Upper-left corner)
Axial plane (A); (Upper-right corner) Transversal plane (T); (Lower-left corner) Coronal plane (C). The lesion
volume estimated from the 3D-US images was 2.06 cm®.
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Fig 2.4. 3D-US multi-planar view of the carcinoma present in Patient 08 (Protocol I). (Upper-left corner) Axial
plane (A); (Upper-right corner) Transversal plane (T); (Lower-left corner) Coronal plane (C). The lesion
volume estimated from the 3D-US images was 6.31cm?.

Fig 2.5 presents MRI images of the fibroadenoma present in Patient 02 (a) and a
carcinoma present in Patient 15 (b). The tumour volumes estimated by MRI were 3.90 cm®
and 6.34 cm?®, respectively.

a) b)

[ 26/09/2011 ,15:06:48 ]

Fig 2.5. (a) MRI image of the benign lesion (fibroadenoma) present in Patient 02. The tumour volume calculated
by MRI was 3.90 cm?; (b) Carcinoma present in Patient 15. The tumour volume calculated by MRI was 6.34 cm.?

Table 2.1 and Fig 2.6 present the estimated 3D-US and MRI volumes for the twenty-
three patients who took part in the Protocol I. No error bars are displayed on the graphs since
the 3D-US and the MRI volumes were estimated once by only one operator. The calculated
MRI volumes of all the patients (except for Patient 09) were higher than the 3D-US volumes.

There was a good agreement between the volumes calculated with both imaging techniques.
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Table 2.1. Monitoring of Protocol | patients. The volumes of twenty-three patients presenting different breast
tumours were retrieved by using MRI and 3D-US imaging. In all cases (except for Patient 09), the MRI volume
was higher than the 3D-US one.

Vol. 3D US [cm®]  Vol. 3D MRI [cm®]

Patient 01 1.02 2.15
Patient 02 2.06 3.90
Patient 03 3.63 4.20
Patient 04 2.36 5.11
Patient 05 4.38 6.95
Patient 06 5.81 10.70
Patient 07 3.30 3.83
Patient 08 6.31 13.01
Patient 09 4.21 3.70
Patient 10 13.82 14.79
Patient 11 22.46 24.36
Patient 12 481 6.10
Patient 13 2.04 3.89
Patient 14 5.22 14.99
Patient 15 1.20 6.34
Patient 16 0.56 5.33
Patient 17 3.15 4.07
Patient 18 1.40 1.98
Patient 19 3.35 4.09
Patient 20 2.04 6.34
Patient 21 1.96 6.71
Patient 22 3.46 4,93
Patient 23 3.04 3.98
30,00
25,00
\‘E 20,00
é_’. 15,00 UsS
E 10,00 —=—MRI
5,00
0,00
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Patient #

Fig 2.6. Tumour volume monitoring. The tumour volumes of the twenty-three patients who took part in Protocol
I were measured with MRI and 3D-US. Both imaging techniques presented close volume measurements. In all
the cases (except for Patient 09) , the MRI volumes were higher than the US ones. No error bars are displayed
on the graphs since the 3D-US and the MRI volumes were estimated once by only one operator.

2.3.1.1 Statistical analysis

The difference between the 3D-US and MRI volumes (MRI-3D-US) was plotted
against their ratio (MRI/3D-US) in a Bland-Altman plot Fig 2.7(a). The mean value of the
differences between both data-sets (bias) was 2.60 cm® and the standard deviation 2.45 cm®.
The interval of confidence was set to 95% and laid between -2.21 cm® and 7.41 cm®.
Otherwise stated, in future measurements, the difference between the volumes measured with
both imaging techniques should be within the same interval [-2.21,7.41] in 95% of the cases if
they are correctly done.

Fig 2.7(b) contains a box-plot of both datasets. Both volumes presented a similar value

interval, with the 3D-US and MRI volumes ranging from 0.56 cm® to 22.46 cm® and 1.98 cm®
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to 24.36 cm®, respectively. The range within which 50% of the volumes were located with
respect to the median value (often called interquartile range or IQR) went from 2.04 cm® to
4.81 cm®and 3.98 to 6.95 cm® for US and MRI respectively. Moreover, the MRI volumes had

a mean value 0f 5.08 cm® and the 3D-US volumes one of 3.33 cm®.
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Fig 2.7. a) Bland-Altman plot of the volume difference (MRI -3D-US) versus the average (MRI/3D-US) of the
two datasets. The dotted red lines and the blue line represent the 95% confidence interval and the bias
respectively. The bias is the mean value of the differences between both datasets. b) Box-plot of the tumour
volumes with each imaging technique. The boxes represent the interquartile range, within which 50% of the
volumes are located with respect to the median value of each volume dataset.

2.3.2 Protocol 11

2.3.2.1 Tumour volume

As done for Protocol I, tumour volumes were calculated at each session for the
patients taking part in Protocol Il. Fig 2.8(a) , Fig 2.9(a) and Fig 2.10(a) contain the 3D-US
volumes and multi-planar views of the carcinomas present in Patients 07, 05 and 03 (Protocol
1), respectively. The 3D-US lesion volumes were 3.01 cm®, 2.05 cm® and 6.27 cm® for

Patients 07, 05 and 03, respectively.
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Fig 2.8. (a) 3D-US and (b) 3D-SWE multi-planar views of the carcinoma present in Patient 07- Protocol I1. The
tumour volume and Young’s modulus measured 23 days after the beginning of the treatment were 3.01 cm® and
83.4 £ 20.7 kPa respectively.

Fig 2.9. (a) 3D-US and (b) 3D-SWE multi-planar views of the carcinoma present in Patient 05-Protocol Il. The
tumour volume and Young’s modulus measured 29 days after the beginning of the treatment were 2.05 cm® and
58.9 £ 26.6 kPa respectively.

Fig 2.10. (a) 3D-US and (b) 3D-SWE multi-planar views of the “soft” carcinoma present in Patient 03- Protocol
1. The tumour volume and Young’s modulus measured at the very beginning of the treatment were 6.27 cm® and
13.4 £ 41.7 kPa respectively.
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Table 2.2 and Fig 2.11 contain the 3D-US volumes for all the patients who took part in
Protocol Il. Every single point displayed on Fig 2.11 represents a measurement time point
(M1 to M6) presented in Table 2.2. Throughout the protocol, the patients were monitored
several times depending on their availability and health conditions. Four patients were
monitored three times, four patients four times, one patient five times and one patient six
times. One can appreciate that the tumour volumes sharply decreased during the
chemotherapy treatment in almost all the patients. This drastic change in volume took place
within the first forty days of treatment in most of the cases. Only Patient 05 and Patient 10
showed a volume increase between the second (M2) and the third (M3)measurement, after the
volume had dramatically decreased between the first (M1) and the second (M2) measurement
from 4.48 cm® to 2.05 cm® and 9.76 cm® and 2.37 cm® in Patient 05 and Patient 10
respectively.

Table 2.2. Monitoring tumour volume of Protocol Il patients. The tumour volumes of ten patients (which did not
take part in Protocol I) were estimated periodically with 3D-US as they underwent neo-adjuvant chemotherapy

treatment. Not all the patients were necessarily monitored the same number of times. In other words, the number
of measurements (M1 to M6) may vary from one patient to another.

3D-US volume [cm?]

M1 M2 M3 M4 M5 M6
Patient01 2.05 1.81 058 1.23 - --
Patient 02 4.84 0.54 0.40 0.29 - -
Patient 03 6.27 0.74 0.36 0.07 - -
Patient04 1.40 0.59 0.44 - - -
Patient 05 4.48 2.05 2.81 -
Patient06 2.39 0.38 0.19 0.60 - -
Patient 07 8.51 3.01 184 0.84 0.80 0.83
Patient08 4.30 2.03 2.13 0.37 0.59
Patient09 2.10 3.27 2.40
Patient 10 9.76 2.37 3.85
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Fig 2.11. Tumour volume monitoring during chemotherapy treatment for the ten patients taking part in Protocol
1. Each point within the graph represents a measurement time point (M1 to M6). One can appreciate from the
graph that, overall, the tumour size decreased during the treatment.

Fig 2.12 depicts the volume evolution during the chemotherapy for the carcinoma
present in Patient 07. The tumour volume decreased sharply, going from 8.51 cm? at the
beginning of the treatment to 0.84 cm?® in 68 days. The lesion volume remained quasi-constant

during the subsequent days until the end of the patient’s treatment.

t=0; V=851cm?® t=23days; V=3.01cm? t=43days; V=1.84cm?

t=68days; V =0.84cm?® t=107 days; V =0.80cm? t=153 days;V = 0.83cm?®

Fig 2.12. Tumour volume monitoring during chemotherapy. The volume of the carcinoma present in Patient 07
showed a remarkable decrease in size during the treatment. The tumour volume went from 8.51 cm?® at the
beginning of the treatment to 0.84 cm? in 68 days.

In order to corroborate the 3D-US volume measurements, MRI volume estimations
were performed on the same patients at the beginning and the end of the chemotherapy

treatment. Table 2.3 and Fig 2.13 present the MRI volumes. Patients 02, 09 and 10 did not
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have a second MRI session since they underwent mastectomy (breast ablation). In most of the
cases, the 3D-US and MRI acquisitions were not performed on the same day. Apart from
Patients 01 and 06, the MRI volumes estimated in the final weeks of the chemotherapy were

considerable smaller than the ones obtained when the treatment begun.

Table 2.3. Monitoring tumour volume of Protocol Il patients with MRI. The tumour volumes of the ten patients
taking part in the Protocol II, were estimated with MRI at the beginning (M1) and the end (M2) of the neo-
adjuvant chemotherapy treatment. Patients 02, 09 and 10 do not have a second MRI session since they
underwent mastectomy (breast ablation).

MRI volume [cm?]

M1 M2
Patient01 193 3.98
Patient 02 5.64 --
Patient 03 12.97 1.04
Patient04 293 0.61
Patient05 7.97 2.86
Patient06 2.96 2.17
Patient 07 10.76 1.58
Patient 08 6.77 3.01
Patient 09 5.96 --
Patient 10 3.44 --
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Fig 2.13. Tumour volume monitoring with MRI during chemotherapy treatment for the ten patients taking part in
Protocol 1. The MRI tumour volume estimations were performed at the beginning (M1) and the end (M2) of the
chemotherapy for seven patients. For the other three patients of the protocol, the volume estimations were
performed only at the beginning of the treatment since they underwent mastectomy. Each point within the graph
represents a measurement time point (M1, M2). One can appreciate from the graph that, overall, the tumour size
decreased during the treatment.

2.3.2.2 Tumour elasticity
Fig 2.8(b), Fig 2.9(b) and Fig 2.10(b) present the 3D-SWE volumes and multi-planar
views of the carcinomas present in Patients 07, 05 and 03 (Protocol 1) measured at different

38



Chapter 2. Monitoring Chemotherapy treatment by using 3D-Shear Wave Elastography (3D-SWE)

times during their chemotherapy treatment. The tumour elasticity was 83.4 + 20.7 kPa for
Patient 07, 58.9 + 26.6 kPa for Patient 05 and 13.4 + 41.7 kPa for Patient 03.

The 3D-SWE volume offers a multi-planar view of the tumour elasticity distribution.
The lesion contours are very well delimited from the surrounding tissue. As for the 3D-US
images, the system also allows navigation in the axial (A), sagittal (T) and coronal (C) planes.
In this particular case (or for all the patients), the elasticity colour-bar was fixed between 0
and 100 kPa.

Table 2.4 and Fig 2.14 present the tumour elasticity measurements for all the patients
who took part in Protocol Il. The volume and elasticity measurements were performed during
the same sessions along the central-axial and central-sagittal plane of the lesions. Hence, four
patients had their tumour elasticity measured three times, four patients four times, one patient
five times and one patient six times. One observes a decrease in the tumour elasticity as the
chemotherapy treatment takes place in almost all the patients. Only Patient 09 seemed not to
react positively to the treatment, as the tumour elasticity increased from 80.0 = 22.6 kPa to
97.7 + 61.3 kPa between the first (M1) and the second (M2) measurement respectively.
Nevertheless, the tumour elasticity appeared to remain quasi-stable by the time the third
measurement was performed. Patient 10 also seemed not to react positively to the treatment,
since the tumour elasticity increased from 89.7 + 36.7 kPa to 102.4 + 63.3 kPa from the first
(M1) to the second (M2) measurement. However, by day the third measurement was
performed, the elasticity had fallen to 79.3 £ 35.7.

Table 2.4. Monitoring tumour elasticity of the Protocol Il patients. The tumour elasticity of ten patients (which
did not take part in Protocol 1) were measured periodically with 3D-SWE as they underwent neo-adjuvant
chemotherapy treatment. As with the volume, the number of tumour elasticity measurements (M1 to M6) may
vary from one patient to another since they were not necessarily monitored the same amount of times.

Elasticity 3D-SWE [kPa]

M1 M2 M3 M4 M5 M6
Patient 01  94.9 +£20.1 17.2+5.7 184+25 16757 -- --
Patient 02 99.5+47.1 476163 253+35 29.0+14.0 - -
Patient 03 13.4+417 133+226 159%7.9 - - -
Patient 04 164.2+29.2 622+268 4.2+117 - - -
Patient 05 156.9+29.4 58.9+26.6 37.7+14.6 -
Patient 06 126.2+53.6 67.6+226 202+45 247+6.2 - -
Patient 07 1485+33.1 83.4+20.7 30.0+19.1 268+235 227+74 17.0+3.1
Patient08 46.1+436 498+193 9.7+111 149+75 11.3+6.6 --
Patient09 80.0+226 97.7+61.3 97.9+158 -- -- --
Patient 10 89.7+36.7 1024+63.3 79.3+35.7 -- -- --
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Fig 2.14. Tumour elasticity monitoring during chemotherapy treatment for the ten patients taking part in the
Protocol Il. Each point within the graph represents a measurement time point (M1 to M6). The graph shows a
drastic tumour elasticity decreased caused by the neo-adjuvant chemotherapy treatment.

Fig 2.15 contains the elasticity evolution for the carcinoma present in Patient 07. The
lesion elasticity decreased enormously during the chemotherapy, going from 148.5 + 33.1 kPa
at the beginning of the treatment to 17.0 £ 3.1 kPa in 153 days.

t=0; E=148.5+33.1kPa t=23days; E =83.4+20.7kPa t=43days; E=30.0%£19.1kPa

t=68days; E =26.8+23.5kPa t=107 days; E=22.7+7.4kPa t=153days; E=17.0£3.1kPa

Fig 2.15. Tumour elasticity monitoring during chemotherapy. The elasticity of the carcinoma present in Patient
07 decreased dramatically during the treatment. The tumour elasticity went from 148.5 + 33.1 kPa at the
beginning of the treatment to 17.0 + 3.1 kPa in 153 days.
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2.4 Discussion

The volume measurements performed by 3D-US and MRI in Protocol | showed good
accordance. However, in most of the studied cases, The volumes measured by 3D-US were
smaller than the ones measured by MRI. In only one patient, the tumour 3D-US volume was
higher than the MRI one. The largest tumours presented the largest difference between the
two volumes, due to being usually the most difficult tumours to measure since they highly
attenuated the ultrasound waves. An additional error source when measuring the tumour
maximal diameters by 3D-US may have been the impossibility to clearly distinguish the
tumour contours. Therefore, assumptions had to be made on the lesions’ contours in order to
be able to measure the tumour maximal diameters and hence calculate the volumes. The fact
that the volume measurements by MR strongly depend on the parameters the clinician
introduces into the volume calculation software, may also constitute an additional source of
error for the MRI volume calculations.

The box-plot shows that the 3D-US and MRI volumes presented similar value ranges
and that the mean values of each dataset were also close. The Bland-Altman test sets a norm
for future measurements, as the volumes estimations with both imaging techniques will have
to be within the 95% limits of confidence obtained in this study to be validated. Nevertheless,
a higher number of patients would be needed to conclude on the agreement of both imaging
techniques when measuring tumour volume.

According to the experienced breast radiology at the Institut Curie with whom this
work has been performed, the difference between the 3D-US and the MRI volume estimations
should be not higher than 15%. However, differences between 15% and 30% may be
acceptable, given the fact that the volume estimations with both imaging techniques are very
operator-dependant. Thus, leading to the under or over estimation of the lesion volumes.

In Protocol II, the use of 3D-SWE elastography offered new and valuable information
on the tumour elasticity distribution. Such information, along with the measurement of the
tumour volume (which has long been used by radiologists as the most important indicator of
chemotherapy efficiency), would permit better monitoring the effectiveness of chemotherapy
treatments. By looking at Table 2.2 and Fig 2.11, one observe a decrease in the tumour
volume during the chemotherapy, meaning that the patients were reacting positively to the
treatment. Difficulties were encountered for the 3D-US volume calculations as the treatment
took place. Firstly, because of the chemotherapy, it was very hard to distinguish the tumour
contours. Secondly, even if very small metallic pieces were inserted right in the tumour to
make it more visible during the examinations, sometimes it was very difficult to find the
tumours as they had become smaller and were surrounded by other biological tissues. Hence,
these two factors may have negatively influenced the 3D-US volume calculations.
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Tumour elasticity seemed to have followed the decrease trend showed by tumour
volume during chemotherapy. Nevertheless, not all patients had the same amount of
measurement points, which would have permitted a better tumour monitoring. For instance, it
would have been very useful to have additional measurement points in the case of Patient 10,
in order to monitor the tumour evolution and conclude whether the volume and elasticity
trends were representative of the patient’s health condition, and if the chemotherapy was
having any major effect on the tumour. In other words, a much higher number of patients
would be needed, with measurement points as equally distributed in time as possible. As with
the volume, the elasticity measurements may also have been affected by the impossibility to
image the entire tumour. Nonetheless, 3D-SWE showed a clear elasticity contrast between the
tumours and their surrounding tissues, allowing to identify the tumour contours. Another
obstacle is the difficulty to image exactly the same tumour plane after a given amount of time,
since the tumour shape and size may vary between a measurement and the next

One of the goals of this clinical study was to calculate tumour volume from the 3D
elasticity maps and compare it with the 3D-US and MRI volumes, but the nature of some
lesions made it difficult. It was hard to establish the tumour boundaries along the sagittal and
transversal planes, as the elasticity contrast between the lesions and the surrounding healthy
tissue was not strong enough in most of the studied cases. Nonetheless, a few tumour volumes

which were retrieved from the elasticity maps were higher than the 3D-US and MRI ones.

2.5 Conclusion

This chapter introduced the concept of 3D-SWE and presented a new 3D-US imaging
system. The feasibility of using 3D-SWE as a novel complementary technique to standard
ultrasonography to evaluate breast lesions has been assessed. 3D-SWE permits a real-time
multi-planar tumour examination by allowing the retrieval of the complete 3D volume of the
lesion in a single acquisition. Moreover, 3D-SWE provides unprecedented clinical multi-
planar information on the elasticity distribution inside and around the breast lesion. The
coronal plane of the 3D-SWE multi-planar view offers additional information on the tumour
nature (characteristics, magnitude and borders), which are difficult to detect during a standard
examination. Future 3D-SWE versions will aim to extend the characterization benefits of the
coronal plane to the axial and transversal planes of the lesions. The 3D-SWE technique is also
able to generate the radiation force needed to excite the tissue and to image the shear wave
propagation in real time in three dimensions and without the use of external components apart
from the 3D probe. To summarize, acquired 3D volumetric Data together with 3D display

features might deliver new and beneficial diagnostic information specially on the coronal
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plane of breast pathology, contributing to a high-resolution morphological assessment free of
magnification.

The reduced number of patients who took part in Protocol Il (10) constitutes a
limitation. A much higher population would be necessary in a next clinical study in order to
be able draw more conclusions on the potential applicability of 3D-SWE in the monitoring of
patients undergoing neo-adjuvant chemotherapy treatments. In addition to this, the
development of a software tool for tumour segmentation would result in more accurate 3D
ultrasound and elastography tumour volume calculation.

Even though it is clear that histological studies have been performed on each patient
by the Institute Curie, the results of such studies were not accessible to us due to the private
policy established by this medical institution..

In this chapter, 3D-US and 3D-SWE were used to measure tumour volume and
elasticity respectively in order to monitor the response of patients to neo-adjuvant
chemotherapy. However, in general, clinical studies have their limitations: the number of
patients is often limited, not all the patients undergo the same type of chemotherapy treatment
due to not having the same type of lesions, and the error in longitudinal measurements is often
high. All this obstacles are not present in pre-clinical studies. The next chapter contains the
results of a pre-clinical study, in which a human breast carcinoma was implanted in the flank
of immune-deficient female mice. 2D-US and the SSI technique were used to monitor the

response of the animals to a particular type of chemotherapy treatment.
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3. Chapter 3. What is the pathology underlying stiffness?

Even though the clinical study presented in the previous chapter offered encouraging
results as it allowed to monitor the response to chemotherapy of naturally grown tumours in
real clinical scenarios, it possessed some limitations compared to a pre-clinical study. Firstly,
it had a narrower degree of experimental flexibility due to the fact that the patient health was
capital. Secondly, the study guidelines did not permit performing histo-pathological analysis
on the entire tumours at different time points. Only tiny tumour samples were analysed after
being taken by biopsy. For all the previously mentioned reasons and although clinical studies
are vital in medical research, pre-clinical protocols are a good possibility to monitor tumour
response to anti-cancerous therapies in the cases in which they might offer valuable
information that could be employed to better understand the results of a subsequent clinical
study.

The results of the clinical study presented in the previous chapter evaluated the
efficiency of Ultrasound (US) and 3D-Shear Wave Elastography (3D-SWE) in the monitoring
of tumour response to neo-adjuvant chemotherapy in patients presenting breast lesions. In
fact, SSI has become an increasingly popular technique due to its efficacy in the detection of
breast cancer abnormalities. Nevertheless, since the SSI is a relatively new technique, there
are still some patterns which need to be clearly explained. Additionally, there is very little
literature on the relationship between tissue pathology and stiffness. Therefore, the question
raised is: what is the pathology underling stiffness? Which pathological parameters are
responsible for tumour stiffness?

This chapter tries to partly answer this complex question and contains the results of a
pre-clinical study performed on a human breast cancer model implanted in mice. The study is
divided in two phases: growth and treatment. During the growth phase, the tumour size and
elasticity are measured by conventional Ultrasound and the SSI technique respectively. Then,
during the treatment phase, a different group of mice the animals carrying the same type of
cancerous tumour undergo chemotherapy during 150 days. During this phase, tumour size and
elasticity are again measured periodically by conventional Ultrasound and the SSI technique
in order to assess the efficiency of the treatment. During both phases, some animals are

sacrificed every week to perform histo-pathological measurements.

3.1 Materials and Methods

The project was divided in two phases: tumour growth and tumour treatment by neo-
adjuvant chemotherapy. The materials and methods employed for both phases are identical

except for a few small variations which will be clearly explained throughout this section.
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3.1.1 Tumour growth phase

In this phase, small (a few millimeters) pieces of a human breast cancer tumour model
were implanted in the flank of thirty immune deficient mice. Measurements of tumour size

and global elasticity were performed periodically.

3.1.1.1 Tumour model

This protocol has the approval of the local ethics committee for animal research. A
human tumour xenograft model called “HBCx-3" [1] (invasive ductal carcinoma; luminal B:
Oestrogen Receptor positive; Progesteron Receptor positive; Her2 negative) was implanted
subcutaneously in twenty-four 5 week-old athymic Swiss nude female mice (Janvier®, Saint
Berthevin, France). One ml of an Estrogen solution (0,85mg/ml of -oestradiol) was added to
100 ml of the drinking water. The animals were then monitored twice a week for signs of
tumor growth. The tumours were collected from patients who underwent surgery at the
Institut Curie (Paris, France) and then implanted subcutaneously in nude mice. Those that
grew were removed after reaching between 1 mm? in size, fragmented and then re-implanted
in different mice (Fig 3.1). Comparisons to validate these models were performed with human
tumours and showed high pathological correlation [1]. Measurements of tumour size and
elasticity started when the Maximal Tumour Diameter (MTD) reached approximately 3.0 mm.
This period is called “latency phase”, and for the growth part of this preclinical protocol, it

ranged between 28 and 43 days from the tumour implantation (see Fig 3.3).

Fig 3.1. Xenograft implantation technique. After peritoneal anesthesia, a tiny (1 to 2 mm?) piece of human breast
tumour is implanted on the flank of the mouse. Measurements of tumour size and elasticity begun after the
“latency phase” was over. Courtesy Laboratoire d’Investigation préclinique (LIP), Institut Curie, Paris-France.

The duration of the latency phase was chosen based on the growing pattern described
in the literature [1]. The idea was to begin the measurements when the MTD had reached an
approximate value of 3 mm, so the tumours could be distinguish from their surrounding tissue

with ultrasound.

3.1.1.2 2D-Ultrasound and the Supersonic Shear Wave Imaging (SSI) technique
As said before, measurements of tumour size and elasticity started when the MTD
reached approximately 3.0 mm (latency period). An ultrafast echographic imaging device

(Aixplorer, SuperSonic Imagine, France) along with a 15 MHz linear array probe (256
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elements, pitch 0.125 mm, elevation focus 8 mm, Vermon, Tours, France) were employed for
both measurements. The animals were anesthetized by using isoflurane (Aerrane®; Baxter

S.A.S, France) before being covered with coupling gel (Fig 3.2).

Fig 3.2. Mouse positioning. During the experiment, the animals were placed on a thermal-bed and covered with
coupling gel after being anesthetized.

Ultrasound B-mode was used to measure the MTD on the tumours’ central-sagittal and
central-transversal plane. Before each acquisition, the probe was removed and repositioned in
order to test the repeatability of the measurement.

The SSI technique was used to measure the mean tumour elasticity. Elastography
images were acquired along the central-sagittal and central-transversal planes of the tumours.
The colour-bar was fixed between 0 and 60 kPa, with the pixels in black and red representing
the lowest and highest elasticity values respectively. A round Region of Interest (ROI) was
manually positioned on the tumour. Its size was defined to be the biggest possible while
entirely included within the tumour, avoiding obvious artefacts. ROl size, mean values of
elasticity, and standard deviation within the ROI were collected.

Fig 3.3 presents the measurement planning. The study begun with 30 mice. Their
latency period varied from 28 to 43 days from the tumour graft. The median interquartile
range (IQR) time of each measurement is presented in brackets. N represents the number of
mice monitored at each time point. Some animals died accidentally during the study (Death)

whereas some others were sacrificed to perform pathological analysis.
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Fig 3.3. Tumour size and elasticity measurement planning. The masses were measured from 1 to 5 times, starting
from the day on which the Maximal Tumour Diameters (MTD) reached about 3.0 mm. This period is called the
“latency phase”. N represents the number of mice monitored at each time point in days. The median
interquartile range [IQR] time of each measurement is shown in brackets. At each time point, some animals died
due to the implanted tumours (Death) whereas some others were sacrificed for histo-pathological analysis
(Pathology).

3.1.1.3 Invivo/ex vivo comparison of elasticity values

Seven mice were sacrificed the same day right after performing elasticity
measurements. The tumours were then removed from the mice and placed in agar-gelatin
solutions. The tumour elasticity values were subsequently measured ex vivo. This experiment
was meant to test the influence of tissue interfaces on the in vivo elasticity measurements.
After the experiment, the tumours were submerged in paraffin to preserve them for the

subsequent pathological studies.

3.1.1.4 Pathological analysis

The pathological analysis was performed on all the tumour samples in collaboration
with the Pathology Department from I'Hépital Européen Georges Pompidou (HEGP) in Paris-
France. At each time point, 2 to 5 mice were sacrificed after performing the elastography
measurements in order to have tumours of different sizes and ages. The samples were
submerged in a formalin solution during from 24 to 48 hours. Then, they were removed and
cut along the central-transversal plane, embedded in paraffin and stained with HES
(Hematoxylin Eosin Safranin-1 slice) and Masson’s trichrome (1 slice). Immuno-staining of
vessels was performed with a mouse CD31 antibody. All the slides were digitally scanned by
using a digitizer from HEGP (Hamamatsu Photonics). Staining and digitalization were
performed at different times.

The ‘HBCx-3” model was composed of three different areas: a cellular area containing
viable tumor cells, a fibrotic area mostly composed of collagen fibers, and a necrotic area
containing non-viable tumor cells and a few collagen fibers. The proportion of each of these

three areas was quantified blinded to elastography results in collaboration with a pathologist
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(twenty years of experience in breast pathology). The respective percentage of the surface
occupied by each pathological feature was retrieved after manual delineation of the necrotic
area on the HES stained slides (Fig 3.4) and the fibrotic area on the Masson’s trichrome
stained slides (Fig 3.5). The proportion of cellular tissue was calculated as the remaining

percentage.

Fig 3.4. Examples of the BC52 human tumour models. Magnification (x10) after HES staining. Viable (V) and
non-viable (NV) areas were obtained after manual delineation.

Fig 3.5. Masson’s trichrome staining. The viable (V) and non-viable (NV) tumour areas were manually
delineated by experienced pathologists. The fibrosis(coloured in green) rate was calculated by colour
thresholding with the software tool Image J®.

3.1.1.5 Statistical analysis

Mean tumour diameter values are given as median and interquartile range [IQR]. The
elasticity values are given as the mean * standard deviation of the pixels within the ROI and
the pathological parameter values are expressed as the mean + standard deviation.

Correlation coefficients between the elasticity values and the pathological scores were
calculated by using the Spearman correlation test. In vivo and ex vivo elasticity values were
compared by using a Paired Student t-test.

For the sake of the comparison between elasticity and pathological features, the
removed tumours were classified into three groups corresponding to tertiles of elasticity
values: group 1 (soft tumours, n = 6), group 2 (intermediate tumours, n = 6) and group 3 (stiff
tumours, n = 5).

Repeatability of the elastography measurements was calculated by retrieving the mean
value (m), the standard deviation (o) and the variation coefficient (c/m) of three repeated

measurements performed by the same examiner on each tumour.
49



Chapter 3. What is the pathology underlying stiffness ?

The calculated P values were two-sided and values of P < 0.05 were considered to be
statistically significantly different.

3.1.2 Tumour treatment by chemotherapy

For this part of the animal study, a different group of mice was used. The same human
cancerous tumour model was implanted in the flank of eight nude immune-deficient female
mice. Fig 3.6 describes the planning structure. Aiming to be able to monitor the tumour
reaction to the chemotherapy over the time, and based on the xenograft growth pattern
observed during the growth phase, the latency period of the chemotherapy phase of the study
was set to 60 days after implantation. This was done to allow the tumours to reach a size
approximately twice as big as the one reached after the latency period of the growth phase of
the study,. Once the latency period ended, 2D ultrasound and 2D Shear Wave elastography
measurements were performed and the anti-tumour drug called Xeloda® (540 mg/kg)
administered (tube-feeding) to the mice on weekly basis. This part of the study is still in
progress, with pathological measurements due to be performed (by using the same techniques
employed in the tumour growth phase) when a change in elasticity becomes visible. The
protocol was set to have a duration of 150 days. However, the mice had to be sacrificed five
weeks after the beginning of the treatment since their health had deteriorated enormously.

Hence, another group of animals will be needed to complete this phase of the study.

Tumor Graft
(BC52)
n=8
Elasticity measurements (weekly) Histology
A 4 A 4 A A H A A A
A 3 K T K K ‘.- T K 2 K T K
_Latency phase ¢ ¢ l ¢ ¢ l ¢ g l >
v
0 60 90 120 150

n=8 n=8 Time (days)

Fig 3.6. Planning structure for the chemotherapy treatment phase. Elasticity measurements are performed on a
weekly basis and begun right after the latency phase (sixty days approximately). Histology measurements are
scheduled to be performed when an important change in elasticity takes place. This phase is still in process.

3.2 Results

3.2.1 Tumour growth

3.2.1.1 Tumour model
At the beginning of the study, 30 tumours had been ectopically implanted in nude
female mice. Eight of them died after the implantation. The animals started to be monitored
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immediately after the latency phase was over (between 28 and 43 days after the implantation
for the growth part of the study). Therefore, tumour measurements begun at different dates for
each mouse. The duration of the latency periods ranged from 17 to 56 days. Table 3.1 presents
the tumour’s maximum diameters during the growth phase measured at each measurement
time point. The number of mice at each measurement point varied since some animals were
sacrificed for pathology whereas some others died due to the implanted tumours. Three
tumours were measured longitudinally five times, two tumours were measured four times,
nine tumours were measured three times, five tumours were measured twice and three

tumours were measured only once.

3.2.1.2 The Supersonic Shear Wave Imaging (SSI) technique

Sixty-three measurements were performed with a median value for the ROI (area
engulfed by the white circles on the tumour elasticity maps presented in Fig 3.8, Fig 3.11, and
Fig 3.13) of 5 mm. The intra-observer measurement average standard deviation and variation
coefficient was 3.3 and 12.5% respectively, showing the good accuracy of the technique.
Longitudinal measurements showed that the mean tumour elasticity values increased with
time. The mean elasticity values were respectively 10 [8;14], 24 [20;29], 43 [30;65], 50
[41;56] and 74 [66;91] kPa for measures 1 to 5 (Fig 3.7 and Table 3.1).

The shear elasticity map heterogeneity increased with tumour stiffness. The mean
Standard Deviation (SD) for the elasticity values within the entire ROl over time were 1.3
[0.8;2.2], 2.5 [1.4;3.7], 5.6 [2.7;8.7], 5 [2.2;2.8] and 9.4 [6.7;17] kPa for the measurements 1
to 5 respectively (Table 3.1).

The elasticity maps placed at each measurement time point on Fig 3.7 correspond to
the mouse monitored five times, and are the same illustrated in Fig 3.8. Tumour heterogeneity

increased with tumour size.
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Fig 3.7. Median tumour elasticity over time during the growth phase. The vertical and horizontal error bars
represent the IQR of the elasticity value and measurement time point respectively (as the growth rate was
different for each tumour). The elasticity maps for one of the tumours measured five times are showed at each
measurement point. The elasticity maps are colour-coded to represent elasticity values for each pixel within the
region enclosed by the white circles (ROI) within which the mean elasticity values were measured. The elasticity
colour-bar was fixed between 0 (black) and 60 kPa (red). The tumour mean elasticity, mean maximum diameter
and heterogeneity increased over time within the ROI.

Table 3.1. Mean values for the parameters measured during the tumour growth phase. The number of tumours
varied at every measurement point since some animals were sacrificed for pathology and others died because of
the tumour graft.

Measure 1 Measure 2 Measure 3 Measure 4 Measure 5
Time from tumour
33 [28;43] 42 [39;52] 56 [52;73] 70 [66;70] 84 [79;84]
graft (days)
Total number of
22 19 14 5 3
mice (N)
Removal for
3 4 5 2 3
pathology (N)
Death 0 1 4 0 0
MTD (mm) 5.7 [4.5;6.4] 7.6 [6.6;8.6] 10.2[8.1;12.3] 12.2[11.6;12.8] 15.8[14.6;15.9]
Median ROI
] 4.0 [2.0;4.7] 5.0 [4.0;6.0] 6.0 [5.0;8.0] 7.0 [6.0;8.5] 9.0[9.0;9.5]
Diameter (mm)
Mean ROI

o 10.3[7.8;13.5] 23.5[19.7;28.9] 42.6[29.9;64.5] 49.6[41.1;55.6] 74.0[66;90.8]
Elasticity (kPa)

Elasticity Standard
Deviation (STD . 2.5[1.4;3.7 5.6 [2.7;8.7] 5.0 [2.2;12.7] 9.4 [6.4;17]
1.3[0.8;2.2]
within ROI
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Fig 3.8. (Above) Elasticity color maps (0 to 60 kPa); (Below) Corresponding 2D-US axial plane view of the
tumour depicted in Fig 3.7 at each of the five measurement points: A) day 35, diameter = 6.9 mm, mean
elasticity = 13.6 kPa; B) day 42, 7.8 mm and 21.1 kPa; C) day 56, 10.5 mm and 36.3 kPa; D) day 70, 14.1 mm
and 6.9 kPa; E) day 84, 15.8 mm and 107.6 kPa.

As shown by the results of the Spearman correlation test (Fig 3.9), there was a very

good correlation between tumour elasticity and tumour size (MTD), with r = 0.94, P < 0.0001.

Spearmanr 0.9450
95% confidence interval | 0.9090 to 0.9670
P value (two-tailed) < 0.0001
150+
*
© 1004
o
=
>
= .
2 ‘e o
4 * * ot e
w50 .
. *.*! -
[ *
* »* .
. ,.‘:o
‘..‘.3 J‘:,o .
: 0 é 110 1|5 2I0

Maximum diameter (mm)

Fig 3.9. Spearman correlation test. Median elasticity value vs. tumour size (MTD). As tumours grew, the
average elasticity values within the ROI increased, presenting an excellent correlation to size (r = 0.94; P <
0.0001).

3.2.1.3 Invivo/ex vivo comparison of elasticity values

The elasticity values measured in vivo and ex vivo did not show any significant
difference (P = 0.81) according to the performed Paired Student t-test. Fig 3.10 presents the
box-plot of the in vivo and ex vivo measured mean elasticity values. The maximal diameter of
the tumours chosen for these measurements ranged from 6.1 to 13.9 mm, with an in vivo mean
elasticity value ranging from 21.9 to 77.9 kPa respectively. Fig 3.11 depicts the in vivo and ex
vivo measured elasticity maps for one of the tumours used for this experiment.
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Fig 3.10. In vivo and ex vivo mean elasticity values. A Paired Student t-test showed no significant difference
between both measurements (P = 0.81).

Fig 3.11. Elasicity maps for one of the tumours nine weeks after the implantation. (Left) in vivo and (right) ex
vivo measurement. The images show there is very little difference between the in vivo and the ex vivo elasticity
maps. The color-bar was fixed between 0 and 60 kPa for both measurements. The in vivo and ex vivo mean
tumour elasticity was 27.2 kPa and 29.2 kPa respectively.

3.2.1.4 Pathology

In total, eighteen tumours were removed to perform pathological analysis. One of the
removed tumours was excluded due to being technically inadequate. Therefore, only
seventeen tumours were used for pathology. After staining, thirty-four slides were digitally
scanned (one slide for HES and one for Masson’s trichroma for each tumour).

Mean values and the corresponding standard deviations of each pathological parameter
for each of the three elasticity groups (group 1 (soft, n = 6), group 2 (intermediate, n = 6) and
group 3 (stiff, n = 5) are presented in Table 3.2. Fig 3.12 contains the box-plots with the

percentages of necrosis, cellularity and fibrosis for each elasticity group.

Table 3.2. Proportion of ‘necrosis’, ‘viable cellular tissue’ and ‘fibrosis’ with the corresponding standard
deviation for each elasticity tertile. + and * indicate a statistical significant difference between the groups.

Group 1 (Soft, n=6) Group 2 (Intermediate, n =6) Group 3 (Stiff, n = 5)

(12.8 + 5.4 kPa) (49.3 + 12.1 kPa) (78.6 + 16.9 kPa)
Necrosis proportion (%) 400+99f 259+ 136 18.0+ 1117
Cellular tissue proportion (%) 57.8+8.4 70.1+13.3 65.9+12.2
Fibrosis proportion (%) 21+177 39+38* 16.0+£6.0 T*
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It is observed that the proportion of necrosis decreases with the stiffness (P = 0.02).
There was statistically significant difference in the necrosis percentage between the elasticity
groups 3 and 1 (40% and 18% of necrosis respectively), but not with respect to the group 2.
No statistically significant difference was found in the percentage of cellular tissue within the
three groups (P = 0.2) in spite of a slight increase in group 2. The proportion of fibrosis
increased with the stiffness (P < 0.0001). There was statistically significant difference in the
fibrosis percentage between the elasticity groups 3 and 2 (16% and 3.9% of fibrosis
respectively), but not between the groups 2 and 1. The stiffest tumours were much more
fibrotic than the other two elasticity groups Regarding the elasticity in each of the seventeen
tumours, there was a significant negative correlation with respect to the percentage of necrosis
(r=-0.76, p = 0.0004), a high positive correlation with respect to the percentage of fibrosis(r
= 0.83, p = 0.0001) and no significant correlation with respect to the percentage of cellular
tissue (r = 0.4, p = 0.1). Fig 3.13 depicts tumours of different sizes after HES and Masson’s
trichrome staining and the respective elasticity maps.

Necrosis
Cellular tissue
60 A B Fibrosis

¢ L :Eﬁﬁ

20

-
=
S

n
&

—_—
&

o

€I

Fibrosis proportion (%)

Dﬂ a
(L=
,_

o

Necrosis proportion (%)
Cellular tissue proportion (%)

m,'&_l-

e ‘y}e e o .}},\‘ &
> & &
< & &
N Elasticity groups (kPa) Elasticity groups (kPa}
Elasticity groups (kPa)

& &

Fig 3.12. Percentage of necrosis (A), cellular tissue (B) and fibrosis (C) for each of the three elasticity groups.
A) The proportion of necrosis decreased with the stiffness (p = 0.0004). B) No significant changes were found in
the cellular tissue proportion (p = 0.1) although the intermediate tumours presented a slightly higher value. C)
The proportion of fibrosis increased with the tumour stiffness (p = 0.0001), with the stiff group presenting much
higher percentages of fibrosis than the other two groups.

g

Fig 3.13. (4bove) Tumours of different sizes after HES (A1, Bl) and Masson’s trichrome (CI) staining at low
magnification (x10). (Below) Corresponding colour-coded elasticity maps with the color bar fixed between 0 and
60 kPa (A2, C2). A) A very small (5 mm) and a very soft (9 kPa) tumour showing a vast acellular necrotic center
(N, stained light pink). B) The proportion of cellular tissue (T, dark pink) increased progressively in the
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intermediate tumours of bigger size (50kPa — 11 mm). C) In the biggest and stiffest tumours (16 mm — 108 kPa),
the proportion of fibrosis (light green) increased sharply.

3.2.2 Tumour treatment by chemotherapy

As said before, a different group of mice (n = 8) was used for the chemotherapy part of
the study. Only preliminary results which include measurements of tumour diameter and
mean elasticity are presented. As shown in Fig 3.14(a), the maximal tumour diameter (MTD)
of the majority of the tumours (7 out of 8) tended to decrease during the five weeks of
chemotherapy. Fig 3.14(b) shows the mean MTD over the entire mice population. The Mean
MTD decreased from 16.3 mm at Week 1 to 11.9 mm at Week 5. A linear fitting of Fig
3.14(b) gave y = —1.03x + 17.01 as the best line equation and a correlation coefficient of
0.98 (R =0.97).
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Fig 3.14. Tumour size measurement during chemotherapy. Measurements of MTD performed during four weeks
after the end of the latency period. (a) In seven of the eight tumours, the MTD gradually decreased as they
underwent chemotherapy. No error-bars were placed on the MTD plot since only one MTD was measured for
each mouse; (b) The mean MTD over the entire mice population.

Fig 3.15(a) presents the preliminary results of the tumour global elasticity
measurements for each mouse. Every tumour presented a different elasticity behavior, with
some becoming stiffer and others softer as the mice underwent chemotherapy. Unlike the
mean tumour diameter, the mean tumour elasticity decreased only after Week 4. This may be
a scenario similar to one case presented in the clinical study of chapter 2 (Patient 03), where
the tumour change in elasticity appeared at the third month of treatment, whereas a change in
the tumour size was evident from the first month of treatment. The mean elasticity value over
the entire population of mice went from 70.8 kPa to 44.1 kPa from Week 1 to Week 5
respectively. A linear fitting of Fig 3.15(b) gave y = —5.43x + 80.00 as the best line

equation and a correlation coefficient of 0.77 (R? = 0.60).
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Fig 3.15. Global tumour elasticity measurement during chemotherapy after the end of the latency period. (a) The
tumour elasticity did not show a clear tendency to increase or decrease as the tumours underwent
chemotherapy; (b) The mean tumour elasticity over the entire population of mice shows no significant
variations.

3.3 Discussion

This animal study showed that for the employed human breast invasive ductal
carcinoma model (HBCx-3), tissue elasticity values increased with the Maximum Tumour
Diamater (MTD), and that these two parameters were very well correlated. This is in very
good accordance with clinical practice, where the biggest cancers are very often the hardest
on palpation. It was also shown that stiffness changes were related to underlying pathological
modifications. For instance, the softest and the hardest tumours presented the highest portions
of necrosis and fibrosis respectively (see Fig 3.12).

The visual impression that tumour heterogeneity also increased with tumour size was
confirmed by the increment in the standard deviation of the elasticity values within the ROI.
No significant difference was observed between the measured in vivo and ex vivo (submerged
in homogeneous gel) elasticity values; meaning that the elasticity measurements are not
influenced by the tumour anatomical environment.

Since this work intended to study the relationship between pathology and stiffness,
pathological slices were digitized to assess the proportion of the different histological
elements, which allowed comparison among the tumours. Pathological changes related to
stiffness throughout tumour growth are complex. The histo-pathological analysis showed that
this particular tumour model could be described by three different characteristics: a cellular
tissue area, often arranged as a peripheral ring and central fibrotic and/or necrotic areas. In the
xenograft used in the study, the percentage of necrosis is the highest in small tumours, which
are usually very soft. It seems that as tumours grow, cells proliferate, the proportion of
necrosis decreases, the percentage of fibrosis increases and tumours become stiffer. In the
largest tumours, the cellular tissue proportion slightly decreases, possibly because the vascular
blood supply is not sufficient. The lost cellular tissue is not replaced by necrosis but rather by

fibrosis, which may therefore be responsible for the highest values of stiffness. Indeed, this
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study has shown the existence of a very significant correlation between stiffness and fibrosis.
Historically, fibrosis has been known as being related to stiffness; the world ‘scleros’ (as in
sclerotic) means ‘hard’ in ancient Greek. In liver diseases, it has also been shown that fibrosis,
as quantified by the ‘METAVIR’ score, is related to increased stiffness [2]-[6].

To our knowledge, no studies have been published on the correlation between
ultrasound elastography and pathology performed in a human breast cancer model implanted
in small animals. Several studies have been conducted to assess the usefulness of elastography
in clinical practice [7][8] as well as doing in vitro physics models [9]-[11], but very few have
been performed in vivo in small animals. Such models have the advantage of permitting
longitudinal monitoring during tumour growth to assess pathological changes over time. The
large elasticity range obtained for different tumour sizes showed this xenograft model to be
very useful to study the previously reported stiffness-size relationship, and to explore the
histological parameters accounting for it. Furthermore, this breast carcinoma xenograft
tumour has conserved the pathological morphological and molecular characteristics of the
corresponding patient’s tumour [1]. Therefore, the results, though not directly superimposable
to in situ human cancers, provide cognitive data about the relationship between breast cancer
and stiffness. This work shows that in further studies aiming to assess the pathology
underlying stiffness in human breast lesions, tumour size must be taken into account as well
as the pathological parameters.

In order to study the influence of the tumour anatomical environment (skin, spine and
bones) on the elasticity measurements, in vivo and ex vivo experiences were performed in
seven tumours. The results showed that for this particular xenograft implanted in the flank of
nude mice, there was no significant difference between the in vivo and ex vivo elasticity
measurements. Hence, the measured tumour elasticity values were not influenced by the
tumour anatomical environment. The repeatability of three consecutive measurements
performed by the same operator in each tumor was good. The average standard deviation and
the intra-observer average variation coefficient were respectively 3.3 and 12.5% (for elasticity
values ranging from 4.9 to 107.6 kPa). These results are in good accordance with a recent
study by Wang et al.[12], who measured the shear modulus on spontaneously growing rat
mammary tumours and demonstrated the in vivo reproducibility of the measurement.

During chemotherapy, tumour size seemed to have a tendency to decrease from the
very beginning of the treatment. Nevertheless, the elasticity did not show the same marked
tendency. Only between Weeks 4 and 5, the mean tumour elasticity over the entire population
of mice decreased from 67.4 kPa to 44.1 kPa, respectively. However, one cannot not yet
conclude that elasticity cannot be used as a chemotherapy treatment marker. The entire group

of mice had to be sacrificed before the end of the study as their health conditions had
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dramatically deteriorated. When comparing the results of this pre-clinical study with the ones
of the clinical study presented in the previous chapter, one observes that in the clinical study,
tumour size and elasticity decreased significantly during the chemotherapy treatment. Those
tumours had grown naturally within the body of the patients, and no modification or alteration
of their natural anatomical environment had been made. On the contrary, in this pre-clinical
study, the mice anatomy was altered with the ectopically implanted grafts. Therefore, it would
be necessary to monitor chemotherapy treatments in mice, varying some of the characteristics
of the study such as type of chemotherapy drug, dose, and latency period duration, before
concluding on the efficiency of elasticity as a biomarker for this this particularly type of neo-
adjuvant chemotherapy treatment. Indeed, the latency period of the chemotherapy phase of
the protocol should be shortened, as the 60 day period did not allow chemotherapy to
counteract the tumor influence, probably because the tumour was too large and aggressive to
be treated when the chemotherapy begun. Histo-pathological analysis should also help
understand the tumour behavior during the treatment.

There are several limitations to this animal study. Firstly, only one tumour model was
studied, which prevents comparison of pathological characteristics of two different models or
between malignant and benign lesions. Nevertheless, this was not the aim of the study since
the difference between breast cancers and benign lesions has already been shown [13].

The results of this study may not be directly transposable to human breast tumour
tissues. Indeed, the selected xenograft was implanted under the skin. Chang et al. showed that
in humans, the breast thickness at the location of the tumour may influence the elastography
image quality of breast masses [14]. Peritumoural (around the tumour) inflammatory reaction
may also distort elasticity image patterns. Furthermore, a central necrosis is also not
commonly found in small human breast cancers [15] and is probably observed in our model

due to being a xenograft.

3.4 Conclusion

The SSI technique was able to measure stiffness changes during tumour growth in a
human breast cancer model implanted in mice, reflecting underlying pathological changes.
Tumour elasticity values were very well correlated with the portion of necrosis and fibrosis
during the growth phase.

The second phase of this study which intended to investigate the findings of the
clinical study presented in Chapter 2 is still in process. Nonetheless, preliminary results
showed that during the chemotherapy treatment, tumour size seemed to decrease and that
median tumour elasticity over the entire population of mice did not show a marked trend

before Week 4, when it started to decrease.
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This in vivo pre-clinical study may set the basis for further pre-clinical studies in other
tumour models, and clinical studies in humans aiming to correlate tissue elasticity to
pathology.

The next chapter presents the outcome of another pre-clinical study in mice, whose
aim was to use tumour elasticity and tumour size to evaluate the efficiency of an antivascular

drug in ectopically and orthotopically implanted tumours.
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4  Chapter 4. Characterization of ectopic and orthotopic colon carcinoma
CT26 using Ultrasound and the Supersonic Shear Wave Imaging (SSI)

technique.

4.1 Introduction

In Chapter 3, the feasibility of assessing the efficiency of a neo-adjuvant
chemotherapy treatment by measuring the tumour volume and global elasticity by
conventional Ultrasound (US) and the Supersonic Shear Wave Imaging (SSI) technique,
respectively, was evaluated. In the present chapter, the idea was to evaluate the efficiency of a
different type of anti-tumoural drug, one which attacks the tumour blood vessels called
tumour-vascular disrupting agent or antivascular. Unlike the treatment by chemotherapy,
whose efficiency can only be assessed after several weeks, antivascular drugs such as
combretastatin A4 phosphate (CA4P), cause an effect which becomes visible within a few
days from the beginning of the treatment [1]. Hence, the question was raised as to whether
tumour elasticity could be used to determine the efficiency of such an anti-angiogenic
treatment earlier than tumour size does. Aiming to answer the question, a murine colon
carcinoma model (CT26) that would better reflect the clinical colon carcinoma situation has
been chosen. This model was selected based on recent histo-pathological studies which
showed it to be very well vascularized (more strongly vascularized than the model used in
Chapter 3) and express cellular adhesion molecules, important targets for anti-angiogenic
therapies, due to being involved in the process of angiogenesis required for tumour growth,
cell migration and metastasis [2]. Additionally, the architecture of the CT26 model makes the
tumour difficult to treat [3]. The CT26 tumour fragments were ectopically (placed in the
flank) and orthopically (placed in the colon) implanted in mice.

Colorectal cancer represents the third leading cancer in men and second in women
worldwide with 1.2 million new cases identified in 2008, accounting for 608700 deaths in the
same year, becoming the second cause of cancer mortality after lung cancer [4]. Therefore, it
has become important to develop adapted models which could better reflect the human
pathology in order to evaluate diagnostic methods and potential therapies.

While ectopically implanted models are frequently employed owing to the facility of
their implantation, orthotopically implanted models are considered to better reflect the tumour
physiological environment. In particular, significant differences between these two models
have been found in the level of growth factors and nutrients available, and in the profile of
tumour angiogenesis and metastasis [5]. Moreover, orthotopic tumours can metastasize into

tissues, usually becoming spontaneously arising tumours [6]-[10]. Apart from the surgical
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issue involved in the orthotopic implantation, the main inconvenient lies in the difficulty to
measure the tumour volume by conventional measurement tools such as callipers. The volume
is a key parameter when assessing the tumour response to experimental treatments. Moreover,
an overestimation of the volume by calliper assessment in orthotopic models has been
reported [11].

This chapter presents the results of an animal study, in which US and the SSI
technique were employed to measure tumour volume and global elasticity, respectively. The
goal was to monitor the evolution of the implanted CT26 carcinoma models from the 5™ day

after the implantation until the end of the anti-angiogenic treatment.
4.2 Materials and Methods

421 CT26 tumour model

Wild type cells CT26 (CT26-wt) were employed. The CT26-wt cell line was originally
obtained from an undifferentiated colon carcinoma chemically induced by N-nitroso-N-
methylurethan [12], which was subsequently cloned to obtain the stable CT26 line. The cell
line was purchased from American Type Culture Collection (ATCC, CRL-2638, LGC
Standards, Molsheim-France) and cultured at 37 °C in a 5% CO, humidified atmosphere in a
Dulbecco’s Modified Eagle Medium (DMEM, Gibco) containing 10% of bovine fetal serum
(FBS, Gibco Life technologies), 100 uM of streptomycin and 100 U/ml of penicillin.

4.2.2 Histological tumour cellularity and Micro Vascular Density characterization

Histological analysis had been previously carried out on this particular type of human
cancer tumour in order to quantify its cellularity and vascular density. In this previous study,
six tumours were employed. Ten pictures were taken for each histological cut along the
central-axial plane of the tumours. The masses were stained with PECAM-1 and hematoxylin
as depicted in Fig 4.1(A) and Fig 4.1(B). the sections were similar for both models, with
homogeneously dispersed cancer cells and vessels. Quantitative analysis of the histological
sections allowed the determination of the microvascular density (MVD) Fig 4.1(C) and
cellularity Fig 4.1(D) for both models. Ectopic models presented a quasi-stable MVD level
ranging from 800 to 1100 vessels/mm? throughout the study. On the contrary, orthotopic
models showed a very low MVD level compared to the ectopic ones following the
implantation (476 + 50 vessels/mm? on the fifth day), but increased rapidly thereafter to reach
a MVD value of 968 + 36 vessels/mm? on the eleventh day. Beyond day 11, ectopic and
orthotopic tumours showed similar MVD values which did not vary significantly until the end
of the twenty-first day of the study.
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Cellularity decreased in both models between the fifth and the fifteenth day from 14.7
+ 1.0 x 10% to 13.6 + 0.5 x 10° cells/mm? in the ectopic model and from 18.0 + 1.3 x 10° to
12.6 + 1.0 x 10° cells/mm? in the orthotopic model. Both models showed similar cellularity
values which remained stable from the 11" to the 18" day. From the 18" day to the end of the

study, cellularity drastically increased in both models.
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Fig 4.1. Histological characterization of cellularity and vascular density of CT26 tumours. Ten histological
images obtained after immunohistochemistry of PECAM1 (positive staining in brown) and hematoxylin
counterstain for ectopic (A) and orthotopic (B) masses 15 days after the implantation (x400 magnification). (C)
Mean Microvascular density (MVD) (D) and mean cellularity are presented as a function of time.

4.2.3 Animals

The study was carried out on nude female mice (Janvier, St. Genest de Lisle-France)
aged 6 to 7 weeks. The animal protocol was approved by the French Institutional ethics

committee and the experiments were conducted according to French and European guidelines.

4.2.4 Ectopic tumour implantation

A mouse with a subcutaneous CT26 tumour was sacrificed. The mass was extracted,
placed in a DMEM culture medium and cut into 20 to 30 mm® fragments. The fragments were
placed in a sterile phosphate buffer saline and reinserted into the flank of six mice whose

body had been previously disinfected with alcohol. For the CT26-wt line, the tumours were
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implanted fortnightly with a 100% take rate. Fig 4.2 presents a representative ectopically and
orthotopically implanted tumour fifteen days after the implantation. Thirty-eight (N = 38)
tumours were ectopically implanted in the study.

a) b)

Fig 4.2. Photographs of representative CT26 tumours at the 15" day for the (a) ectopic and (b) orthotopic
model.

4.2.5 Orthotopic tumour implantation

Allografts were prepared from ectopic tumours as explained above. Twenty (N = 20)
tumours were orthotopically implanted as described by Tseng et al. [13]. Briefly, the animals
were anesthetized and their abdomen shaved and disinfected with Betadine (Meda Pharma-
France). Laparotomy was conducted to have access to the abdominal cavity. The tumour
fragments were then sutured onto the caecum before the muscular tissue and the skin were

stitched to finalize the implantation procedure (Fig 4.3).

Fig 4.3. Orthotopic tumour implantation. The allografts were prepared as done for the ectopic implantation
before being sutured onto the caecum.

4.2.6 Combretastatin A4 Phosfate treatment

Combretastatin A4 phosphate (CA4P) is a tumour vascular-targeting agent whose
characteristics have been well documented [1][14] It attacks mainly the tumour blood vessels.
From implantation, to the 12" post-implantation day, the entire group of mice were kept under
the same conditions. As shown in Fig 4.1(C), the tumour vascularity reaches its peak eleven
days after the implantation in both models. Thus, the antivascular treatment was
intraperitoneally injected to eighteen (N=18) ectopically implanted tumours and thirteen
(N=13) orthotopically implanted tumours in daily doses (100mg/kg) from the 12" to the 14"
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day. Some of the ectopically (N=20) and orthotopically (N=7) implanted tumours were not
treated in order to evaluate the evolution of the tumour elasticity and volume in untreated
tumours. Therefore, the population of each model was classified into two different groups
from the very beginning of the study: treated (Ca4P) and untreated (Control). Hence, four
different group of mice were monitored: Ca4P Ectopic (Ca4P Ecto), Ca4P Orthotopic (Ca4P
Ortho), Control Ectopic (Control Ecto) and Control Orthotopic (Control Ortho).

Fig 4.4 presents the complete planning of the study. US B-mode and elastography
imaging were used to measure the tumour volume and their mean global elasticity,
respectively. The aim was to study the feasibility of using elastography as a marker of the
tumour development and tumour response to treatment. All the remaining animals were

sacrificed once the study ended.

Graft (CT26)
N =67

Elasticity and volume Treatement + Elasticity and volume
measurements measurements
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Fig 4.4. Protocol planning structure. After the end of the latency period, elasticity measurements were
performed on the 5", 7 9™ 12" 13" 14™ and 15th day of the study. The antivascular treatment took place
daily between the 12" to the 14™ day . Initially, sixty-seven tumours (ectopic+orthotopic) were implanted.
However, nine mice died before the end of the latency period because of the graft. Some additional mice died
during the study or had to be sacrificed as their health had seriously deteriorated.

4.2.7 2D-US and the SSI technique

Measurements of the tumour volume and elasticity were performed every week once
the five-day latency period ended (Fig 4.4). The duration of this period was chosen based on
the histological tumour characterization presented in the Materials and Methods section of
this chapter. B-mode and elastography images were acquired using a high frequency US
probe (15 MHz, 256 elements, Vermon, Tours-France) driven by an ultrafast imaging device
(Aixplorer, Supersonic Imagine, Aix en Provence-France). Before performing the
acquisitions, the mice were shaved and anesthetized with a gas composed by 1.5% isoflurane
(Aerrane®; Baxter S.A.S, France) and a mixture of oxygen (0.5 I/min) and air (1 I/min). Body
temperature and breathing were controlled during the period that the animals remained
sedated (Fig 4.5). B-mode images were acquired in the axial and sagittal imaging planes of
the tumour in order to measure the tumour maximal diameters. Hence, three diameters (two in
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the axial and one in the axial plane) were measured and the volume was calculated by using to

TTXLXWXH

the expression for the volume of an ellipsoid v = , Where H, L and W stand for the

lesion’s height, length and width, respectively [11].

Fig 4.5. Mouse positioning. During the experiment, the animals were placed on a thermal-bed and covered with
coupling gel after being anesthetized.

The SSI technique was used to measure the mean tumour elasticity. Elastography
images were acquired along the central-sagittal and central-transversal planes of the tumours.
The colour-bar was fixed between 0 and 40 kPa, with the pixels in black and red representing
the lowest and highest elasticity values, respectively.

Fig 4.4 presents the measurement schedule. The volume and the elasticity
measurements begun five days after the implantation (latency period) and were performed on
the 5" 7" 9" 12™13™ 14™ and 15" day. The antivascular treatment took place daily
between the 12" to the 14™ day. The study was finalized on the 15" day. Initially, sixty-seven
grafts were performed in total (ectopic+orthotopic). Nevertheless, nine mice died before the
end of the latency period because of the grafts. A few additional mice died during the study or

had to be sacrificed as their health had seriously deteriorated.

4.2.8 Invivo calliper measurements

Measurement of the tumour dimensions were performed in vivo with a calliper to

estimate the tumour volumes and compare them with the ones obtained by US. The tumour

. . . LXW?2
volumes were retrieved using the expression v = — where L and W represent the tumour

length and width respectively [11][15]. The fact that the orthotopically implanted tumours
were also palpable made it possible to use callipers to measure in vivo their maximal
diameters. Nevertheless, the measurement errors in these kinds tumours were considerably
higher than in the ectopically implanted ones, due to being located deeper within the body of
the mice. Fig 4.6 depicts the mean tumour volumes measured in vivo with callipers and US

imaging, on one group of mice composed by seven ectopically (N=7) and eight (N=8)
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orthotopically implanted tumours. The mean values and their respective standard deviations
(STD) were calculated over the population of both groups at each measurement time point.
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Fig 4.6. Mean tumour volumes for ectopically and orthotopically implanted tumours, calculated from the
longitudinal in vivo measurements performed with two different methods: caliper and ultrasonic imaging.
Measurement errors are much smaller in the US measurements than in the caliper ones as being stated in the
literature [11].

4.2.9 Statistical analysis

Statistical Mann-Whitney tests were performed at each time measurement point in
order to evaluate if the differences between the elasticity and the volume values of the treated
and untreated groups were statistically significantly different. Mann-Whitney is a statistical
test, which evaluates two data-sets assuming that they do not follow a Gaussian distribution
(non-parametric test). The test gives a P value as a result. P values lower than 0.05 (P < 0.05)

are considered as statistically significantly different.
4.3 Results

4.3.1 Measurement of the tumour volume and elasticity

4.3.1.1 Tumour volume

As depicted in Fig 4.6, the measurements of the tumour volume by conventional US
are more accurate that the measurements with callipers. Therefore, only the measurements by
US were employed to retrieve the volumes.

Three tumour maximal diameters (length, height and width) were measured by using
conventional US imaging. Fig 4.7 depicts the measured diameters for one of the ectopic
tumours at the 9™ day. The length and width were measured in the tumour axial plane (Fig
4.7(A)) whereas the width was measured in the sagittal plane (Fig 4.7(B)). The tumour
volumes were subsequently assessed using these three measured diameters as stated in the

Materials and Methods section.
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Fig 4.7. Tumour volume retrieval by conventional ultrasonic imaging. Tumour volume was calculated using the
measured maximal diameters (length, height and width). The tumour length and height were measured in the
axial plane of the tumour whereas the width was measured in the sagittal plane. The images correspond to one
of the ectopic models on the 9™ day.

Fig 4.8 contains representative images of the ectopic and orthotopic models at the 5",
12" and 15™ day. US imaging allowed the measurement of the lesion diameter as early as five
days after the tumour implantation, with an average volume of 0.02 + 0.01 cm® and 0.03 +
0.02 cm® for the ectopic and orthotopic population at the 5™ day, respectively. This allowed a

rapid, accurate and non-invasive monitoring of the tumour volume.

‘ Ectopic

23aom 23am 23cm
Fig 4.8. (Above) US longitudinal tumour volume monitoring. The tumour maximal diameters were measured in
the axial and sagittal planes in order to retrieve the tumour volume. Representative images of one of the ectopic
tumours on the 5™ (A1), 12" (A2) and 15" (A3) day. (Below) Representative images of one of the orthotopic
tumours on the 5" (B1), 12" (B2) and 15™ (B3) day.

Table 4.1 and Fig 4.9 present the average volume for the entire population for both
models from the 5™ day until the end of the study (15" day). It is visible that from the
implantation day, orthotopically implanted tumours grew more rapidly than the ectopically
implanted ones, reaching higher volumes. For instance, at the 12" day (when the antivascular
treatment begun) there was already an important size difference between the ectopically and
orthopically implanted models: 0.34 + 0.17 cm® (Ca4P Ecto), 0.28 + 0.15 cm® (Control Ecto),
0.49 + 0.19 cm® (Ca4P Ortho) and 0.75 + 0.52 cm® (Control Ortho). The treated ectopic
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tumour volumes (Fig 4.9(a)), which continuously increased from the implantation, slightly
decreased between the 13" and the 14™ day. Nevertheless, from the 14™ day until the end of
the study, the tumours went back to their growth trend, reaching an average volume of 0.47 +
0.19 on the 15" day. Untreated ectopically implanted tumours showed a clear growth
tendency throughout the entire study which became more marked from the 9" day, reaching
an average volume of 1.65 + 0.34 on the 15" day.

Table 4.1. Mean tumor volume values over the population of each of the four different mice groups (Ca4P Ecto,
Control Ecto, Ca4P Ortho and Control Ortho) throughout the entire animal study. “N” under the column
“Number of animals” represents the number of mice per group at the beginning of experiments. Nevertheless,
some animals died or had to be sacrificed during the study. Thus, additional N were placed at some
measurement days to indicate the number of animals present from that point of the study.

Number Volume [cm?]
of animals Day 5 Day 7 Day 9 Day 12 Day 13 Day 14 Day 15

E?;P N=18 0024001 004002 012+007 0.34+0.17 0'4,\?:—'107'19 0.38+0.18 0.47+0.19
Estr;”o' N=20  0.02+0.01 004+002 007+005 0284015 043+0.22 0.58+0.23 1'6,3:-’107'34
Ca4P N=13  004+002 006+003 041+037 049+019 073+031 080*025 0854032
Ortho N =10 N=7
Control

o N=7  002£002 009+006 012+007 0754052 104+050 1.07+050 1.19+053

The volume of the treated and untreated orthotopically implanted tumours (Fig 4.9(b)),
never stopped increasing from the implantation day, with the untreated tumours presenting a
stronger growth tendency than the treated ones. On the 15 day, treated and untreated

orthotopic models reached volumes of 0.85 + 0.32 cm® and 1.19 + 0.53 cm?® respectively.
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Fig 4.9. Tumour volume monitoring. Average volume of the entire the ectopic and orthotopic mouse population.
The treatment by the antivascular took place on the days 12, 13 and 14 for both models. (a) In the treated
ectopic models (Ca4P Ecto), the volumes grew continuously until the 15" day of the study. Only between the 13"
and the 14™ day, the volumes slightly decreased. The untreated ectopic tumours (Control Ecto) always presented
a clear growth tendency, which became more evident from the 9" day until the end of the study. These tumours
reached much higher values than the treated ones; (b) The treated (Ca4P Ortho) and untreated (Control Ortho)
orthotopic tumours showed similar behaviors, growing continuously and reaching usually higher volumes than
the ectopic ones. The untreated models became considerable larger than the treated ones.
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4.3.1.2 Tumour elasticity

The SSI technique was employed to measure the tumours global elasticity from the 5th
post-implantation day until the end of the study (15th day). Fig 4.10 depicts the tumour size
and elasticity measurements for one of the ectopically implanted models. The mean tumour
elasticity values for this particular tumour at the 5th, 9th and 12th day were 6.9 + 3.1 kPa,
14.3 £5.1 kPa and 22.0 £ 13.6 kPa respectively.

Table 4.2 and Fig 4.11 present the mean elasticity values from the 5th day onwards for
the entire ectopic (Fig 4.11(a)) and orthotopic (Fig 4.11(b)) population. The mean elasticity
values of the treated and untreated ectopically implanted tumours increased continuously
from the implantation until the 13th day, reaching mean elasticity values of 16.06 + 5.39 kPa
and 14.44 + 6.80 kPa for the treated and untreated tumours respectively. Between the 13th
and the 14th day, the elasticity of these tumours presented a slight decrement. However, from
the 14th to the 15th day, the tumours became slightly harder, with mean elasticity values of
14.96 £ 4.24 kPa and 12.59 + 8.67 kPa for the treated and untreated tumours respectively.

Fig 4.10. Tumour diameter measurement and the corresponding elastography image at the 5", 9" and 12" day
for one of the ectopic models. In this particular tumour, the global elasticity and the volume increased with time.
As the tumour grew, it became more heterogeneous.

The orthotopically implanted tumours also presented a continuous elasticity increase
which stopped between the 12" and the 13™ day. On the 12" day, the tumours had mean
global elasticity values of 19.07 + 4.33 kPa and 18.57 + 3.25 kPa for the treated and untreated
tumours, respectively. The elasticity of the orthopically implanted tumours did not vary much
between the 13" and the 15™ day, with mean global elasticity values of 17.86 +.4.18 kPa and
16.35 + 2.42 kPa for the treated and untreated tumours. The treated and untreated
orthotopically implanted tumours showed a similar growth trend and always had higher

elasticity values than the ectopically implanted ones.
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Table 4.2. Mean tumor elasticity values over the population of each of the four different mice groups (Ca4P
Ecto, Control Ecto, Ca4P Ortho and Control Ortho) throughout the entire animal study.

Elasticity [kPa]

Day 5 Day 7 Day 9 Day 12 Day 13 Day 14 Day 15
Ca4P 508+178 887+304 10843285 1430%667 1606£530 1423%376 14.96+4.24
(E:gtrgro' 6.06+1.92 877+226 1080£353 1242+471 1444680 1214+611 1259 +8.67
g";‘fhz 711+192 992+215 1327+355 1007+4.33 17.05+477 1673+500 17.86+4.18
g‘?t”htgo' 8.80+332 1349+323 1675+387 18574325 1512+4.18 1648+250 16.35+2.42
a) Ectopic b) Orthotopic
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Fig 4.11. Tumour elasticity monitoring. Average tumour elasticity of the entire the ectopic and orthotopic mouse
population. (a) In the treated (Ca4P Ecto) and untreated (Control Ecto) ectopic model, the elasticity increased
continuously until the day 13. Between the 13" and the 14" day, the elasticity slightly decreased. However, from
the 14™ to the 15" day, the mean global elasticity values increased slightly in the treated and untreated tumours;
(b) The treated (Ca4P Ortho) and untreated (Control Ortho) orthotopic tumours reached much higher elasticity
values than the ectopic ones, presenting similar behaviors. The tumours grew continuously from the 5" until the
12" day. The mean global elasticity value at the 15" day did not differ much from that on the 12" day for both
the treated and the untreated models.

Fig 4.12 shows the elasticity maps of two ectopically implanted tumours on the 14™
day. Both untreated (a) and treated (b) tumours presented what a large necrotic center. The
viable tissue (non-necrotic) was present only along the peripheral tumour ring. Histological
analyses had not been yet performed on the mouse tissue samples when this manuscript was
submitted for revision. However, the conclusion that treated and untreated tumours presented
a vast central necrosis was based on the bibliography [16] and on previous histological studies
performed on this xenograft by the researchers at the faculty of Pharmacy of L'Universite

Paris V Descartes.
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Fig 4.12. Elasticity measurement of two ectopically implanted tumours on the 14" day of the study; a) untreated
and b) treated. Both tumours presented a vast central necrotic center. Viable tissue (non-necrotic) was only
present along the peripheral ring.

Aiming to observe how the tumour elasticity and its vascular network reacted to the
antivascular treatment, Doppler (standard Doppler fixed between 0 and 2 m/s) and elasticity
measurements were performed on several mice on the 12" day after injecting the drug. The
measurements were performed on the tumour immediately after the antivascular injection (t =
0) and 20 (t = 20), 40 (t = 40) and 60 (t = 60) minutes after the injection. Fig 4.13 depicts the
evolution of the tumour elasticity (a) and of its vascular network (b) of a time scale in
minutes. The elasticity within the tumour remained quasi-constant throughout the experience.
The differences between the elasticity images taken at different times was negligible. On the
contrary, a big difference could be appreciated on the Doppler images, which showed a
gradual disappearance of the tumour blood vessels as time passed. Sixty minutes after the
injection, almost all the blood vessels had been attacked and the blood flow stopped. The
shear wave and the blood velocity were color-coded in scales ranging from 0 to 50 kPa and 0

to 2 m/s respectively.
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ID: Aixplorer_48085886

Fig 4.13. Evolution of the tumour elasticity and of the vascular network after the antivascular injection took
place on the 12" day for a representative ectopic tumour. The shear wave and the blood velocity were color-
coded in scales ranging from 0 to 50 kPa and 0 to 2 m/s respectively. (a) The tumour global elasticity remained
almost constant throughout the experience, with no significant changes between t=0 and t=60 minutes; (b) The
Doppler images show how the tumour blood vessels were attacked by the drug, cutting the blood flood within
some minutes after the injection.

Table 4.3 contains the P values given by the Mann-Whitney test performed on the
elasticity and volume data-sets, between the treated and untreated ectopically and
orthotopically implanted tumours at each measurement time point. The test assumed a non-
Gaussian data distribution. The confidence interval was set to 95%. Only the ectopic volumes
at day 9, 14, and 15, the orthotopic volumes at day 9 and the orthotopic elasticity values at

day 7 were found to be statistically significantly different.

Table 4.3. Mann-Whitney test at every measurement point. Comparisons were performed on the elasticity and
volume datasets between the treated and untreated ectopically (Volume Ecto; Elasticity Ecto) and orthotopically
(Volume Ortho; Elasticity Ortho) implanted tumors at each time measurement point. P values lower than 0.05
(*) indicate that the two compared groups of data are statistically significantly different.

Day5 Day7 Day9 Dayl12 Dayl1l3 Dayl14 Day15

VOUme 098 080 003 025 056 001% 003

volume 509 019 004 047 025 009 013
Ortho

Elasticity 418 066 075 055 033 019 0.2
Ecto

Elasticlty 940 0.02¢ 010 070 020 086 062
Ortho
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4.4 Discussion

Even though the orthotopic model has previously been described [17][18], the
combination of US imaging techniques (conventional B-mode and SSI) for the tumour
characterization had never been reported. US B-mode and the SSI technique allowed to
follow-up the tumour changes in size and elasticity respectively from the 5™ post-implantation
day until the end of this preclinical study (15" day).

A difference between the tumour growth of the ectopic and orthotopic models was
observed. Orthotopically implanted tumours grew faster than the ectopically implanted ones;
a behaviour that has previously been described for human colon tumours implanted in nude
mice [19] and for CT26 tumours [17]. Although there is some information on the tumour
growth rate in the literature [20], very few attempts had been devoted to the precise
characterization of these tumours.

The results of the experiments performed throughout this study, showed that treated
ectopically and orthotopically implanted tumours presented a vast central necrosis which
generally began from the 12" day. This effect, which has already been described in the
literature [16], is typical of tumours treated with vascular disrupting agents (antivasculars)
since they attack the blood vessels located in the core of the tumour. The vascular damage
prevents the tumours from receiving all the oxygen and the nutrients necessary for growth and
survival, and leads to an extensive necrosis, mainly within the core of the tumour, leaving
viable tissue (non-necrotized) only at the peripheral rim. Nonetheless, the fact that the
untreated ectopically and orthotopically implanted tumours also presented important necrotic
areas (usually less extensive than those ones in the treated tumours), raised the question as to
what caused the necrosis in the untreated tumours. It would be necessary to perform
experiences with a higher number of untreated mice to be able to draw conclusions on that. It
is not certain whether the necrosis was a consequence of the procedure followed during the
tumour implantation or if was caused by the tumour internal architecture.

For the reasons just mentioned, the antivascular treatment dramatically affected the
development of treated ectopically implanted tumours. Their slight shrinkage between the 13"
and the 14™ day was caused by the vascular damage which led to the central tumour necrosis.
However, the fact that the blood vessels at the peripheral rim (which is usually the most
vascularized part of the tumour) were not much affected by the treatment, allowed the transit
towards the tumour core of the elements needed to regenerate the damaged central vascular
network in order to continue growing. This phenomenon explains the growth between the 14"
and the 15™ day of the ectopically implanted tumours. The untreated ectopic tumours could
grow freely as nothing prevented them from becoming larger, reaching an average volume
which was four times larger than the average treated tumour volume at day 15. Unlike the
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ectopic models, the orthotopic implanted tumours did not stop growing at any point in the
study. It seems that the fact of being in their natural anatomical environment gave them higher
resistance against the treatment, permitting them to be regularly fed and in constant growth.
However, the growth of treated orthotopically implanted tumours was also affected by the
antivascular as they showed a much smaller growth rate then the untreated tumours (Fig
4.9(b)).

The error-bars in the orthotopic volumes were higher than those of the ectopic
volumes, reflecting the difficulty encountered when measuring the size of the orthotopically
implanted tumours, as they are much more complicated to reach due to being localized within
the abdominal cavity of the mice and be surrounded by other biological tissues. The size of
the error-bars in all the presented measurements also show that although the study was
performed on the same type of mice, which were kept under exactly the same conditions, their
tumoural response could vary significantly from one to another.

Treated and untreated ectopic and orthotopic tumours presented a similar elasticity
behaviour which was not much influenced by the treatment. The elasticity decrease between
the 12" and the 13" day in the orthotopic model and between the 13" and the 14™ day in the
ectopic model may have been probably caused by the inner tumour necrosis. The slight
elasticity increment from the 13™ and the 14™ day for orthotopic and ectopic tumours
respectively, may have been a consequence of a minor elastic increment of the peripheral
tumour ring, which contrary to the central tumour zone, did not necrotize. Moreover,
histological analyses on the tissue samples will be needed to support such assumptions. Due
to the localization of the orthotopically implanted tumours and the central necrosis, the
elasticity measurements became more difficult to perform as in some cases the shear waves
were not able to penetrate the tumour to cover the entire tumour area.

According to previous histological results, the MVD values were significantly lower
for the orthotopic model in the early time points as compared to the ectopic model. These data
may indicate that the orthotopically implanted CT26 tumour fragments probably needed some
time to adapt to their new caecal microenvironment. This information could be of great
importance considering that the angiogenic phase of orthotopic tumours requires more time to
develop as compared to the ectopic model, which indicates that orthotopic implantation would
be more appropriate for evaluating the efficiency of antiangiogenic experimental therapies. In
addition to this, data from the previous studies showed that in both models, the MVD value
seemed to reach its maximum at the 11" day.

US imaging allowed tumour volume estimation for both implantation models. It has
been previously shown that US imaging yield more precise volume measurement data as

compared to calliper measurements [11], due to the latter being very operator dependant and
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measurement errors (which are frequently in the range of 27% [21]) may bias the volume
calculations.

The fact that two data-sets are found to be non-statistically significantly different does
not mean they are equal. It means there is not enough basis to affirm whether they are
significantly different or not. In some cases, by looking at Fig 4.9 and Fig 4.11, one could
have had the visual impression that two volume or elasticity data-sets were significantly
different. However, the exhaustive analysis performed by Mann-Whitney test was not able to

conclude on it.

45 Conclusion

This study evaluated the feasibility of using 2D-US and the SSI technique to monitor
the evolution of tumour growth and global elasticity, in response to antivascular treatment of
orthotopically and ectopically implanted CT26 colon carcinomas in mice. Apparently, the
antivascular treatment caused an effect on tumour growth and on the tumours’ vascular
network. Nonetheless, its impact on the tumour global elasticity was not strong. Nevertheless,
in order to be able to draw solid conclusions on the effects of antivascular therapy on tumour
size and elasticity, it would be necessary to perform histological analyses on the tumour tissue
samples and additional animal studies with different drug types and doses. In addition to this,
the study should last longer and the treatment should begin earlier. Performing histo-
pathological measurements and Doppler imaging could be of great utility to better understand
the impact on the antivascular treatment on the tumour elasticity.

It was easier to monitor the ectopically implanted tumours than the orthopically
implanted ones, since the latter were localized within the mice abdominal cavity and
surrounded by other biological tissues.

From the beginning of this report, only elasticity and tumour volume have been the
parameters used for tumour characterization. However, there exist other parameters such as
nonlinearity, which would offer new and valuable information on tumour characteristics. The
next chapter shows the potential of a third order nonlinearity parameter for tumour

characterization.
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5. Chapter 5. Nonlinear shear elastic parameter quantification

5.1 Introduction

As it has been shown throughout this report, the measurement of the tissue elasticity
may not be sufficient to monitor the effects of an anti-cancerous treatments such as
chemotherapy and antivascular therapy for breast and colon carcinomas. Therefore, it
becomes vital to study new additional parameters which allow a better characterization of
therapeutic changes. This chapter presents a method employed to quantify a third-order tissue
nonlinearity parameter. Such a parameter, which could play a key role in monitoring of
tumour growth, would be of great utility to understand the processes involved in the
development of cancerous tumours. This section contains the theoretical development of this
new tissue parameter and presents its potential for in vivo clinical application.

For almost two decades, several dynamic elastography techniques have been
developed based upon ultrasound (US) methods [1]-[6] to excite tissue and measure its
response to the mechanical stress. Methods such as sonoelastography [1], vibroacoustography
[4], acoustic radiation force [5], supersonic shear wave imaging® and transient elastography
[7] have shown their efficiency to determine elastic properties of biological soft tissues.
Nevertheless, most of these techniques have been concentrated on the estimation of the
second order elastic modulus (u). In order to better understand pathologies, since the
knowledge of the shear elasticity may not be sufficient in all cases to emit a accurate clinical
diagnosis, new refinements were developed to study other tissue mechanical properties such
as viscosity [4][8], anisotropy [9] and shear nonlinearity [10].The relevancy of these
parameters is currently studied in pre-clinical and clinical studies, ranging from
musculoskeletal imaging [9][11], cardiac [12][13] and vascular [13] applications to liver
fibrosis staging [14].

Several research groups are currently working on nonlinear elasticity imaging. Indeed,
recent data from ex vivo measurements of breast and prostate tissue indicate that in addition to
the linear properties, nonlinear elastic properties may be useful for differentiating benign from
malignant tumors [15][16]. The most advanced nonlinear elastic imaging, which utilizes the
strain/stress relationship to retrieve the nonlinear shear modulus is the quasi-static US based
elastography [17]-[19]. However, this approach represents a major challenge as it may require
compressive strains greater than 10% [20]. The key idea is based on ex vivo tests conducted
by Krouskop et al.[15] , which pointed out that at smaller strains, the departure from linearity
for most tissue types is minimal [15]. Once the displacements at these large strains have been
measured, an inverse problem must be solved in order to determine the tissue nonlinear elastic

parameters. However, both issues, i.e. the estimation of tissue displacements at large strains
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and the solving of the nonlinear elastic inverse problem, remain challenging problems today
[20][21]. Oberai et al. [20] proposed interesting solutions to these complex issues in 2009 and
provided the first clinical images of the nonlinear elastic parameter. Nonetheless, the low
qualities of the images emphasize the high complexity of solving this nonlinear inverse
problem.

In this chapter, we propose to use a completely different approach based on the
combination of the acoustoelasticity theory with Transient Elastography. Transient
elastography is one of the most efficient techniques as it allows to image the shear wave
propagation in soft media by using ultrafast US scanners and to quantify the medium shear
modulus in real time. Based on this method, there are at least three possible ways to quantify
shear non linearity: nonlinear interaction between shear waves of different frequencies [22],
finite amplitude shear wave propagation [23] and acoustoelasticity [24]. Experimentally,
acoustoelasticity consists in measuring the speed of acoustic waves in stressed solids. The
third order elastic modulus is deduced from the slope of the ultrasonic wave velocities as a
function of the uniaxial stress applied to the sample [24].

The first acoustoelasticity theory in solids was developed by Hugues and Kelly [25]
using the second and third order elastic coefficients. Recently, combining the new ideas of
shear wave propagation in quasi incompressible soft solids [26][27] and the acoustoelasticity
theory, new expressions for the shear wave propagation in uniaxial stressed media have been
defined [24]. Gennisson et al. [24] proposed to use the shear imaging technique [6] to
estimate the third order elastic modulus (A) by measuring the shear wave speed along
different directions in a medium submitted to an uniaxial stress. In these experiments, the
main difficulty was to control the uniaxial stress within the medium. The local stress was
approximated to the applied stress on the surface, which was easily quantifiable in the
proposed setup. Unfortunately, as shear wave propagation had to be imaged along the three
different axis of the referential frame, this technique was not applicable in clinical practice.

This chapter proposes a much more reliable approach as it provides a way to quantify
the locally applied uniaxial stress deep in tissues, and to perform the entire experiment using a
conventional ultrasonic probe located at the surface of the investigated organ, thus enabling in
vivo investigations. The key idea consists in combining the supersonic shear imaging (SSI)
technique to quantify the shear modulus and Static Elastography (SE) to quantify the locally
applied uniaxial strain in the imaging plane. From both estimates, one can derive the local
uniaxial stress at each compression step. Static elastography has been developed over the past
two decades [28]-[34]. This technique allows to estimate the strain (¢) linked to the elasticity
via Hooke’s law (o = E.¢, where o is the applied stress and E is the Young’s modulus) in a

medium submitted to a small uniaxial compression. Local strains are derived from the
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ultrasonic backscattered signals before and after compression by using cross-correlation
analysis. Then, knowing the elastic modulus estimated through dynamic elastography (SSI)
and the strain through static elastography, a quantitative map of the local stress is recovered.
Finally, a quantitative map of the nonlinear shear modulus (A) is calculated by applying the
acoustoelasticity theory in quasi-incompressible soft solids, correlating the stress to the shear
wave speed.

In this chapter, the acoustoelasticity theory in quasi-incompressible soft solids is
presented in the first section to deduce the nonlinear shear coefficient A. Then, the
experimental set-up for both the SSI and the static elastography techniques is depicted and
explained. In the next section, the experimental results are described and compared with the
simulation results. Several agar-gelatin (AG) tissue mimicking phantoms often used in
medical imaging and ex vivo beef liver samples were tested. One of the phantoms contained
an inclusion softer than the surrounding media, whereas the second phantom an inclusion
harder than its surrounding material. The liver samples came from the same animal liver and
were randomly chosen within the organ. Finally, the experimental assessments of the

nonlinear shear coefficient are discussed.
5.2 Materials and Methods

5.2.1 Acoustoelasticity theory

The general principle of acoustoelasticity is based on the expression of the elastic
wave speed in uniaxially stressed lossless solids. Basic equations are summarized as follows:
in “Lagrangian” coordinates (a, t), where a is the equilibrium position of the particle and t is

the time; the equation of motion is given by:

o o’u 0%
oa o(™)
oa,

atz
Eqg.1

where po, U, e designate respectively the density, the total displacement and the strain energy
density which can be developed up to the third order in quasi-incompressible soft solid as
follows [26]:

e=,u[2+é|3+D|22
3 Eq. 2

with p the shear modulus (Lameé coefficient) involved in the linear behavior of the solid, A the
third order elastic coefficient describing the quadratic nonlinear shear response of the

deformed solid and D the fourth order elastic constant. I,, I3 are invariants of the Lagrangian
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strain tensor defined by Landau and Lifshitz [35]. To simplify the calculations, only the
propagation of shear waves of small amplitude (i.e. in the linear regime) is considered, thus
enabling to neglect the fourth order terms.

Due to the nature of the applied uniaxial stress and the elasticity imaging technique, two kinds
of displacements are involved in the calculation of the equation of motion: the displacement
due to the quasi-static compressions (u°) and the displacement due to the shear wave
propagation (or induced by the acoustic radiation force) (u®). Moreover, the magnitude of the
shear displacements (um) are of very small magnitude compared to the displacement due to
the uni-axial stress (o). Hence, the total displacement can be expressed as the sum of u® and
u® as follows:

ulot = 4P 4+ s Eq. 3

The entire calculation process of the nonlinear elastodynamic equation was carried out in
Gennisson et al. [24]. Here, depending on the axis of polarization and the axis of the shear
wave propagation, a nonlinear elastodynamic equation was deduced for each of the three

possible scenarios (Fig 5.1):

Phantom

Ultrasonic array

Fig 5.1. The three possible configurations for the generation (by acoustic radiation force) and detection (with an
ultrafast scanner) of polarized shear waves in a medium submitted to uniaxial stress (o). a) scenario governed
by Eq. 4; b) scenario governed by Eq. 5; c) scenario governed by Eq. 6 [24]. The vectors u and k represent
respectively, the axis of polarization and the axis of propagation of the generated shear wave.

For the sake of simplicity, the plane shear wave is denoted by two indices (12, 21 and 13).
The first and the second index correspond to the axes of the shear wave polarization and the
axis of the shear wave propagation, respectively. Vs represents the shear wave velocity, u the
medium shear modulus at a given compression, po the medium density under zero stress (o2,
= 0) and A the third order nonlinear parameter, which is retrieved by experimentally
measuring the shear wave speed (using the SSI technique ) as a function of the stress applied
(using the SE technique) at each compression step.

It is to observe that Eq. 4, Eq. 5 and EQ.6 correspond to the classical shear wave propagation

equation in an isotropic media if the medium is unstressed (o2, = 0) (Eq. 7).
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A
PoVéiz = U — 0y (1 + E) Eq. 4
2 — - A
PoVsa1 = U — 0z (12;;) Eq.5
A
PoVéis = U— 0y (1 + a) Eq. 6
u= p.V Eq. 7

Taking into account that the axis of polarization and the shear wave propagation are,
respectively, parallel and perpendicular to the axis of compression (uniaxial stress (o)), the

nonlinear shear coefficient was retrieved by using Eq. 5.

5.2.2 Experimental Setup

All the experiments presented in this paper were carried out using the same setup
presented in Fig 5.2, which includes a conventional ultrasound probe (SL15-4, 256 elements,
8 MHz central frequency, Supersonic Imagine, Aix en Provence, France) driven by a fully
programmable ultrafast imaging device comprising 256 transmit/receive channels (Aixplorer,
Supersonic Imagine, Aix en provence, France). A mechanical actuator was used to axially
displace the probe and the compressor plate attached to it. The measurements were performed
on agar-gelatin (AG) tissue mimicking phantoms which were prepared following the
procedure presented in [36]. Each phantom contained a cylindrical inclusion with a diameter
of 10 mm. The medium surrounding the inclusions had 2% by weight of agar and 5% by
weight of gelatin. The Soft inclusions had a concentration of 2% by weight of agar and 3% by
weight of gelatin whereas the hard inclusions had a concentration of 2% by weight of agar
and 8% by weight of gelatin. Throughout this chapter we will refer to the media surrounding
the inclusions as “the medium” and the inner part of the inclusions as “the inclusion”. The
phantoms were placed over a still and uniform plane surface. The quasi-static stress was
applied at the top of the phantoms by axially displacing the probe and the compressor plate in
steps of 0.1 mm (= 0.33% with each step lasting less than 30s). The stress distribution within
the phantoms at each compression step was quasi-constant and did not vary with time
(measurements were also performed at 1 min, 2 min and 3 min to confirm this hypothesis).
Neither displacements nor the strains changed at any time after the compression steps. Before
beginning the experiments, a certain amount of compression was applied in order to ensure all
the probe elements were in full contact with the phantom surface and therefore have an
optimal probe-phantom coupling. Nevertheless, it was not possible to have exactly the same
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amount of pre-compression for each phantom since they were not geometrically identical
although they were made using the same mold.

The imaging plane was placed perpendicularly to the inclusions’ axis in the middle of
the phantom. The phantoms (103 x 31 x 74 mm®) were considered axially-symmetric (along
the central axis of the cylindrical inclusion (y-axis)), which allowed us to neglect the non-
axial (lateral and out of plane) components of the displacement due to compression. At each
compression step, the medium displacement and the shear wave speed were quantified by
using the SE and the SSI technique respectively. This procedure allowed to quantify

displacements, strains, stresses and nonlinear shear modulus maps.

\
| ) I —
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Static compression

31mm
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100 mm

Fig 5.2. Measurement setup. The ultrasonic probe, a compressor plate and an actuator were held
perpendicularly to the phantom by a support.

5.2.3 Imaging techniques and finite element simulation

The dynamic and static elastography experiments were performed simultaneously. The
entire procedure can be summarized as follows (Fig 5.3):

1. A conventional US image of the phantom is acquired before compression (pre-
compression image), which is later used as a reference to calculate the medium
displacement when compared with a second US image acquired after compression
(post-compression image).

2. The SSI technique is used to retrieve the complete shear velocity map and therefore the
2D shear modulus map of the medium.

3. A 0.1 mm displacement is applied to the phantom along the axial plane, corresponding
to a strain step (Ag).

4. A conventional US image is acquired (post-compression image) which is cross-
correlated with the one obtained at 1.

The previous procedure was followed at each compression step. The axial
displacements were small enough to minimize the negative effects of signal decorrelation
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caused by larger compressions. The total static strain (esg) corresponds to the summation of
the static strain at each static compression step (A¢) (Eq. 8), where N represents the number of

compression steps.

&g = 2L, Ae Eq. 8

Coupling gel was placed on the bottom and the top of the phantoms to minimize the
friction effects between the phantoms and their supports.

5.2.3.1 Shear modulus computation using the Supersonic Shear Imaging technique
The SSI technique, which was explained in the first chapter, allows the retrieval of the
local shear wave velocity and therefore the calculation of the medium shear modulus through

Eq. 7 at each compression step.

5.2.3.2 Displacement and Strain maps computation using the static elastography
technique

In order to retrieve the displacement induced by the compression, the static
elastography technique developed by Ophir et al. [28] was used. As mentioned before, the
probe and the compression plate were placed on the top of each phantom to apply quasi-static
compression steps of 0.1 mm along the axial plane up to 6 mm of absolute axial displacement
for the soft and hard inclusion phantoms. The changes in the ultrasonic pre and post
compression echo signals correlates with local tissue axial displacements through the cross-
correlation between successive B-scans. The 2D strain field (¢) was computed as the first
derivative of the displacement field D along the axial plane (z-axis) (Eqg. 5).

ap

Ae = s Eqg. 9

5.2.3.3 Stress computation combining static elastography and SSI measurements

The differentially applied stress Ac was retrieved through the simplified form of
Hooke’s equation (Eq. 10). This allowed the direct computation of the stress from the
measurement of the material’s Young’s modulus E(s) and strain Ae at each compression step

by means of dynamic and static elastography respectively.

Ao = E(0).As Eq. 10

Then, the cumulative stress was calculated by applying a simple integral over N

acquisition steps (Eq.7).
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o= YN Ao Eq. 11

5.2.3.4 Nonlinear shear modulus (A) calculation

Due to the combination of the SE and the SSI technigues, the evolution of the local
shear wave speed Vs(esg) as a function of the uniaxial stress could be estimated for each pixel
on the imaging plane. Then, using (Eq. 5), the slope of the linear behavior of the shear
modulus as a function of the applied stress gives directly the nonlinear shear modulus A. At
last, a 2D map of A was obtained by linearly fitting all the pixels at the same position on the

images acquired at each compression step.

Fig 5.3 summarizes the procedure followed to retrieve the nonlinear shear coefficient

from the initial position when no stress has been applied (c = 0).
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Initial position
o=0

Y

Small quasi-static compression (Ag)

Shear Wave Imaging (SS)
(propagation within linear regime)

Estimation of Shear Wave
speed (Vsz1)

Estimation of Young’s
modulus E(0) = 3pVszs

A

Static Elastography (SE)

Estimation of Strain (4¢)

Y

Estimation of Stress (Ag) through Hooke's
law,
Ao = E(0).4¢

End of compressions ?

Integrating all Ao to retrieve
Stress. 0 = ZAo

Y

Estimation of
Nonlinear coefficient (A)

o = Linear shear modulus at zero stress

Po= Medium density

PoV2s21 = to- O(A/124;)

Since £gg << £g¢

Combining the
SS!and SE techniques

PoVZs21= o= 0(A/12445)

PoVis21= o= O(A/1241)

Fig 5.3. Calculation of the third order nonlinear shear coefficient by combining the SSI and SE techniques.
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5.2.4 Finite element simulation

Simulations with a finite element model (FEM) of the sample were performed using
the ANSYS 11.0 software (ANSYS Inc) in order to compute the theoretical vertical (z-axis)
strain and stress fields at different compression steps. Half of the samples were meshed using
8 nodes hexahedral-shaped elements. The mesh density was controlled to generate an accurate
mesh with a limited computing time (about 20 min) resulting in a FEM with 15.540 elements.
The mesh was refined to 2 mm around the inclusions with an element size of 0.5 x 0.5 x 0.5
mm?. The materials were considered as linear elastic isotropic. The assumed Young’s moduli
corresponded to the values measured at zero stress. The Poisson’s ratio was set to 0.499
(quasi-incompressible soft media). The boundary conditions were chosen to mimic the
experimental conditions. The boundaries between the inclusions and the surrounding material
were frictionless. The displacements of the lower face of the samples were constrained along
the vertical axis (y-axis). Constraining the nodes on the lower boundary from moving in the y-
direction, while allowing them to move freely in the x-direction simulated perfect slip
boundary conditions. The radial of the sample expansion in the (xz) plane was allowed. The
displacement was blocked along the x-axis for the plane x = 0 (middle of the width) as well as
the displacement along the z-axis for the plane z = 0 (middle of the depth). Thus, a quarter-
symmetry in the xz-plane was assumed to reduce the simulation time. A vertical displacement
of 1 mm (compression) was imposed to the nodes of the upper face and the resulting nodal

vertical compression strains and stresses were computed.

5.3 Results

Three phantoms containing a soft inclusion and three containing a hard inclusion were
built to perform the experiments. Those phantoms were numbered from 1 to 3 for each time of
inclusion. Fig 5.4 contains the B-mode images and the shear velocity maps for a hard (#1) and
a soft phantom (#2) obtained with the SSI technique before compression (o = 0). Fig 5.5
presents the shear modulus maps for a hard phantom at the initial position and after 0.1 mm,
5% and 10% compression. The color scales depict the highest and lowest shear modulus
values in red and blue respectively. On the maps, the hard inclusion can be clearly

distinguished from its surrounding material due the high contrast in the shear modulus.
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Fig 5.4. B-mode images (top) and shear velocity maps (bottom) at zero stress (o = 0). a) soft phantom #2, b)
hard phantom #1. The contrast in the shear velocity between the inclusions and the media is evident on the shear
velocity maps.

Fig 5.6 contains the shear modulus values at each compression step for the hard
phantom #1 presented in Fig 5.5 and for the soft phantom #1. These values were obtained by
calculating the mean value within a window with an area of 2.5 x 5 mm? for the inclusions
and 7 x 10 mm? for the media. The Fig 5.5 and Fig 5.6 show a decrease in the shear modulus
within the hard inclusion and its surrounding medium due to the applied compression. The
opposite occurred within the soft inclusion, whose shear modulus begun to sharply increase
once the compression reached 1.5 mm (= 5%). Intuitively, one may have thought that the
medium surrounding the soft inclusion would become stiffer with the compressions.
Nonetheless, it seems that even a small difference in the shear modulus affects the medium
response to the stress, as the medium elasticity increased with the compressions whereas the
soft inclusion elasticity decreased. The shear moduli at zero stress for the soft inclusion and

its surrounding medium were 4.2 kPa and 8.0 kPa, respectively.
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Fig 5.5. Shear Modulus maps at different compression steps for the hard phantom #1: a) ¢ = 0, b) ¢ = 0.01 mm,
¢) & = 5% and d) e = 10%. The compression causes a change in the shear modulus for the hard inclusion and the
surrounding material.
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Fig 5.6. Shear Modulus values at different compression steps for the hard phantom #1 (inclusion), soft phantom
#2 (inclusion) and hard phantom #1( medium). The mean values and standard deviations were calculated on a
window of 10 mm?. The shear modulus behaves differently for the hard and soft inclusion, as it decreases and
increases respectively with the compression.

5.3.1 Experimental and simulated cumulative Strain maps

Fig 5.7 presents the experimental and simulated cumulative strain maps for both

phantoms after 1 mm (3.3%) axial compression.
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Fig 5.7. Experimental (top) and simulated (bottom) cumulative strain maps of both phantoms after 1 mm (3.3%)
compression for the soft (a) and hard (b) inclusion. The color bars are dimensionless for both the experimental
and the simulation results.

The experimental strain values, 2.8% for the hard inclusion and 3.5% for its
surrounding material are in very good accordance with the simulation results with 2.5% for
the inclusion and 3.5% for its surrounding material (Table 5.1). The experimental values were
obtained by calculating the mean value and standard deviation within a window with an area
of 10 mm? for the inclusions the media. The strain within the hard inclusion was higher than
that one of its surrounding material, whereas the strain within the soft inclusion was lower
than that one on its surrounding material. The strain distribution across the media surrounding

the inclusions of both phantoms was quasi-uniform and similar in magnitude.

Table 5.1. Experimental and simulated cumulative strain maps for both phantoms after 1 mm axial compression.

Cumulative Strain [%]

Soft phantom Hard phantom
Incl. Med. top Med. Side Incl. Med. top Med. side
Experimental 400+004 270+001 310+x0.03 280%+0.02 4.00+0.04 3.50=%0.02
values
Simulated Mean
value of nodal 4.30 2.70 3.10 2.50 3.80 3.50
stresses.

5.3.2 Experimental and simulated cumulative stress maps

Fig 5.8 contains the experimental and simulated cumulative stress maps for both

phantoms after 1 mm (3.3%) uniaxial displacement. It can be seen that there is good
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accordance between the experimental and simulated maps in terms of stress magnitude (Table
5.2) and distribution (Fig 5.8). The experimental stress values, with1.23 £ 0.02 kPa for the
hard inclusion and 0.80 £ 0.01 kPa for its surrounding material are in very good accordance
with the simulation results, with 1.21 kPa for the inclusion and 0.97 kPa for its surrounding
material. The values contained in Table 5.2 were retrieved by calculating the mean value
within a window with an area of 4 x 4 mm? for the inclusions and 4 x 8 mm? for the media.
The hard inclusion showed a much higher stress level than its surrounding medium, whereas
the soft inclusion presented much lower stress than its surrounding material. In both phantoms
the stress was quasi-uniformly distributed across the area surrounding the inclusions.
Moreover, in order to investigate the presence of any stress relaxation phenomena, stress
measurements were also performed 1 min, 2 min and 3 min after each 0.1 mm (0.33%)
compression step, with no significant difference observed between the different time point

measurements.

a) [kPa]
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Fig 5.8. Experimental (top) and simulated (bottom) cumulative stress maps of both phantoms after 1 mm
(3.3%)compression for the soft (a) and hard (b) inclusion. The color-bars are in kPa for experimental and the
simulation results.
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Table 5.2. Experimental and simulated values from cumulative stress maps for both phantoms after 1 mm (3.3%)
axial compression.

Cumulative Stress [kPa]

Soft phantom Hard phantom
Incl. Med. top Med. side Incl. Med. top Med. side
EXp\‘fg;lTeeS”ta' 049+001 071+001 099+001 1.23+002 1.27+003 0.80+0.01
Mean value of 0.81 0.91 1.09 121 1.15 0.97

nodal stresses.

5.3.3 Nonlinear shear modulus maps in agar-gelatin phantoms

The phantoms were compressed until the stress applied induced anisotropy [24] within
the media and the inclusions, entering the nonlinear region. This allowed the quantification of
the 2D nonlinear shear modulus maps after a cumulative displacement of 6 mm (19.8%) and 5
mm (16.5%) for the soft and hard inclusion respectively (Fig 5.9).

Table 5.3 contains the nonlinear shear modulus values in kPa for the inclusions and
their surrounding media. These values were also retrieved by calculating the mean values
within a window with an area of 4 x 4 mm? for the inclusions and 4 x 8 mm? for the media. As
an example, the obtained nonlinear shear modulus for the inclusion for the soft phantom #2
and hard phantom #1 was -11.7 + 2.4 kPa and 146.8 + 11.7 kPa respectively.
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Fig 5.9. Nonlinear shear modulus maps after an absolute axial compression of: a) 6 mm for the soft phantom #2
and b) 5 mm for the hard phantom #1.

Table 5.3. Linear and nonlinear shear modulus values after 6 mm axial compression for all the soft and hard
inclusion phantoms.

Nonlinear Shear Modulus [kPa] Linear Shear Modulus [kPa]

Inclusion Medium Inclusion Medium
Soft Phantom # 1 -749+5.6 34.8+55 46+0.2 175+0.7
Soft Phantom # 2 117124 29.4+85 52+0.2 178+ 15

Soft Phantom # 3 -11.1+15 161.9+7.7 5.6+0.2 264+1.6
Hard Phantom#1  146.8 +11.7 425+49 16.3+1.1 8.1+0.2
Hard Phantom # 2 2298+ 7.3 61.2+4.1 24.1+0.9 125+0.3
Hard Phantom#3  228.0 £ 12.1 80.9+3.6 225+0.7 11.8+0.3

5.3.4 Nonlinear shear modulus maps in ex vivo beef liver samples

Three beef liver samples were compressed in steps of 0.1 mm until reaching 16% (= 3
mm) of axial compression in the same manner as the phantoms did. Fig 5.10 depicts the 2D
linear and nonlinear shear modulus maps for sample #2.
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Table 5.4 presents the linear and nonlinear shear modulus values for the three different
samples, which were obtained by calculating the mean value over the entire map. The
retrieved shear moduli were in good accordance with the work of B. Arnal et al. [37], in

which the measured shear modulus of bovine liver had a value of 3.15 + 0.27 kPa.

[kPa]

-500

-1000

Fig 5.10. Linear shear modulus map at zero stress for a) the liver sample #2 and b) its corresponding nonlinear
shear modulus map after 3 mm compression.

Table 5.4. Linear and nonlinear shear modulus after 16 % (= 3 mm) axial compression for the beef liver samples

Nonlinear Shear Modulus [kPa] Linear Shear Modulus [kPa]

Sample #1 -128.4 +£6.1 32+1.1
Sample #2 -302.8 £ 58.3 49+28
Sample #3 -576.6 £ 97.5 8.0+3.5

5.4 Exvivo application

5.4.1 Exvivo strain and stress calculation in mouse colon tissues

Mechano-transduction refers to the mechanisms or processes by which cells transform
given mechanical stimuli into chemical activity. Increasing evidence shows the involvement
of mechano-transduction processes in the regulation of the interplay between shape-related
strains and state of expression of the genome in living tissues. However, tools allowing long
term control of physiological mechanical strains from the inside of the tissues are lacking to
investigate the impact of such processes in organisms in vivo. Experiments ex vivo have
demonstrated that the pressure potentially associated with intestinal transit or tumour growth,
triggers the development of tumours in pre-tumoral transgenic mice colon tissues [38].

This work is performed within the frame of a multi-disciplinary research project in
cooperation with E. Farge and his research team (INSERM-CNRS-Institut Curie). This
ongoing project aims to investigate the involvement of the local stresses (caused by tumour
growth on pre-tumoural tissues) in the development of such mechano-transduction processes
leading to oncogene expression. Otherwise stated, the project aims to investigate the influence
of the stresses generated by tumour growth on the triggering of mechano-transduction
processes, which may potentially lead to cancer development on the surrounding cancer-prone
tissues. The goal was to develop experiments allowing the endocytic accumulation of
magnetic liposomes in the colon of mice by natural means, and the magnetic induction of the
mechanical strains in vivo for up to three months. Tumour growth pressure was mimicked by

the manipulation of the ferromagnetic fluid locally concentrated in the cells. The task
93



Chapter 5. Nonlinear shear elastic parameter quantification.

assigned to our group consisted in using US imaging to investigate the ex vivo tissue response
to short-time (a few minutes) perturbations by varying the distance between mouse colon

samples embedded in agar-gelatin phantoms and a magnet.

5.4.1.1 US Imaging

For these experiments, an US probe (256 elements, 15 MHz central frequency,
Vermon, France) was used. The probe was driven by the same programmable ultrafast
Imaging device employed in previous experiments reported in this manuscript.

A first US experiment aimed to evaluate the feasibility of measuring the deformation
induced within an agar-gelatin phantom (2% by weight of agar and 4% by weight of gelatin)
by the interaction between a 0.5 cm diameter magnet and tiny (0.2 cm diameter) plastic tubes
(located inside the phantom) containing ferromagnetic fluid. The magnet and the probe were
placed over the phantom’s surface as shown in Fig 5.11.

Probe Magnet

-

Ferromagnetic
fluid

Fig 5.11. Measurement setup for the initial trial. Ferromagnetic liquid was injected into the small plastic tubes
(@ = 2 mm) that traversed the agar-gelatin phantom. The magnet (1 T/m™) was then placed over the phantom’s
surface. The idea was to observe if the ferromagnetic fluid-magnet interaction generated displacement within the
phantom that could be detected with ultrasound.

A B-mode image was acquired before injecting the ferromagnetic fluid into the plastic
tubes crossing the phantom to be used as the reference image (Fig 5.12(a)). B-mode images
were acquired after each of the tubes was filled with the fluid. The cumulative displacement
within the phantom (blue area) after injecting 0.2 ml of ferromagnetic fluid was
approximately 35 um (Fig 5.12(b)). As the magnet was positioned on top of the phantom, the
displacement was mainly generated along the depth of the image and had its maximum values
on the pixels closest to the tubes.
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a)

Depth [mm]

Lenght [mm]

Fig 5.12. a) B-mode images of the plastic tubes containing the ferromagnetic fluid. The image shows the
attenuation caused by the tubes; b) Displacement map. The displacement induced by the ferromagnetic

interaction within the phantom (blue zone) was of approximately 35 pm. The noisy area on the displacement
map is the result of the attenuation caused by the tubes.

Fig 5.13 presents the characterization of 3 mm diameter magnet used in these
experiments. The magnetic field strength is given in kiloGauss (kG) as a function of the
distance from the magnet. One can appreciate that the magnetic field strength increases
exponentially as one moves closer to the magnet.
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Fig 5.13. The curve depicts the magnetic field strength in kG as a function of the distance for the 3 mm diameter

magnet employed in the experiements. The magnetic field strength increases exponentially as one moves closer
to the magnet.

Since the experimental results showed the feasibility of measuring micro-metric
displacements caused by the magnetic interaction, the following step consisted in measuring
ex vivo the displacement within the magnetized colon of mice to subsequently retrieve the
strain and stress by using the procedure explained before in this chapter.
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5.4.1.2 Animal preparation

Wild-type (healthy) and transgenic (genetically modified) mice were used for the
experiments. To mimic pressure from inside the tissue, the cells were magnetized in vivo
following an intra-venal injection of ferromagnetic fluid encapsulated into PEG-Coated
liposomes. While the animals were under the effect of the anaesthesia, the colon was targeted
by fixing a 3 mm diameter magnet (1 T/m™) under the skin, 5 mm away from the colon (Fig
5.14(a)). The magneto-liposomes were then injected into the colon. The magnet induced
forces (red and blue arrows) on the colon that mimic the pressure forces generated as the
tumour grows larger (Fig 5.14(b)). The mice which received the ferromagnetic fluid injection
and which carried the magnet are referred as “Injected+Magnet”. The mice which received
the ferromagnetic fluid injection but which did not carry the magnet are referred as “Injected”.
Finally, the mice which did not receive the ferromagnetic fluid injection or carry the magnet
are referred as “Control”. The mice which carried the magnet, did it for a period ranging
between 1 week to 3 months.
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Fig 5.14. Targeting the colon by positioning the magnet. a) In order to concentrate the ferromagnetic liposomes
into the colon tissue, a 0.3 cm magnet is ventrally applied onto the colon (in black in the “in situ” view) of an
anesthetized mouse before intra-venally injecting the sample; b) The magnet induces forces (red and blue
arrows) on the colon that mimic the pressure forces generated by the tumour growth.

It is strongly believed that endocytosis at the cellular level protect the ferromagnetic
particles from the immune system and liver digestion for about two to three months, which is
the time required by a mouse colon tumour to develop [39]. Additionally, it has been proven
that implantation of cells having internalised magnetic liposomes through endocytosis ex vivo,
show stable accumulation of magnetic fluid in the living cells on the time scale with no wash
out on the 3 months in vivo [40].

The magnetized colons of several Wild-type and transgenic mice were extracted after
sacrificing the animals in order to perform ex vivo measurements. Each colon sample was
placed in an agar-gelatin phantom (2% by weight of agar and 4% by weight of gelatin). A

small magnet (5 mm in diameter) was axially approached towards the colon in steps of 0.5
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mm until completing 3 mm of absolute axial displacement. Fig 5.15 depicts the experimental

setup.

——Gelatine

Colon

d:displacement area

Fig 5.15. Measurement setup for the ex vivo measurement of the displacement induced by the interaction
between the magnet and the colon. The magnet was approached axially towards the colon in steps of 0.5 mm.

Fig 5.16 displays a representative B-Mode image and the corresponding displacement
map for a transgenic colon sample 2 months after the ferromagnetic injection, after an
absolute axial displacement of 3 mm. The area were the colon was placed (dark blue area)
presented the highest amount of displacement with approximately 35 um, whereas the mean
displacement for the rest of the phantom was approximately 18um. These values were in very
good accordance with the ones obtained in the experiment performed with the plastic tubes

filled with the ferromagnetic fluid.

a)

Colon Magnet

Fig 5.16. A mouse colon sample 2 months after the ferromagnetic injection; a) The B-mode image shows the
sample and the magnet; b) Displacement map after 3 mm of absolute axial displacement. The mean value of
displacement within the colon (dark blue area) and the rest of the phantom was of 35 pum and 18 pum
respectively. The displacement maps have a resolution of about 0.2 mm.

Having proved the feasibility of accurately measuring micro-metric displacements, ex
vivo measurements were performed on Wild-type and transgenic mouse colon samples to
retrieve the cumulative strain (deformation) and stress within the samples after a given
amount of axial compression. Fig 5.17 contains the strain maps for different transgenic colon
samples after an absolute axial compression of 3 mm. Fig 5.17(a) Control (no injection/no
magnet), Fig 5.17(b) Injected (injection/no magnet) and, Fig 5.17(c) Injected + Magnet
(injection + magnet). The experiments were performed 2 months after the ferromagnetic fluid
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injection (in the case of the “Injected” and the “Injected + Magnet” samples). The colon is
encircled by the dotted-line window on each map. The corresponding sample elasticity and
stress values are displayed below each strain map. The strain is denoted by the colour-bar in
percentage (%). One observes that the “Control” and the “Injected + Magnet” colon samples,
presented the minimum and maximum stress levels with 166.4 + 405.9 Pa and 1.02 £+ 0.15
kPa, respectively.
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Fig 5.17. Strain maps for different kinds of transgenic colon samples, 2 months : (a) Control (no injection/no
magnet), (b) Injected (injection/no magnet) and, (c) Injected + Magnet (injection + magnet). The experiments
were performed 2 months after the ferromagnetic fluid injection (in the case of the “Injected” and the “Injected
+ Magnet” samples). The colon is encircled by the dotted-line window on each map. The corresponding sample
elasticity and stress values are displayed below each strain map. The strain is denoted by the colour-bar in
percentage (%). One observes that the “Control” and the “Injected + Magnet” colon samples, presented the
minimum and maximum stress levels with 166.4 + 405.9 Pa and 1.02 + 0.15 kPa, respectively.

5.5 Discussion

The combination of conventional US and quantitative elasticity images obtained with
the SSI technique provides a very useful tool for the characterization of tissue mechanical
properties as shown in Fig 5.4. Here, the high contrast in elasticity between the inclusions and
their surrounding material could be clearly determined and the shear modulus retrieved. When
a medium is submitted to an external (manual palpation) or internal stress (such as blood
pressure), the quantification of the shear modulus gives access to the estimation of local stress
values through Hooke’s law while strain imaging is performed, an important feature of the
SSI technique which was here demonstrated to lead to quantitative nonlinear elasticity
(Landau coefficient) imaging. In the future, this method could probably be implemented on
standard imaging probes driven by ultrafast US scanners, which would make it easily
transferrable to clinics. Moreover, the presented setup does not require the use of force
sensors in order to estimate the stress field applied on the surface of the organ by the front
face of the probe.

The fact that the magnitude of the compression between two consecutive steps was
small enough (= 0.33%) to keep the material within its linear regime, allowed the retrieval of
the Young’s modulus and the use of Hooke’s law to quantify the stress (Ac) between two
consecutive steps. The experimental shear modulus values for the hard inclusions were

positive and drastically decreased with increasing axial compression (from 16.3 + 1.1 kPa at
98



Chapter 5. Nonlinear shear elastic parameter quantification.

zero stress to 11.1 + 0.7 kPa at 6 mm compression) as seen in the experiment described in Fig
5.6. For the medium, the shear modulus slightly decreased (from 8.1 + 0.1 kPa at zero stress
to 6.3 + 0.1 kPa after 6 mm compression) with the same increasing compression. On the
contrary, the shear modulus within the soft inclusion steadily increased (from 4.8 £+ 0.2 kPa at
zero stress to 8.0 £ 0.2 kPa) when the compression reached 6 mm (= 19%). For the ex vivo
liver samples, the retrieved shear moduli are retrieved with a good accordance with the
literature [37].

One can clearly verify in the phantom experimental results that the shear modulus of a
tissue mimicking material is inversely proportional to the strain under an external force or
stress. This means that the higher their elastic constant, the less they deform. This could be
clearly observed in the strain maps (Fig 5.7), with the soft inclusion presenting the highest
strain values, whereas the hard inclusion the lowest ones under the approximately same
amount of axial stress. There was a slight difference in the strain values between the
surrounding materials of both inclusions, which could be due to the fact that the stress was not
uniformly applied. However, such a small difference could be neglected as it did not influence
the stress or the nonlinearity calculations.

As opposed to the strain, the stress and the nonlinear shear modulus were found to be
directly proportional to the material’s shear modulus at zero stress. Therefore, the higher the
shear modulus of a material, the higher the stress and its nonlinear shear modulus (see Fig
5.8). The hard inclusion showed a very high stress level whereas the soft one a very low one.
The stress for the media surrounding both phantoms presented also very similar values due to
having the same agar-gelatin concentration (2% A - 5% G). The stress for the medium
surrounding the soft and hard inclusion after 1 mm compression was 0.99 + 0.01 kPa and 0.8
+ 0.01 kPa, respectively (see Table 5.2).

The results of the experiments performed on phantoms had good accordance with the
simulations as seen in Fig 5.7 and Fig 5.8. The difference between the strain and stress levels
around the inclusions was very small and may have been caused by two factors. Firstly, to
simplify the calculations, only the axial component of the strain tensor was taken into
account, ignoring the lateral and elevational components. Secondly, the experimental results
were influenced by the nonlinear effects due to the applied compression. The simulation
software assumes the medium to be perfectly isotropic and without any kind of nonlinearity.

The estimation of the nonlinear shear modulus in agar-gelatin phantoms was found to
be reproducible and its standard deviation remained below 13% (Table 5.3).The resolution of
the nonlinear shear modulus maps (=1 mm) was comparable to that one of the shear modulus
maps. Both hard and soft inclusions were easily identified as seen in Fig 5.9. The nonlinear

parameter was found to be negative for the soft inclusions (respectively -74.9 + 5.6 kPa, -11.7
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*+ 2.4 kPa and -11.1 £ 1.5 kPa for the different soft phantoms) and positive for the hard
phantoms (respectively 146.8 + 11.7 kPa, 229.8 + 7.3 kPa and 228.0 = 12.1 kPa for the
different hard phantoms).

The retrieval of the nonlinear shear modulus in ex vivo beef liver samples was also
reproducible. The nonlinear shear modulus values were negative for all the samples, with a
mean value of -335.9 + 53.9 kPa (Table 5.4). Interestingly and opposite to what happened in
agar-gelatin or PVA phantoms [24], the nonlinear shear modulus seems to decrease with an
increasing shear modulus. This can be due to the internal structure of the soft tissues, which is
very different in phantoms. Nevertheless, to our knowledge, these are the first reports of ex
vivo nonlinear shear modulus quantification in liver samples.

A point of particular interest lies in the fact that the nonlinear shear modulus is a very
sensitive parameter which rapidly affected the shear wave speed in our experiments. One can
take benefit of this sensibility. Indeed, contrary to a conventional approach where one would
try to estimate the stress/strain curve at high strain values (>10%) in order to retrieve the
nonlinear parameter, Hooke’s law was only used here to retrieve the stress field between two
consecutive compression steps (Ac) and not to retrieve nonlinearity (Fig 5.3). This value of
stress was subsequently used to calculate the nonlinear parameter by applying the
mathematical development presented in Eqg. 5, taking into account the displacement induced
within the medium by the shear wave propagation and the quasi static compressions (ess; <<
&static). TNus, to retrieve the nonlinear shear modulus parameters it is not necessary to enter the
nonlinear region of the stress-strain curve. One can retrieve the nonlinear shear modulus by
taking benefit of the acoustoelasticity theory combined with shear wave propagation. The
calculation of this nonlinear parameter can be performed at much smaller strains. It only
requires the use of enough points for the linear fitting of Eq. 5 in order to avoid an erroneous
or an inaccurate value for each pixel of the 2D nonlinear shear modulus map. In the
experiments presented in this chapter on phantoms, 20 small compression steps of 0.33%
were sufficient to reach accurate estimates of the nonlinear shear modulus.

The use of this concept for in vivo medical applications will require acquiring
guantitative shear modulus maps fast enough during a quasi-static compression of the
investigated organ. The Supersonic Shear Imaging technique can retrieve a quantitative shear
modulus map deep into tissues in less than some milliseconds and consequently it would not
represent a limiting factor for clinical experiences. The estimation of successive strain and
stress maps during the quasi-static compression would only require the real time
implementation of interleaved sequences of SSI imaging and strain imaging, which is not a
technical issue on the programmable US scanners (Aixplorer, Supersonic Imagine, Aix en

Provence, France) used in our experiments.
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Even though the ex vivo experiments on cancerous mice tissues samples produced
encouraging results, these are only preliminary results of this on-going project. The technique
employed was able to measure micro-metrical displacements and therefore, retrieve the stress
applied to the tissue. Nevertheless, it needs to be improved in order to be able to perform in
vivo measurements. Imaging in vivo organs such as the colon is an arduous task due to being
very small (approximately 1 mm in diameter) and difficult to distinguish within the body.
Currently, ex vivo experiments are being performed on wild-type and transgenic mice. The
results show that the transgenic mice are more prone to develop cancer tumours, as a result of
the stress induced by the magnetic interaction between the ferromagnetic liquid injected into
the colon and the subcutaneously-placed magnet.

The presented set-up is a part of a bigger project, which aims show the influence of
applied stresses on cells in cancer development. Future works would include finding a way to

implement this technique in vivo in pre-clinical and clinical studies.

5.6 Conclusion

The combination of Supersonic Shear Imaging and static elastography allowed to
provide quantitative mapping of the nonlinear elasticity parameter in soft tissues. Such
quantitative mapping is possible thanks to the acoustoelasticity theory. By estimating the
variations of the shear wave propagation speed during a static compression of the medium, it
is possible to retrieve the nonlinear elastic parameter at strain values much smaller than the
ones required for the direct estimation of the material nonlinear stress/strain relationship.
When compared to numerical finite element simulations, the experimental strain and stress
maps in gelatin phantoms showed great accordance. The results demonstrated that nonlinear
elasticity can be estimated with good reproducibility (standard deviation < 11%) and that
nonlinear elastic shear modulus maps exhibit a millimetric resolution. For the first time, the
nonlinear shear modulus of ex vivo liver samples was reported. As expected, for an important
amount of applied stress, the elasticity of biological tissues was found to be strongly
nonlinear. Although we have demonstrated the feasibility to quantify stress and shear
nonlinearity in soft phantoms and ex vivo liver samples, it would be necessary to perform in
vivo studies to validate these results before clinical investigations can take place. The
capability of the technique to retrieve ex vivo very small deformations (e.g. 0.03%) in colon
tissue samples was demonstrated, and open the path for future ex vivo and in vivo
applications. Nevertheless, in vivo measurements would demand improvements on the
technique, which once accomplished, would be applicable to any other biomedical approaches

requiring an internal control of the tissue pressure in vivo. For instance, numerous diseases
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such as osteoporosis and potentially immune system disorders are associated with issues in
mechano-transduction processes [41].
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General Conclusion

General Conclusion

This work represents a step forward in the characterization and understanding of
human cancer tumours.

3D-US has confirmed its potential in the visualization of human breast cancer
tumours. Acquired 3D volumetric Data together with 3D display features might deliver new
and beneficial diagnostic information specially on the coronal plane of breast pathology,
contributing to a high-resolution morphological assessment free of magnification. Although in
most of the studied cases the MRI-based tumour volumes were slightly higher than the 3D-
US-based ones, both volumes were in very good agreement. Additionally, 3D-SWE has
shown to be in important tool for the characterization of breast cancer tumours, as it offers
access to the entire 3D tumour elasticity distribution. Moreover, 3D-SWE also proved to be
an excellent complementary technique to 3D-US in the monitoring of patients undergoing
chemotherapy treatment for breast cancer lesions. The clinical study showed that tumour
elasticity and tumour volume drastically decreased during the chemotherapy treatment in
almost all the studied cases.

The pre-clinical study performed on mice in which a human breast carcinoma model
had been implanted, showed that for this particular model, tumour size and tumour elasticity
were very well correlated. Tumour elasticity and tumour heterogeneity seemed to increase
with tumour size during the growth phase. This pre-clinical study also proved that tumour
elasticity was well correlated with the proportion of necrosis, cellular tissue, and fibrosis
present in the tumours during the growth phase. Tumour size seemed to decrease during the
chemotherapy treatment. Nevertheless, elasticity did not show any marked trend.

US was successfully used to monitor the human colon cancer tumour response to the
antivascular therapy. The treatment seemingly hampered tumour growth. This was evidenced
by the fact that the untreated tumours reached much higher volumes than the treated ones.
Nonetheless, the study did not allow to conclude whether the antivascular treatment had an
effect on the tumour elasticity, as treated and untreated ectopically and orthotopically
implanted tumours presented similar elasticity values. The measurements of the tumour
elasticity were affected by the tumours’ vast necrotic core, generally present from the twelve
day in most of the mice.

The combination of Static Elastography and the SSI technique permitted the retrieval
with very good precision of the first known quantitative 2D-nonlinear Shear elasticity maps in
tissue mimicking phantoms and liver beef samples. By using the method developed to retrieve
shear nonlinearity, micro-metrical colon tissue displacements and stresses (a few Pascals)

were retrieved ex vivo. The developed method opens the paths for future applications, in
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which shear nonlinearity could give additional information useful to determine the
pathological state of a biological tissue.

The outlook for this work seems promising. The 3D-US and 3D-SWE appear to have
great applicability in cancer tumour diagnosis and in the monitoring of patients undergoing
chemotherapy treatment.

Future echographic devices could offer the calculus of the tissue nonlinear shear
elasticity once the technique presented in Chapter 5 has been tested in clinical studies.
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