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General Introduction

General Introduction

Medical imaging is an importantapidly growing field which groups all the existent
imaging modalitiesThe development of this field has been boosted byé#essity of better
understanishg and early detectingf a wide range oftomplex human pathologiesThe
characteristics of each imaging modality make them more or less suitabfedigyaawithin
the human bodyCurrently, there est several techniqguesich as: UWtrasoundimaging (US),
Magnetic Resonance Imaging (MRI),-rdys, Computer Tomography (CTand Positron
Emission Tomography (PEBmong othersAmid theseimaging modalitiesUS is one of the
PRVW SRSXODU DPRQJ FOLQLF tebh@ologyGuKieh duds rigibseapy D 3FOH
risk to patientsand to be much more affordable and easier to implethant other imaging
techniques.

Ultrasound imaging is based on the propagation of acoustic waves in biological
tissues. This technique allows to maonitthe human body in real time and to acquire
grayscale images froraltrasound signals which have been reflected by different types of
biological tissuesithin the body Therefore, the images offenly part of the information
contained on the reflectedawes. Nevertheless, in orderftdly exploit informationfrom the
reflected signalsother ultrasourdbased techniques have been developed during the past
decades)RU LQVWDREFFIHR XU )ORZ ,PDJLQJ" EHWWHY WIQRZQ DV
allows theretrieval of the blood flowhas become particularly useful in the diagnosis of
cardiovascular pathologiesAiming to improve tissue characterizatjoas conventional
ultrasonic images offer only qualitative morphological informatiamother technique called
Static Elastography appeared by the late nineties. This technique permittgdatitative
estimation of the tissue elasticity, a parameter whichypla key role in tissue
characterizationLater, atechniqguenamed TransieriElasbgraphy was developed during the
doctorate of S. Catheline and L. Sandrihis techniquestudied the generation and
propagation of shear wavda.fact, at low frequency, the human lydoehaves like an elastic
solid. Thus, it is possible to generate sheaves within the body and tassessheir speed
which is directly related to the medium elasticifjie impulse elastography technique agkn
the path for what is today known #se SupersonicShear Wavdmaging (SS)) technique
which utilizes acousticradiation force to excite the medium and generate shear waves and
ultrafast imaging to track their displacemeoffering a quantitative estimation of the tissue
elasticity. Other dynamic elastography techniquesich as sonoelastography and Magnetic
Resonane Elastographyhich study the shear wave propagation have been developed. These

dynamic elastographiechniques possess thewn advantages and limitations, bubne of
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them isable to follow the shear wave propagatiam real time,an essentialaspectin the
retrieval of biological tissueslasticity.

The SSI technique has proved to be instrumantéihe detection and monitoring of
human cancerous tumour3his technique is the base of the rwocortained in this
manuscript. The results afeveralstudiesin which tissue mechanical parameters swash
elasticity and shear ncehnearity are usedor the characterization of biological tissuare
presented

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

In Chapter 2the results of a clinical study performed in collaboration vl L Q VW L W X\
Curie on thirty-three patients presenting breasincerlesions areintroduced The clinical
protocolwas divided in two prts Protocol | and Rotocolll. In Protocol |, 3D-US was used
to calculate the tumour volumes$ twentythree patientsThese volumewere then compared
to MRI calculated volumes in order to measure the degree of agreement between both
imaging modalities for volume mval In Phase IlI, ten patients (different from the ones
taking part in Phase yere monitored by usinD-US and3D-SWE as they undeventnec
adjuvant chemotherapy treatmeBD-US wasused to measure tumour volume (as done in
Protocol 1) and3D-SWE to measure the tumour elasticity at each time measurement point.
The aimwas to evaluate the feasibility of usingD-SWE to monitor thechemotherapy
treatment efficiencyalong with tumour volume, which is currently the most important
parameter used by claians to determine the efficiency of a chemotherapy treatment.

Although clinical studies are extremely important in medical research, they possess
their own limitations For instancethe degree of experimental flexibilitg much more
reduced than in prelinical studiesQRW WR SXW WKH SDWLGhgar sy KHDO'
presents the results of a fknical study performed on mice in collaboration withopital
Européen GeorgePompidou (HEGP)The studywas also tvided into two parts: Phase |
(tumaur growth) and Phase Il (chemotherapy). During Phaaeepresentativuman breast
carcinomawas implanted on the flank of immune deficient female mid8.and the SSI
techniqus were used to measure the tumour volume and elasticity respectreefy the
moment the tumours become large enough to be monitbrdéhase II, the same type of
human breast carcinomwaere implantedin a different populatiof mice The mice begin to
receive a ne@djuvant chemotherapy treatment whee tumoursreachedan aproximate

diameter of 2 cmUS andthe SSI techniquseewere used to measure the tumour volume and
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elasticity respectivelyduring chemotherapyThe goal of thispre-clinical protocol was to
understand the pathology underlying stiffness. In other words, to comprehend how and which
physiopathological parameters (cellularity, microvascular density, fibrosis and necrosis) are
correlated with tissue stiffness.

Since thereexids different kinds of antcancerous therapiedepending 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 ther@bapter 3
introduces the results of another-phmical study performed in mice in collaboration with
researchers from the faculty of PharmacyL@fniversite ParisV Descartes Human colon
carcinomas were implanted in the flank and in the abdominal cavity of femaé An
antivascular treatmenivhich attackshe tumour vascular netwodnd whose effects appear
much earlier than in chemotherapy treatmestsadministered to the midgeginningtwelve
days after tumour implantation. As done in the protocol predent€hapter 3US andthe
SSI techniqguewere used to measure the tumour volume and elasticity respectively five days
after the implantation. Thipre-clinical studyintended toknow if this particular type of
therapywould cause &hangein the tumour ebsticity, and if this chang&ould take place
earlier than the change the tumour sizewhich asit was said before, isurrentlythe most
important criteria to decide whether a given &aincerous treatment is causing a positive
effect on the patierdr not

From the beginning of this workpnly tissue elasticity has been the parameter
employed for the characterization of biological tissues. Nevertheless, in someetzsasty
may not be sufficiento determine the pathological state obialogical tissue.Chapter 5
presentghe development of a techniqaembining static and dynamic elastogragby the
retrieval of an additional tissue mechanical parameter: the third ordelinean shear
parameter. Here, the first known 2Dhonlinear shearelasticity mapsare presentedThe
results of the xgperiences were performemh tissue mimicking phantoms am beefliver
samples.The technique developed was usedek vivo experiences on mice coloto
determine the amount of stress induced to the cdigrke interaction between a magnet and
ferroomagnetic liposomes previously infed into the colon. The inducesress intended to
emulate the stress induced by tumguowth on neighbouring tissues, which seemirgéys
a key role in the development afancer tumours intissues with a genetic cancer

predisposition
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1. Chapter 1. Elastography: an important medical imaging researctiield

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 clinisiartuitively try to assess
the <RXQJTV PRGXO XV (WRith W la bhyaidahp&rXnketer linked tdhe tissue
elasticity) in order to determinthe 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 meidnzaling technique called ultrasound
elastographywhich has found great applicability in the detection of breast les8inse the
70s,UltrasoundElastography has gradually become a powerful medical imaging technique as
it offers real time qualitativeguantitative and functional information on the inner structure of
the human bodyHowever,the techniqudnasits limitations as in some cas#ss not able to
offer the required information ahe areas of interesthis hasinspired several scientistwho
tried to use other technigues to complemenethstographyesults.R. Dickinson[2] had the
idea in 1981 of quantifying the bodyMatural vibrations. He desigd a ultraound signal
correlation methodo quantify the amplitude and the frequency ofstheibrations. He
proposed relationship between tHaumanorgars felasticityandtheir natural displacemesit
Two years laterA. Eisencher[3] exploited for the first time, the propagation ofelastic
waves. His idea consistedn repladng the human vibrations by controlled mechanical
vibrations. He called his techniquechosismography andt consisted in combining
conventional ultrasound with the use ofexternal vibratorHe showedhatit 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 lesionsdpointe
out by the white arrow oifrig 1.1). In this way, Eisecher showedhe feasibility ofdetecing
the presence of hard massesrgunced by healthy tissue. isl work setthe basis for the

development ofhe 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 discriminatioof areas of different elasticity [4].

Another pioneer in thelastography domainis J. Opip@ ,Q WKH v KH VXJ
that the use of ultrasound wasfficientto determine the elasticity of biological soft tissues.
His techniqguewas based on the simple comparisoinseveral ultraound imagescquired
before and after the application of static compression on the medium under investigation.
Thus, he substitutethe external vibrations by the static compression.

The work of Eisencher and Ophir set the foundations for all the cuyremtisting
ultrasound elastography modalities, which can be classified static and dynamic
elastographylepending orthe sort of mechanical excitation employBgnamic elastography
techniquexanthenbe subclassifiedin monochromatic and transiers ia will be described
further in this chapterExplaining all the existing elastography modalities constitutes a big
chdlenge Hence, in this chapteonly a brief explanation of the most important elastography
techniqueswill be given before focusing on thetructure and main characteristics of the
transient elastography techniquich constituteghe core of this work

1.1.1 Static Elastography

Ultrasoundstaticelastography was first introduced in9li%y Ophir[5]. It consists in
measuring the displacement induced within the tissuedonanuous mechanical forc€his
technique is based of RRNH TV O Siage<tKdt foKomogenous anbotropic nmaterial
the deformation( § is directly proportional to the uraxially applied stressj (see Eql);
whereE UHSUHVHQWYV WKH HODVWLF <RXQJYfV PRGXOXV RI WKH

The static elastography technigemploysan externa) quaststaticuni-axial source of
compression such as mechanical actuatorotopress the tissue agéneratedisplacement
and strain(Fig 1.2). Local strains are derived from the ultrasonic backscatter signals before
and after compression blge2D crosscorrelationof the ultrasound pre and post compression
data This techniquehus producesuglitative cgeformation gradientnages(elastograms{Fig

5
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1.3) which are easy to interpret as long as the applied stress is relatively unifoem
technique is based on the physical principle MfaK H ORZHU WKH <RXQJYV PRGXO

the highetthe strain or deformation.

a) b)

N

Static compression " I
M
x

Static compression

Fig 1.2. Static Elastography principle. AxelF RPSUHVVLRQ 1 LV DSSOLHG WR WKH PHGLX
0O D PHGLXP EHIRUH FRPSUHVVLRQ DQG E DIWHU FRPSUHVVLRQ

Fig 1.3. (Left) Echographic image of a biopsy proven breast carcinoma; (Right). The elastograns tepict
deformation caused by the quasatic compression for each pixel on the image. The lesion appears significantly
stiffer (reddish) than its healthy surrounding tissue. eSie Toucsdfiwareelasticity imaging+tACUSON S200
ultrasound system (SIEMENS).

The efficiencyof datic elastography as a complementary medical imaging tool has
been showrj6][7]. It has the advantage of being relatively edsyapply. 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 ip@eabng imaging technique.
However,it possessssome limitations foin vivo imaging the boundary conditions are not
taken into accounhearly uniform sessmust be applied in order to be able to interpret the
imageswhich rendes it very operatodependantthe targets tend to move out of plane during
compression; it is difficult to compress deeper organsl he elastograms give only
qualitative informationsince the amount of applied compression is unknewd hard to
control

In order to overcom the limitations of static elastography and more importatdly
obtain quantitative elasticity mapsew elastography modalities have been develapdde
last decadeUnlike static elastography, these new modalities known as dynamic elastography

6
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techngues do not excitethe tissueby mechanical meanbut employ a vibrating force
(sonoelastography)8], a given frequencyshift (vibroacoustography)9], a very short
impulsion ransientelastography)10] or acoustic radian force[11][12]. All these methods
have shown their efficiency tdetermine elastic properties of biological soft tiss@ssthey
give access to quantitative elastograms with better resolution thangutigative ones
obtained throughstatic elastographyNonetheless they are slightly more difficult to

implement sincghey need more complex setups aolegenerate and deteslhear wavesA

brief explanation ofhe principal dynamic elastographmethodss given as follows

1.1.2 Dynamic Elastography

Parallel to the static elastography techniglygamicelastographynethodsbasedon
shear wav@ropagatiorwere alsadevelopedThe biggest advantadjes onthear capability to
offer quantitativeelastogramsDepending on the way the tissue is excited, the dynamic
elastography techniques can be classifiednmioochromatic antransient.

1.1.2.1 Monocromatic

Unlike transient elastography, monochromatic elastography techniques utilize a
monochromatic(continuous)source to excite the tissudhe shear wave velocity is then
retrievedby ultrasonic(sonoelastography and vibexoustographyor magnetic resonance
(magnetic resonance imaging)aging methods.

1.1.2.1.1 Sonoelastography

In 1987, Krouskop et al[13] performed the firsin vivo quantitative measurements of
tissue elasticity on amputated limb stumps. In his experiments, a vibrator é¢Reitadscles
of the living part of theleg attached to the amputemt a frequency of 10 Hz. The
displacements induced by the shear wave projmagatere 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 mel, the tissue elasticity could be retrieved. This technique
would be later known as sonoelastography.

Sonoelastographys a method that combisenechanical vibrations and ultrasound
Doppler imaging. Lerner and Parker carried ladér in 1992[14][15] and in 1998 8] new
experiments on sonoelastography which a low frequency vibration (20 to 100 Hz) was
externally appliedto excite internal vibrations within the tissue under investigation. They
believed that the elasticity of a medium waisectly connected to the amplitude of the
displacements. The hypothesis was that stiffer areas would vibratechtiower 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 axudotire 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 fior vivo measurerantsof the elasticity of biological tissues

foo
=
. |

such as muscle.

/ St Viration
indusion source

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

A second approachlwas developed by Satfl7][18]. Aiming to overcome the
obstacles encountered by the fisstnoelastography experimentss work focused on the
visualization of the shear wave propagation. In fact, for any source extiérsurface of an
homogenous isotropic medium, two types of waves are generated: a shear wave and a
compressional wave. Each wave possess a velqdity and Vp for the shear and
compressional wave velocities respectivelyhich can be expressed with thearhé
FRHIIL FandQag/follows:
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: KH UHs the initial medium density, u the elastic shear modulus(and )}the
elastic modulus of compressionhe wavevelocities are linked to a couple of independent
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Since wedeal with biological tissues, which are quesiompressible materialsY( §
0.5, £g.3becomes:

" Nua ' Maw

7KH PHGLXPTV <RXQJYV PRGXOXV LV GLUHJOW®D®ar OLQNHC
the shear modulusu is negligible compared toWKH /DPp FRHItl b&sL beénw
experimentally provethatin soft mediathe compressional wave velocitys( 81500 m/s ) is
much higher that the shear wave velocity 81 m/s ).

It was on measuring the shie@ave velocities that S. Levinson focused one of his first
in vivo studiesin 1995 Here, he measured the elasticity evolution as a function of the force
delivered by a groupfdeg muscles (the quadriced®0]. He cameto the conclusion that the
PRUH WKH JURXS RI PXVFOHV ZDV FRQWUDFW(@ HIGL5WKH KLJIKI

Jokg M7.5kg M 15kg I

Speed of Sound
(meters/second)

1 2 3 4 5 6 7 8 9 10 Avg
Experimental Subject

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 eighte@mombinations 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 sp¢2q].

There exist a considerable amount of literature on sonoelastographyheiin t
respective work, K. Fujii[2] measured the shear wave velocity by Lé&3eppler
Interferometry at several frequaas; V. Dutt and J. Greenlef22] employed a method of
QuadraturePhase on the echographic signals and also measured the shear wave velocities for
frequerties ranging from 200 to 500 hathout 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 emdlde B

image.
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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 correspondimgdie image obtainezh 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 ar¢as|.

The sensibility of all these methods to the boundary conditions made itiviecylt
to interpret the shear wave phase velocity mBigserthelessthis obstacle anbe overcome
by Magnetic Resonance Elastography (MRE), a technique which gaesssto the three
spatial components of the induced tissue displacement with high accuracy and precision
facilitating the resolution of the inverse problelinuses the same lefrequency &citation

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. Greenleaf24] when thefirst displacement phase and
displacemenamplitude imagesvere obtained by using Magnetic Resonance. This technique
uses dow frequencyvibrator to excite the tissue atcantralfrequency ranging between 50
and 1000 Hz (usually centred at 100 Hz for human beitgg¢nding on the targeted organ.

A special Magnetic Resonance Imaging (MRI) sequence allowsdementodificationat

the given central frequency. A strobosmofechiqueis then employed to rebuild the three
dimensional movement within the organ from severahigotaken for each period. The
retrieved2D displacement vectdield LV XVHG WR UHWULHYMbAMUSMR® LVV XHTY
very much dependsipon the numberof cycles (which is elevatedand permits the
measurement of the three components of the displacement hiagtog a vector base of the
right gradient. Its precision for measuring the tissue displacement reheh&80 nm.The
acquisition time depends ahe image resolution and can easily achieve severaltes
which makesit impossible touse in moving organs such as the heart and the kidney.
Moreover, the mechanical excitationust EH 3P R QR F K WiRce Dh ldisplacement
acquisition is not instaaheous and requires a perfect synchronization between the MRI
device and the low frequency mechanical excitatibherefore, the observed waves are
exclusively monochromatic.

Fig 1.7 presents theMR and MRE images of a breast lesion before and after
chemotherapywhere achange in the tissue elasticity pre and post treatietite lesion is

observed

10
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Sinkuset al [25] used MRIto show the feasibility of the determinatiohadditional
tissue biologicalparameters such as anisotro@nd its importance wherassessg the
pathological state of a lasn. Additionally, Oliphant [26] succeeded in estimatinthe
complex shear modulend showed the feasibility of retrieving the shear viscosity modulus.
In vivo studies havebeen performedPlewes[27] visualized and quantified the breast
mechanical properties and Dresri@8] 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 quantitative elasticity maps based on MRE of the same areas of interest,
at both time points. A reduction of the highesiues of stiffness is noted after chemothefdsy.

MRE is particularly usefufor imagingthe brainsinceit rests still within the cranial
cavity. Even though MREoffers 3D quantitativeimages of very good resolutioits cost
limited mobility and long acquisiton times are important obstacles fon vivo imaging
studies.In addition to this, the technique is very noise sensitive and the inverse problem is
difficult to resolve.Neverthelessthese obstacles can be overcowith the use ofimpulse

elastographywhose 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 seconrdrder effect that produces a force proportional to local intensity and
absorption, which is termed radiation fof&d]. In 1990, Sugimoto et §B5] came up with a
setup which applied radiain 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 multiexponential function as a model of the mechanical propéftts

M. Fatemi and J. Greenlef86] developed a twdrequency method which measured
the acoustic rg@nses to the excitation caused by the radiation force of two interfering

ultrasound beams. A confocal transducer produe® continuous ultrasound waves whose
11
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frequencies (f and f +f) slightly differ and which interseetl at the object. The acoustic
remote intersection of the two beams prodiiae oscillating radiation force over the object at
the frequency difference which khait vibrate, emitting an acoustic field in the surrounding
PHGLXP 7KH EHDPYfV UHPRWH LQWHUYV Hdé&mnisSldps B the LQDWH
WUDQVGXFHUYV LQWHUIHUHQFH 7KH VRXQG ZDYHV JHQHL
detected by an hydrophone tuned to the difference frequémicgr(d filtered by a bangass
filter centred at the same frequency. In order tddbai2D image, the confocal transducers
sweep out the entire area in raster scanning like mdigriL(8). The main frequency (f) and
the difference frequency f) are in the order of MHz arkHz respectively.

Covering the entire region by the radiation force caused a considerable energy transfe
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 Ho®vss a xray

mammography of a healthy breast and its corresponding-admostographic image.

Focused
Ulitrasound Image
Ve <N\ Hydrophone @
Object
Acoustic
\\\ - ‘_Emlsslon

Hydrophone X

Ultrasound "
m ’—;oun:o Object Water Tank

Generator 1 ]

Aw

AT |_computer |
Transducer
Monitor _{ Lo AN

Fig 1.8. Vibro-acoustography system diagratfT.op) A simplified vibreacoustography seip. (Bottom)Two
continuos 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. Tfisce 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 filtercentredat the difference frequency. The amplitude of theltiegusignal, 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.

Generator 2 ]
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Fig 1.9. Breast Images of a healthy breast. (ajra&y mammography of the entire breast and (b) its
corresponding viboroD FRXVWRJUDSKLF LPDJH IRFXVHG DW HBJGHSWK IURP WKH

Later in 2004 Greenleaf developed a quantitative method called Shear Wave

Dispersion Ultrasound Vibrometry (SDUYB9| to measure stiffness and viscosity of soft

tissue norAnvasively. SDUV uses a focused ultrasound beam within the FDA power limits to
stimulate (within the studied tissue) cylindrical harmomionochromaticshear waves
propagang outwards from the beam axis. The shear wave propagation is tracked using a
separate ultrasound beam in pl@sho mode. The phase of shear wave is measured at two
different points within the propagation path and used to retrieve the shear wave s$peed. T
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 thathe monochromatic excitation elastography techniques offer a
quantitative mapping of the tissue elasticity, the disadvantage of the monochromatic
vibrations lies on the impossibilitp separa¢ the compressional waves from the shear waves,
an aspecthat can affect the shear wave velocity calculatidhis aspectpaved the way for
the development ofhew elastography techniques, in whithe tissue excitation was not

monochromatic but transient

1.1.2.2 Transient Elastography

Several techniques focus on the propagashear waveresulting from a transient
(impulsive or short tone burst) tissue excitatismose displacemehistory along the central
axial linecan be extractelly ultrasonic techniques. Thallows the global estimation of the

tissue shear wave ity and therefore the tissue elasticity.

1.1.2.2.1 1D Impulse Elastography
Onedimensional impulse elastography was born in41@9ring the PhD thesis &.

Catheling[29]. The idea consisted in measuring the tissue elasaéigy exciting the tissue

not monochromatically like in sonoelastography or MRE but by using a short impuisisn.
technique allowed separating the compressional wave (which propagayesapidly from
the slower shear wave without taking into account the boundary conditibmstefore, the

shear wavégenerated by the pulsdijsplacementvas no longer stroboscoped lretorded in

13
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real timeby using a conventional ultrasoundope along theentire trajectory.|Fig 1.10

illustratesa typicallD impulse elastography setup.

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 specklalesdrrelation more than 1000 times/s. Therefore, the shear

ZDYH YHORFLW\ DQG WKH PDWHULDO[BT.<RXQJTV PRGXOXV FDQ EH UHW!

Initially, a shear wave and a spioal compressional wave were generated when a

circular piston(with a diameter ranging from 5 to 20 mslightly touchel the mediunj30].

A 3 MHz transducer placedght in front of the piston and focused, permitted to image the
entire area of interesfhe displacement generated within the medium by the shear wave
propagation was then retrieved by correlating the {saetered echo signals using a
ultrasound probenore than 300 times(repetitions)per secon. Finally, the shear wave
velocities were retrieved from a spectral analysis around the displacement central frequency
7TKHUHIRUH WKH <RXQJYV PRGXOXV RI WHKH noi&Eous)P FRQV
could be retrieved using the expression on the left side) dt.

The technique wasirst testedmainly an agargelatine tissue mimickingsamples
which simulated the properties of biological tissues. These matbaae the advantage of
being homogeneous, isotropic, viscoelastic and lin€ais methodwas then employed to
perform measurements in the skin and muscles meﬂnisso. Due to its dctiveness,
the technique has been commercialized=gzoscan®and permits to characterize the liver
fibrotic state by giving a global score based on the mean elasticity. Thiavasgive imaging

technigue can avoid performing biopsies in some cH3gsl.11| portrays theshear wave
GLVSODFHPHQW VLPXODWLRQ ZLWKwav&fiont disglacenevit axXa) FW L R (

function ofdepth andime in human muscléight).

14
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Fig 1.11. 1D-Transient Elastography. Shear wave displacement as function of the depth and time @ (left)
simulated environmernd (right) human muscle in \[if4].

The 1D transient impulse elastrography technique atlothe determination of the
<RXQJTV PRGXOXV RI LVRWURSLF PDW Hivdrie@oteicdh®@ J WKH E
complete2D YoungTV PRGXOXV PDS hé shedvaveifdrit XrBpagationst be
tracked in two dimensionsith conventional ultrasound probéRhus, itis necessary to have
a ultrasonicframe rate ffequency high enough taatch the shear wave propagatiorreal
time, which reaches few metes per second. Thereforaframe rateof a fewthousands of
images per secorid neededAt that time, the echographic systems were limited to 50 images
per secondwhichwas too low for following theshearwave propagation. Hence, an ultistfa
imaging sytem was developei meet with the highframe raterequirementsSuch system

was part of agchnigudnitially known as2D impulse elastography.

1.1.2.2.2 2D Impulse Elastography
Continuing with the development of the edienensional impulse elastography
technique, soméeatureswere upgradedIn 1997, a echographic device used for acoustics

time reversal experiments was adapted to perform ultrafast ime[@ﬁgbased on the

emission of ultrasoundglane waves. The systenwas composedof 128 independent
emissiofreception channels, eachewith a2 MB memory capacity. The ultrasound signals

were samped at 50 MHz. The transducer wéged to a mechanical vibrator capable of

generatig shear waves within the mediuah a frequency of 100 HiFig 1.12- right). The

entire system was then controlled bBycomputer{Fig 1.12|- left). Once the shear wave

propagation filmwasreconstructedtheinversion of the wave equati@iowed the retrieval
of the complet&D <R X QJ TV PRl of GhX MediumThis system wag&known as twe

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 esigmals coming from each of the 128 elements of the
probe. The entire system is controlled through a computer. (Rightyfirasound probe (linear array) is fixed

to a vibrator which excites the tissue to generate the shear[jlves

An ultrafast imaging sequence takeaqd as follows:
Initially, unlike a conventional echographic device, there is not beamforming during the

emission. Therefore, the ultrasonic image is not formed by emittisgries of focused

ultrasound beams to cover tikempleteregion of interes{Fig 1.13(a)) but by emitting a
single ultrasonic plane wave by all the probe trandeiEégsl.la b)) at the same timelhe

acquired backscattered signals are subsequentlg sadeposiprocesed.The displacements

generated by the shear wave propagation are then calculated by theocrelsdgion of
consecutive images as donetlre 1D version of the techque In this way,only a single
emission is needed to obtair@mpleteultrasoundmageof the mediumThis method allows

the acquisition of approximate8000raw RF datamagespersecond.

The resolution of the inverse problem in two dimensions of the shear wave propagation
permited the retrieval of the2D velocity map and therefore th2D elastic map of the

medium.
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Fig 1.13. (a) Schematic principle of a classical ultrasonic device. The ultrasound wavescaredat 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 appratély 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
postprocessing the baegcattered signals. This system can reach an imaging frequeabypotf 8000 Hz.

The firstIn vivo experimentswith this techniqueon humanswvere performed in 2003 with

encouraging resultg33]. Here, he technique was employed @atients presenting breast

lesions The 2D maps of elasticity showed an important elasticity contrast between the lesions

and their healthy surrounding tiss|igg 1.14). However, the device remained bulky and not

very practical folin vivo experments

Fig 1.14. Malignant breast tumour (adenocarcinomay): a) Tlesion (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-colutaist showthat the lesin has a

much higher elastic modulus than the surrounding healthy tissugayed shear modulus map of the region of

interesf[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 Nightingadt 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 arasored using ultrasonic correlation based methods
and their magnitude is inversely proportional to the local tissue stiffireghis method,
focused ultrasound is used to apply localized radiation fgmashing)to small volumes of
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tissue (2o 3mm) for short durations (less than 1 m$heresulting tissue displacements are

mapped using ultrasonic correlatibased method$40]. Therefore, the ARFI technique

allows to track the tissue displacement and relaxation directly after the radiation force has

been appliedFig 1.15). The temporal properties of such relaxation curvespehe retrieval

of information regarding the elasticity and viscosity at the focal point@/ Moreover,

radiation force induced tissue displacementsjarerated at multiple locations and combined
to build a complete quantitative map of tissue stiff. This increases the time
needed to build one entire age|[42] as well as the tissue temperature due to multiple
SSKVQJ™ 7KLV WHFK Qsetd Xdbudd quariditative) elasticity mape breast |,
prostate and lived3|[44].

Fig 1.15. 3D finite-element simulationof the shear wave propagatiorepresented as isocontours of
displacement at different times after ARFI excitation. The mediumassmsnedo be purely elasti¢c with a

<RXQJTV PRGXOXV RI N3D DQG D QnDof &XaBVEM MH2 WTheHIQM$ Dsticaro@r FRHIILF
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 shof#igini.16] The plot in the upper right shows the
displacementhroughtime profiles at the axial focal depth of the radiation force excitation at three different

lateral positions (indicated by the aws in the isocontour images). Blue, 0 mm; red, 1.5 mm; green@m

Fig 1.16. Images of a mammary tumour (ledtf)d a melanoma tumo (right) implanted on mice. (Above) ARFI

images and (below) the correspondingm®de images. ARFI imaging uses the acoustic radiation force to
JHQHUDWH WKH 3SXVKLQJ ZLWKLQ WKH WLVVXH DQGlispl&emertQ WLRQDO
Although the two tumas are both displayed as slightly anechoic regions in thadgles images, the mammary

tumaur appears as a dark, lower displacement region (i.e. stiffer) in the ARFI image, whereas the melanoma
tumaur appears as a bght higher displacement region (soft) in the ARFI imag8ource:

[http://kathynightingalelab.pratt.duke.edu
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1.1.2.2.4 The Supersonic SheakVWave Imaging (SSI) Technic
The SSI technique isstepfurther in thedevelopment of the 2D impulse elastography

techniqu¢{12]. This dynamic elastography technigbern in 2004 utilizes radiation force to

excitethe mediumand generate shear wavaexl ultrafast imaging to track their displacement
The idea of associating radiation force to the study of generated shear waves comes from
Sarvayan, who introduced the concept hear Wave Elasticity ImagingGWE) in 1998

[46]. It was in 2004 that Berco@ combined two fundamental ideas to overcothe

limitations encounteredby the 2D elastography technique. These two concepts, radiation
force and ultrafast shear wave imaging are the base of the Supersonic Shear Imaging
techniqueThe 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 soiadh-cone|[12

(quastplane on the imaging plane and cylindrical in three dimensiwhg)h

propagatesn opposite directiongFig 1.17(a)). The constructivespherical

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 ggerfor the inverse problem.
Only oneMach-cone is needed to generate the péemie shear wave fronts
thattravel across the medium ¢over theentire region of interest

Ultrafast Imaging: ultrasound plane waves are generatedrack the shear
wavedisplacemenalongthe entireimaging planeDuring a single acquisition,

up to8000 images per secomdn be acquiredHence,only one Mackcone is

enoughto acquirethe complete 2D shear velocity map the medium(Fig

T17b)).

In the SSI techniquehe external vibrator employed to generate the shear waves in the

2D impulse elastography techniqgue is replaced by the acoustic radiatiorToecefore, both

the exciaition and imaging processes are carriedusutgan ultrasound probelhe generated
shear wave have an amplitude(from 0 to the maximum of several dozens of micrometres
andaredetectable with a good signal to noise ratio by axial correlation andagltiaiaging.

The latter allows to perform an entire single acquisitiofess than 30 msmagng in real

time the shear wawdisplacemenandpermittingthe retrieval of the shear wave velocayd

the complete 2D quantitative elasticity map of the mediusing Eq. 2 and Eq. %)ith great
precision The Spatial resolutiomf the elasticity map®obtained with this techniquat 8 MHz

and 15 MHz aref 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 quasplane 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 SStechnique is also not veryrsstive to breathing movememts in 2D Impulse

Elastography, the shear elasticity maps are obtained by the inversion of the wave equation.

Bercoff|[47] developed the techniquerfthe first prototypes and acquired the finstvivo

images within the frame of his doctorate.

Nowadays, the techniques based on the application of the acoutittoraforce to
excite the tissue (ARFI and SSI) are very popular dubedact that they giveery accurate
quantitative estimation of the tissue elasticity and being very suitabie ¥oro applications.
WhereagodayARFI offers a quantitative eltisity value only at one given locatiat 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.

Tanteret 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 maligmd lesions in a limited number of patieriié=15). In 2012,Berget al[49

showed ina multi-centricclinical study involving a very large cohort af939 patierd, that

the SSI technique offers a very high specificity levghich could help improve the

ultrasonogaphic assessment of breast magses 1.18| presents Bnodeimagesand thé

correspondinghear wavelastography images (acquired by using the SSI technique) ef thre
different human breast lesiongor the elastographic images, the colbar was fixed
between 0 and 180 kPajtiwv black and red represemg the lowest and highest elasticity
values respectively.In this case, e SSImeasurement of elasticitgorrelated withthe
malignancy degree ad biopsy proven grade | infiltrating ductal carcino(ag a grade Il

invasive ductal carcinom@) and a fiboroadenom).
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Fig 1.18. B-mode images(bottom) of thredferent breast lesions and their corresponding elastographic images
(top)acquired by using the SSI technique. (a)-mr6 irregular hypoechoic mass considered to béRBDS

category 5 in a 58earold woman. Biopsy showed grade | infiltrating ductal caocia. (b) An oval,
circumscribed mass considered to be-RRDS category 3 in a 6éyearold 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 wibh are suspicious findings on an SW elastographic image. Biopsy showed grade

11l invasive ductal carcinoma. (c) An oval, mostly circumscribed mass considered teRADE category 4a in

a 35yearold woman. SW elastographic image shows that the massa(awas 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 fibroader{pagh

Cosgrovg 50| performed astudyon 758 breast masses that were visiiteultrasound

to evaluate the reproducibility of ¢hSSI techniqueFig 1.19| showsthe B-mode images

(bottom) and their corresponding elastograpftiap) images for one of thelesions For the
elastographic images, the colehar was fixed between 0 and 180 kPa, vidthck and red
representing the lowest and highest elasticity values respectively. The colourless areas within
the Qboxes (white square) denote the regions with no detectable laochialer to assess the
intraobserver reproducibility (when one observerneixeés 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 mdjera blinded observer reviewed images and
agreement on elastographic features was deternilingsl clinical study showed that SWE is
highly reproducible for assessing elastographic features of breast masses within and across
observersMoreover, it also Isowed that theSWE interpretations at least as consistent as

that of ultrasound Bnode features.
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Fig 1.19. Three sequentially acquirdBtmode images and the correspondBlgearwaveElastography images of
a breast cancer showing the small changes registered over timecijbisitions show a higrepeatdility. The
colour-bar represent the lowest and highest elasticity values in black and red respf&iely

The performed clinical studies proved that 881 techniqués a powerful tool for the

detection and characterizatiaf breast lesions with apd specificity and reproducibility

[49][50]. Nevertheless, there is room for improving the performance of the techiique.

instance, tihas not beeget proved if the technique can be used to monitor the development
and medical treatment of cancer tumouwryivo. The question as to whether cancer tumour
characterization can be enhanced with the use ofSBIE elastographyis answered
throughout this work

Elastography imaging modalitiesgsentan 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 v@mbeen developed; some of them with a great applicability
as medical imaging tools. However, for some others, their cost, limited mamtitghe lack
of quantitative information limit theiin 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 focuse®n the applicatiof SWE for the characterization andonitoring
of cancerous tissues in human beings and n@bapter 2containsthe results of a clinical
study on patients presentinglifferent kinds ofbreastabnormalities The studyaimed to
evaluate the feasibility afising3D-SWE and 3D ultrasound to monitor tumour growth and
tumour response to namjuvant chemotherapy treatmeht this study, the tumour volumes
measired by conventional ultrasouatid MRI wee correlatd.

In Chapter 3the results onanimal study are presented. In this cadlse,idea was to

understand the pathology underlying stiffnessepresentativéype of human breast cancer
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tumour was implantedn the flank of nudemice. The tumour volumes and thelobal
elasticityvalueswere measured bgonventional ultrasound ar®D-SWE respectivelybefore
and after chemotherapy treatmehtistological analyses were performed to retrieve the
percentageof cellularity, fibrosis and necrostd the tumours

Continuing with the monitoring ahe cancer tumour behaviour pre and post treatment
by the SSI technique, the results ofecond animal study are presentedChapter 4 This
time, fragmentsof human colofrectal tumoumwere ectopically and orthotopicallymplanted
in mice.The tumour volumes and elasticity values pre and post treatment were measured by
ultrasound and the SSI technique respectividhflike the study mentioned iGhapter 3, in
this study the animalwere treated with an amfiscular drug to destroy tliemoursvascular
network and halt thedevelopment

In Chapters 2 to 4, the elasticitis utilized as a biomarker for the tissue
characterization. Nevertheless, there exist additional parameters selalsteion-linearity,
which could offer new and preciousfermation on tissue characteristics. Chapter 5 presents
the first known 2D-nonlinearelastiety maps of tissue mimicking phantoms alier beef
samplesHere, the third order nelinear parameter is retrieved for ade ran@ of elasticity
values by usig adeveloped technique, whidmploysa conventional ultrasonic proland
combires both theSSI techniqueand the Static Elastography concepts to retrieve elastic
nonlinearity Chapter 5 ends by presenting the resula study performedx vivoon mice
colon samples in whichthe technique used to retrieve the Aorear parameter is employed
to understand the mechatransduction processesvolved in tumour deelopment in
biological tissues The colon samples were taken from genetically and-genetially
modified mice. Some of the genetically modified mice had developed cancer tumours in the
colon. The goalof the experimentsvas to calculate the amount of intracellular stress needed
to trigger the development of cancerous tumouradunisetissue.The stress was calculatdxy

combining quasstatic compressions withe SSitechniquehroughHookefV O D Z
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2. Chapter 2. Monitoring Chemotherapy treatment by using 3DShear
Wave Elastography (3DSWE)

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 andnide Ultrasound (US). The discrimation of breast
abnormalities between benign or malignant with ultrasound imaging is purely based on
morphological criterige.g. mass margins, shape and orientatiahich is defined in the Bl

RADS lexicon (Breast Imaging Reporting And Data SystemhefACR (American College
of Radiology . However, some cancers, including high pathological grade carcinoma may

exhibit morphological featuresmilar tobenign lesiongn 15 to 18% of the caseshile some
seeminglytV XV S L F LR Kgyfacthalywbke BEQ’. 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 pararsetéich 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 mediumlasticity. Amid the SWE family, we have the Supersonic
Shear Wave Imaging (SSI technique), which has become increasingly p@sular
complementary imaging tool to conventional USr the diagnosis of breast cancer
abnormalitiesin vivo on human@. Recent studies have shown thia SSI technique
could improve the specificity of breast ultrasownto 78.5%without loss of sensitivit@,
whereas it ould be fairly reproduciblen at least 87.9% of the 758 studied c@s The
technigue haslso shown thatmalignant lesions have muck RXQJfV PWRIGX GahV

benignons. These new findings along with the classical morphological criteria seem to

help improve breast lesion ultrasound characterization as shown by some recenf{Bjdies

[12]. Due to the proven efficacy of SWE, some approaches have been made to develop 3D

guasistaticelastographic methof43|[14]. Although they constituted interesting approaches

to 3D-Elastography, these quastatic elastographic systems offered only qualitative
information and lacked robustnesssasne of the planes were dominated by strain estimation

errors
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In this chapterthe concept of3D-Shear Wave Elastography (S®WE)is introduced.
It combires the mult-planar imaging benefits of 3DS with the quantitative elasticity
mappingof the SSitechnique Comparedo 2D-US, 3D-US dfers more informationi.e. the
additional coronal viewdue to the reaime multiplanar lesion viewThis additionalplane
permits a better evaluation of lesion featusash asshape, margins and orientatidresion
dimensions can be measuredtimee planes andhe volume estimated. 3DSWE has the
advantage of offeringletailedelasticity distributionin threedimensions All the previously
mentionedfeatures would be particularlyusefulto evaluatdesion responsé preoperative
antikcancerousreatment.

This chapter presents the results of a clinical study aitiegaluate the feasibility of
using 3D-SWE in the monitoring of patients undergoirgtype of chemotherapy whidk
intendedto shrink the tumoubefore performing surgerfnecadjuvantchemotherapy This
sort of treatment is usually for patiem#o desireto avoid mastectomy (surgical removal of
the entire breast)Tumour volumeswere measured witl8D-US ard compared to MRI

measurement3.umourelasticitywasmeasured with 3EBWE.
2.2 Materials and Methods

2.2.1 Clinical protocol
This study was approved by the local research and ethics com(@iREe201607-01)

and written consent was obtained from all patienestwBenDecember2010 and January

2012 thirty-three patients (mean age of 51 + 5 years [range 32 toa@timean 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
Repoting and Data System (BRADS) [16]. Lesions were classified as BIRADS 4 and
BIRADS 5 . Biopsy was performed in all cases

The study was subdivided into twaopocols Protocol | and Rotocol Il. In Protocoll, the
tumour volumes of twentthree patients we measured by using MRI and 3I5 imaging

before the patientbegun any kind of anttancerous therapy. The aim was to correlate the
volumes retrieved with both techniques.Rrotocolll, ten patients Which were not part of
Protocoll) presenting withbreast tumours were monitored periodically as they underwent
necadjuvant chemothapy treatment. Theumour volumes and elasticity were measured by
3D-US and 3DBSWE respectively The 3D-US, 3DSWE and MRI acquisitions were
performed and interpreted biwo experiencedbreast radiologists from the Radiology
department at thinstitut Curie (Paris, France) 3D-US and 3D-SWE images were acquired

by using theAixplorer ultrasound system (SuperSonic Imagine, AiR®vence, Frange
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2.2.2 3D-Ultrasound (3D-US)

A 2D probe GuperLinearTM Volumetri¢€SLV 165) - Supersonic Imaginedesigned
for 3D imagingwas implementedinto the Aixplorer system tobe able toperform 3D-US
acquisitions. This probe is composed by linear array of 192 elements tia central

frequency of 8 MHz. The linear array displaced in fixed angular intervals by means of a

small mechanical motohat sweeg the entire region of interest in about 5|FRg(2.1).

However, the acquisition time vagepending on the imagkepth.At each probe position,
2D images are acquired. The 3D ultrasound volume of the lesion is then reconstructed from
the acquired 2D inge dataset. Theystemallows multiplanar navigation within the lesion

three different imaging planes: axiét-axis) sagittal (y-axis) and coronal(x-axis) as

presented irrFig 2.2| to [Fig 2.4| This feature permits better and more acculatgon

visualization.

Fig 2.1. (a) Probe used for 3mMSand 3D SWE; (b) The probe sweeps alorftetlesion, acquiring 2D images at
each angular position which are thesed tareconstruct and display a 3D volume.

Imaging settings such amagedepth, focalposition contrast and resolutipean be
adjustedbeforeperforming a3D acquisitiondependingon the patient morphtype and lesion
localization inside the breagt 3D-US sequence proceedlas follows:

The 3D probewvaspositionedalongthe tumour{ ¥entrataxial planebefore launching
the image acquisitionSeveral acquisitions were performed at each probe posBieiore
each acquisition, the prolweasremoved and repositioned in order to testrtimistnessf the
techniqgue Once the 3D sequended beenlaunched, the probe remai still until the
acquistion had finished and the entire tumduad been coveredThe complete volumeas

then displayed in thre®rthogonal slice planes (axial, sagittal and cororalhng with a

texturemapped 3D rendering which showt 3D relative positionf each plandFig 2.2).

The tumout] Yhaximal diameters were meastina the central axial, sagittal and coronal
planes of each 3[S acquisition.To facilitate the volume calculats, the lesions were
assumed @ have an ellipsoidal shape. Therefotemour volumes were calculated by

introducing the measured maximal diameters thtomathematical expression for the volume
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of an ellipsoidpresented in (1), in which@a@and @ represent the tumour maximal
diameters measured in the axial, sagittal and coronal planes respectively.

&) &p&j

8L Eq.1

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

3D-SWE acquisitions were performeingthe same 30probe by simp} switching
on the Sheavave imaging mode. In this modine Supersonic Shear Wavmaging (SSI)
techniquepresented in the last chaptasesthe shear wave propagatiaa remotely displace
tissuein real time at each imaging plarZD quantitativeelastiégty mapsare obtainat each
angularpositionas the entireumouris sweptby the probeas in the 3BUS acquisitionsThe
3D elasticity volume is then reconstructed from the acquired 2D images. The probe was then
rotated 90° and placed in the censabittal plane of the tumour. As for the -8[3
acquisitions, 3EBWE acquisitionswere againperformed along the centrakial and central
sagittal planeEach pixel within the 3D elastic volume is quantified in kiloPascals (kPa) and
colourcoded fromblack (softer) to red (harder). Ithis study the colourbar was fixed
between0 kPaand 180 kPa forall the patientsA compldae 3D-SWE acquisition akes
approximately25s. Nevertheless, the acquisition tiveriesdepending of the imagedepth.
At the end of the acquisitiothree orthogonal planes (axial, sagittal ad coronal) are displayed
together with a texturenapped 3D rereting (segFig 2.8(b),|Fig 2.9(b) andFig 2.10(b)).

Hence, he systemoffers precious quantitative information on the tissue stiffnaisevery
singlevoxel within the 3D elastic volumérhe tumour elasticity was retrieved by calculating

the mean elasticity value within a circular region coveringldingest 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 EUSEAopean
Society of Breast Cancer Specialjstsxd EUSOBI(European Society of Breasnaging)
recommendations [17,18] and comprised a bilateral examination including morphologic
sequences (Tar T2 with or without fat saturatiorgnd dynamic sequences after intravenous
injection of gadolinium. Subtraction anthaximum intensity projectian MIP) were
performed in posprocessingMIP is a volume rendering method for 3D datdnich 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 rendamgd us
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orthographic projectionLesion volume was calculated on MRI by usitige appropriate
segmentation tools of théolume Viewersoftware available in the work statiohhe MRI
system(1.5 Tesla Siemens SymphonyIM Magne) has an irplane spatiatesolution of 0.8

mm X 0.8 mm.

2.2.5 Statistical analysis.

A statisticalBland-Altman plot and Boxplot wereemployed to analyse the agreement
between the calculated 30S and MRI volumes

The BlandAltman plot compard pairwise the mean values dhe volume
measurements performed witdS and MRI.In this method, he difference between the
volumeswas plotted against the averadée test gavas a resultthe bias, or the average of
the differences. The biagas computed as theolumedetermined byMRI minus the volume
determined by8D-US. Ideally, the biasshouldbe very close to zero. If it is nahe casgethis
indicates that the twmeasuremeninethodsare producing different result¥he confidence
interval wasset to 95% which means that in futunlume measurements using 30S and
MRI, the difference betweemoth techniquesshould lie within the confidence interval
approximately 95% of the time.

The Boxplot gave three statistical measures: the median, the upper and lower
quartiles, and the minimum andamimum data values.d€h box within the plot containgde
PLGGOH RI WKH GDWD 7KH ER/][ifugtrates ®¢l 8" B @' ORZHU
percentile of the dataset. The horizontal line within the box indicdte median dataset
value. Ideally, themedian line should be equidistant from the upper and lower edges,
otherwise the datdistribution (which was assumed n@aussian for this study$ distorted.

The end of the vertical lines depictéde maximum and minimum data values.
2.3 Results

2.3.1 Protocoll

Fig 2.2[[Fig 2.3|and|Fig 2.4|present the8D-US multi-planarviews of a carcinoma

(1.20 cm) present inPatient 15 a fibroadenoma(2.06 cri) present inPatient02 and a
carcinomapresent inPatient 8 (6.31 cm’), respectively. Theentralaxial (A), sagital (T)
and coronal (C) planesf the lesions are also depicte@ihe centre of the volume is
represented by the yellow lireverdrawon topof the volumetric view The system allows
navigationin any plane The lesionmorpholoy can be clearly distinguished fronme

surrounding tissue.
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Fig 2.2. 3D-US multiplanar view of thecarcinomapresent inPatient 15 (Protocol I). (Upperleft corner) Axial
plane (A); (Upperright corner) Transversal plane (T); (Lowdsft corner) Coronal plane (C)The lesion
volumeestimaed fom the 3DUS images was.20cnf.

Fig 2.3. 3D-US multiplanar view of afibroadenomapresent inPatient 02 (Protocol 1).(Upperleft corner)
Axial plane (A); (Upperright corner) Transversal plane (T); (Lowdgft corner) Coronal plane (C)lhe lesion
volumeestimatedrom the 3BUS images wa8.06cn.
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Fig 2.4. 3D-US multiplanar view ofthe carcinoma present in Patient 08 (Protocol (U pperleft corner) Axial
plane (A); (Upperright corner) Transversal plane (T); (Lowdeft corner) Coronal plane (C)The lesion
volumeestimate from the 3BUS images was 6.31ém

Fig 2.5|present MRI images of the fiboroadenomapresent in Patient 0fa) and a

carcinomapresentin Patient 15(b). The tumour volumeestimated by MRIwere 3.90 crh

and6.34 cni, respectively

Fig 2.5. (a) MRI image of the benign lesigfibroadenoma) present iRatient 02. The tumour volume calculated
by MRI was 3.90 cin(b) Carcinoma present in Patient 15. The tumwalume calculated by MRI was 6.34 &m.

Table2.1|andFig 2.6|present thesstimaed 3DUS and MRI volumegor the twenty

three patients who took part in the Protocdlld. error bars are displayed on the graphs since
the 3DUS and the MRI volumes were estimated once by only one opefétrcalculated
MRI volumes of all the patints (except for Patient 09) were higher than théJ&volumes.

There was goodagreemenbetween the volumes calculated with both imaging techniques
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Table 2.1. Monitoring of Protocol | patients. The volumes of twetibree patients presenting different breast
tumours were retrieved by using MRI and-BIS imaging. In all case@xcept for Patient 09the MRI volume
was higher than the 3[S one.

Vol. 3D US [cni  Vol. 3D MRI [ci]

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
Patient11 22.46 24.36
Patient12 4.81 6.10
Patient13 2.04 3.89
Patient14 5.22 14.99
Patient15 1.20 6.34
Patient16 0.56 5.33
Patient17 3.15 4.07
Patient18 1.40 1.98
Patient19 3.35 4.09
Patient20 2.04 6.34
Patient21 1.96 6.71
Patient22 3.46 4,93
Patient23 3.04 3.98

Fig 2.6. Tumour volume monitoringrhe tumour volumes of the twetltyee patients whtook part inProtocol

| were measured with MRI and 30S. Both imaging techniques presented close volume measuretmeats.
the casegexcept for Patient 09)the MRI volumgwere higher than the US oseNo error bars are displayed
on the graphs sincén¢ 3DUS and the MRI volumes were estimated onaanbyone operator.

2.3.1.1Statistical analysis
The difference between ¢h3D-US and MRI volumes (MRBD-US) was plotted
against their ratio (MRBD-US) in a BlandAltman plotFig 2.7(a). The mean value of the

differencesbetweenboth datasets(bias) was2.60 cnt andthe standard deviation 2.45 ém
The intenal of confidence was set to 95% araldl between-2.21 cni and 7.41 crh
Otherwise statedn future measurementt)e difference between the volumes measured with
both maging techrjues should be within the same interval21,7.41] n 95% of the casab

theyare correctly done

Fig 2.7(b) contains a boplot of both datasetdBoth volumes presented a similar value

interval, with the 3DUS and MRI volumes ranging from 0.861° to 22.46 cmand 1.9&m®
33




Chapter2. MonitoringChemotherapyreatmentoy using3D-SheatWaveElastography (3BSWE)

to 24.36 cni, respectively The range within which 50% of the volumes were located with
respect to the median valueften caled interquartile range or IQRvent from2.04cm® to
4.81cm*and3.98 to 6.9%m?’ for US andMRI respectively. Moreover, the MRblumes had

a mean value (.08 cm® and the 3BUS volumes one .33 cnt.

Fig 2.7. a) BlandAltman plot of thevolume difference (MRIBD-US) versus the average (MRI/3D9) of the
two datasets The dotted red lines and the blue line repnésine 95% confidence interval and thxas
respectively.The bias isthe mean value of the differences between both datdgeBoxplot of thetumour
volumeswith eachimaging techniqueThe boxes representhe interquartile rangewithin which 50% of the
volumes are located with respect to the median vel@ach volura dataset

2.3.2 Protocol Il

2.3.2.1Tumour volume
As donefor Protocol I, tumour volumes were calculated at each session for the

patients taking part in Protocol |FFig 2.8(a) ,|Fig 2.9(a) andFig 2.10{a) containthe 3D-US

volumesandmulti-planar viewsof the carcinoma presenin Patiens 07, 05 and 03(Protocol
1), respectively The 3D-US lesion volume were 3.01 cm?®, 2.05 cm® and 6.27cm® for

Patiens 07,05 and 03 respectively
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Fig 2.8. (a) 3DUS and (b) 3BSWE multiplanar viewsof the carcinomgresent inPatient 07 Protocolll. The
tumour volume anck RX Q J 1V RriRa&G¢ed @Y days after the beginning of the treatment wereB8tCiand
83.4 + 20.7 kPa respectively.

Fig 2.9. (a) 3D-US and (b) 3BSWE multiplanar viewsof the carcinomaresent inPatient 05Protocolll. The
tumour volume anck RX Q J 1V RriR&But«d 2Y days after the beginning of the treatment were20&nd
58.9 + 26.6 kPa respectively.

Fig 2.10. (a) 3D-US and (b) 3BSWE multiplanar viewsof the 3 V R k#f/dinomapresent inPatient 03 Protocol
II. The tumour volume ang RX Q J TV RriR&B¢ad Xt\the very beginning of the treatment weredr2and
13.4 + 41.7 kPa respectively.
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Table2.2|andFig 2.11|contain the 3BUS volumes for all the patients who took part in

Protocol Il. Every single poindisplayedon|Fig 2.11{represents aneasurementime point

(M1 to M6) presened in|Table 2.2| Throughout the protocol, theapents were monitored

several timesdepending on their availability and health condisiofrour patients were
monitored three times, four patients four times, one patient five times and one patient six
times. One can appreciate that the tumour volumesrptphadecreased during the
chemotherapy treatment in almost all the patients. This drastic change in volume took place
within the firstforty days of treatment in most of the cas@sly Patient 05 and Patient 10
showed a volume incasebetween the secor{t¥2) and the thirdM3)measurement, after the
volume had dramatically decreased between the(fit$) and the seconfM2) measurement

from 4.48 cm to 2.05 cm and 9.76 crh and 2.37 crhin Patient 05 and Patient 10
respectively

Table2.2. Monitoring tumour volume d?rotocol Il patients. The tumour volumes of ten patients (which did not
take part inProtocoll) were estimaed periodically with 3BUS as they underwent neadljuvant chemotherapy

treatment. Noall 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-USvolume [cni]

M1 M2 M3 M4 M5 M6
Patient01 2.05 1.81 0.58 1.23 -- --
Patient 02 4.84 0.54 0.40 0.29 -- --
Patient 03 6.27 0.74 0.36 0.07 -- --
Patient 04 1.40 059 0.44 -- -- --
Patient 05 4.48 2.05 2.81 --
Patient 06 2.39 0.38 0.19 0.60 -- --
Patient 07 851 3.01 1.84 0.84 0.80 0.83
Patient 08 4.30 2.03 2.13 0.37 0.59
Patient 09 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 Peotdool
Il. Each point within the graph representsreeasuremenime 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 &5t tme
beginning of the treatment to @.8m" in 68 days.Thelesionvolume remained quasbnstant
during the subsequent days until the enddK H S Dréatmei@. W IV

Fig 2.12. Tumourvolume 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® @&6them
beginning of the treatment to 0.84 tim 68 days.

In order tocorroboratethe 3D-US volume measurementdMRI volume estimations
were performed on the same patieatsthe beginning and the erof the chemotherapy

treatmenti Table 2.3[andFig 2.13[present the MRVolumes. Patients 02, 09 and 10 did not
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have a second MRI session since they underwent mastectomy (breast alitetrast of the
casesthe 3DUS and MRIlacquisitionswere not performed on the same dApart from
Patients 01 and 06, the MRI volumes estimated in the final weeks of the chemotherapy were

considerable smaller than tbees obtained when the treatmengbe.

Table 2.3. Monitoring tumour volume d®Protocol Il patientswith MRI. The tumour volumes tie ten patients
taking part in the Protocol |lwere estimatedwith MRI at the beginning (M1) and the end (M&) the nec
adjuvant chemotherapy treatmerRatients 02, 09 and 10 do not have a second M&dsionsince they
underwent mastectonfigreast ablation)

MRI volume [cn]
M1 M2
Patient01 1.93 3.98
Patient 02 5.64  --
Patient 03 12.97 1.04
Patient 04 2.93 0.61
Patient05 7.97 2.86
Patient06 2.96 2.17
Patient 07 10.76 1.58
Patient08 6.77 3.01
Patient09 5.96  --
Patient 10 3.44  --

Fig 2.13. Tumour volume monitoringith MRI during chemotherapy treatment for the ten patients taking part in
Protocolll. The MRI tumour volume estimations were performed at the beginning (M1) and the end (M2) of the
chemotherapy for seven patienBor the other three patients of the protocdigtvolume estimations ave
performed only at the beginning of ttreatmentsince they underwent mastectorfagch point within the graph
represents aneasuremerttme point (M1 M2). One can appreciate from the graph that, overall, the tumour size
decreasedluring the treatment

2.3.2.2Tumour elasticity
Fig 2.8(b),|Fig 2.9(b) andFig 2.10(b) presenthe 3D-SWE volumes and muiplanar

views of thecarcinoma present in Pants 07, 05 and 03 (Protocol lljmeasured at different
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times during their chemotherapy treatmehtie tumour elasticity wa83.4 + 20.7 kPdor
Patient 0758.9 + 26.6 kPa for Patient @d 13.4 #1.7 kPa fo Patient G.

The 3DSWE volume offers a mulplanar view of the tumour elasticity distribution.
The lesion contours are very well delimited from the surrounding tissue. As for th&S3D
images, the system also allows navigation in the axial (A), sagittal (T) and coronal (C) planes.
In this particula case (orfor all the patients the elasticity coloubar was fixed between O
and 100 kPa.

Table2.4landFig 2.14{present the tumour elasticity measurements for all the patients

who took part in Protocdl. The volume and elasticity measurements were performed during
the same sessioasong the centradxial and centrasagittal planef the lesionsHence, four
patients had their tumour elasticity measured three times, four patients four times, @me pati
five times and one patient six timé3ne observea decrease in the tumour elasticity as the
chemotherapy treatment takes plat@lmost all the patient©nly Patient 09 seeed not to

react positively to the treatmerds the tumour elasticity inaeal from 80.0 £ 22.6 kP&

97.7 + 61.3 kPa between the firs{M1) and the secondM2) measurementespectively.
Neverthelessthe tumour elasticity appeared to remain ustéable by the time the third
measurement was performdehatient 10 also seemedt to react positively to the treatment
since he tumour elasticity increased from 89.7 + 36.7 kPa to 102.4 + 63.3 kPa from the first
(M1) to the secondM2) measurementHowever, by day the third measurement was
performed, the elasticity had fallen18.3 + 35.7.

Table2.4. Monitoring tumour elasticity of thBrotocol Il patients. The tumour elasticity of ten patients (which

did not take part inProtocol I) were measured periodically with 3BWE as they nderwent neeadjuvant
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 3AD-SWE[ kP4

M1 M2 M3 M4 M5 M6
Patient01 94.9+20.1 17.2+57 184+25 16.7+5.7 -- --
Patient02 995+47.1 476+ 16.3 253+35 29.0+14.0 - -
Patient03 13.4+41.7 13.3+226 15979 - - -
Patient 04 164.2+29.2 62.2+26.8 4.2+11.7 - - -
Patient 05 156.9 + 29.4 58.9+ 26.6 37.7+ 14.6 - - -
Patient 06 126.2 +53.6 67.6+22.6 20.2+45 247+6.2 - -
Patient 07 148.5+33.1 83.4+20.7 30.0+19.1 26.8+235 22.7+7.4 17.0+3.1
Patient 08 46.1+43.6 49.8+19.3 9.7+11.1 149+75 11.3+6.6 --
Patient 09 80.0+22.6 97.7+61.3 97.9+15.8 -- -- --
Patient 10 89.7 + 36.7 102.4 + 63.3 79.3 + 35.7 -- -- --
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Fig 2.14. Tumourelasticity monitoring during chemotherapy treatment for the ten patients taking part in the
Protocol Il. Each point within the graph representay@asuremenime point (M1 to M6). The graph shows a
drastic tumourlasticity decreased caused by the-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 14815kP38

at the beginning of the treatment to 17.0 = 3.1 kPa in 153 days.

Fig 2.15. Tumourelasticity 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 byl3® and MRI in Protocol $howedgood
accordanceHowever, in most of the studied cases, The volumes measured-b\s 3iere
smaller than the ones measured by MRIlonly one patient, the tumour 30S volume was
higher than the MRI on€lhe largest tumours presented the largest difference between the
two volumes due to being usually the most difficalimoursto measure since they highly
attenuated the ultrasound wavés additional error source when nsesing the tumour
maximal diameters by 3DS mayhave been the impossibilityp clearly distinguish the
tumour contoursTherefore,assumptions had to be maoie the O H V lcBh@WM4$n order to
be able tameasure the tumour maximal diameters and healmilate the volun®e The fact
that the volume measurents by MR strongly dependn the parameters the clinician
introduces into the volume calculation software, may also constitute an additional source of
errorfor the MRI volume calculations

The boxplot shows thathe 3DUS and MRI volumegpresented similar value ranges
andthatthe mean values of each datasetenalso closeThe BlandAltman test sets aorm
for future measurementasthe volumes estimations with both imaging techniques will have
to be within the95%limits of confidenceobtained in this study to be validatédevertheless
a higher number of patients wdube needed to conclude on the agreemé&bbth imaging
techniques when measuring tumour volume.

According to the experienceddast radiology at thénstitut Curie with whom this
work has been performed, the difference between thE¥S[and the MRI volume estimations
should be not higher than 15%. However, differences between 15% and 30% may be
acceptable, given the fact that t@ume estimatiors with both imaging techniques avery
operatordependant. Thuseading tothe under or ovesstimation of the lesion volurae

In Protocol Il, he wse of 3ADSWE elastography offeratew and valuable information
on thetumour elasticity distributionSuch information, along with the measurement of the
tumour volume (which has long been used by radiologists as the most important indicator of

chemotherapefficiency), would permit bettemonitoring theeffectiveness oEhemotherapy

treatmens. By looking at|Table 2.2| and|Fig 2.11}] one observe a deease in the tumour

volume during thechemotherapymeaning that the patients were reacting positively to the
treatmentDifficulties were encountered for ti8D-US volume calculationsas the treatment
took place Firstly, because of the chemotherapywés very hard to distinguish the tumour
contours. Secondly,ven if very smallmetallic piecesvereinserted right in the tumour to
makeit more visibleduring the examinations, sometimigsvas very difficult to find the
tumours aghey hadbemme smallerand were surrounded by other biological tissues. Hence,
these two factormay have negatively influenced tBB-US volume calculations.
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Tumour elasticityseemed to havéollowed the decrease trend showed by tumour
volume during chemotherapyNewertheless, not allpatients had the same amount of
measurement pointsvhich would havepermited abettertumourmonitoring.For instance, it
would have been veryseful to have additional measurempoints in the case of Patient 10,
in order to monitorthe tumour evolutiorand conclude whether the volume and elasticity
trencs were representative of the patiefittiealth condition and if thechemotherapy was
having any major effect othe tumour. In other words, anuch higher number of patients
would be meded, with measurement points as equally distribotéche as possibleAs with
the volume, the elasticity measurements may also have been affected by the impossibility to
image the entire tumour. Nonetheless;SWE showed a clear elasticity contrastvieen the
tumouss and their surrounding tissues, allowing to identify the tumour contducther
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 meastiegmi¢he next

One of thegoalsof this clinical study was to calculate tumour volume from the 3D
elasticity maps and compare it with the-BI3 and MRI volimes, but the nature of some
lesions madd difficult. It washard to establish the tumoboundarieslong the sagittal and
transversal planessthe elasticity contrasbetweenthe lesionsandthe surroundinghealthy
tissuewasnot strong enougim most of the studied cas@¢oneheless, a few tumour volumes
whichwere retrieved from the eligty mapswerehigher than the 3JS and MRI ones.

2.5 Conclusion

This chapter itroduced the concept of 3BWE and presented a new-RL5 imaging
system.The feasibility of usingBD-SWE as a novel complementary technique to standard
ultrasonography to evalteabreast lesions has beassessed3D-SWE permits a reattime
multi-planar tumour examination by allowing the retrieval of the complete 3D volume of the
lesion in a single acquisition. Moreover, -HWE provides unprecedented clinical multi
planar inform#on on the elasticity distribution inside and areuthe breast lesionThe
coronal plane of the 3IBWE multiplanar view offers additional informaticon the tumour
nature (characteristics, magnitude and borgeisich are difficult to detect during dasdard
examination Future3D-SWE versionsill aim to extend theharacterizatiomenefits of the
coronal plane to the axial and transversal @arfie¢he lesionsThe 3DSWEtechniques also
able to generate the radiation force needed to excitésthee and to imagthe sheawave
propagation in real time ithree dimensionandwithout the use of external components apart
from the 3D probeTo summarizeacquired3D volumetric Data together witBD display

features might deliver new and beneficthhgnostic information specially on the coronal
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plane of breast pathology, contributing to a higholution morphological assessment free of
magnification.

The reduced number of patients who took part in Protocol Il (10) constitutes a
limitation. A muchhigherpopulationwould be necessary in a next clinical studyrderto
be abledraw more conclusions on the potential applicabilitgDfSWE in the monitoring of
patients undergoing nesdjuvant chemotherapy treatmentth addition to this, the
developnent of a software tool for tumour segmentation would result in more ac@Date
ultrasound and elastograptymourvolume calculation.

Even though it is clear that histological studies have been performed on each patient
by thelnstitute Curie the resuk of such studies weret accessible to us due to thévate
policy established bthis medicalinstitution.

In this chapter,3D-US and 3D-SWE were used to measure tumour volume and
elasticity respectively in order to monitorthe responseof patients to necadjuvant
chemotherapyHowever, in general,clinical studies have their limitations: the number of
patients is often limited, not all the patientsdergo the same type of chemotherapgitment
due to not having the same typdesions andtheerror in longitudinal measurements is often
high. All this obstacles are ngiresent inpre-clinical studies.The rext chapteicontainsthe
results of a prelinical study in whicha human breast carcinoma was implanted in the flank
of immunedeficient fenale mice.2D-US andthe SSI techniqu&vere used to monitathe

response of the aninstb 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 monittine response to chemotherapy of naturally grown tumiours
real clinical scenarios, gossessedome limitations compared to a grinical study. Firstly,
it hada narrower degree of experimental flexibility due to the fact that the patient iaalth
cepital. Secondly the study guidelinedid not permitperforming histo-pathologial analysis
on the entire tumourat different time pointsOnly tiny tumour samples were anséy after
being taken by biopsyor all the previously mentioned reasamsl alhough clinical studies
arevital in medical researclpreclinical protocolsarea good pesibility to monitor tumour
response to antiancerous therapies in the cases in which theght offer valuable
information thatcould be employed to better undersiahe results of a subsequent clinical
study.

The results of the clinical study presentedtl®e previous chapteevaluaed the
efficiency ofUltrasound (US) an8D-Shear Wave Elastograph§3-SWE) in the monitoring
of tumour response to neajuvantchemotherapy in patients presenting breast lesions. In
fact, SSlhas becomanincreasingly populatechniquedue to its efficacy in the detection of
breast cancer abnormalities. Nevertheless, since the SSI is a relatively new technique, there
are still sone 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 gtamare
responsible for tumour stiffness?

This chaptetries to partly answer thisomplexquesiton andcontains the results af
pre-clinical study performed on a human breeahcer model implanted in mic€he study is
divided in two phases: growth drreatmentDuring the growth phasehé tumoursizeand
elasticityare measured by conventiordltrasound andhe SSI techniquesspectivelyThen,
during the treatment phase, a different group of nhieeanimad carrying the same type of
cancerous tumur undergo chemotherapy duridg0 daysDuring this phasepimoursizeand
elasticity are again measurpdriodicallyby conventionalltrasound andhe SSI technique
in orderto assess the efficiency of theeatment.During both phases,ome animals a
sacrificed every week tperformhisto-pathological measurements

3.1 Materials and Methods

The project was divided in two phases: tumour growth and tumour treatmeetby
adjuvantchemotherapy. The materiadsd methodemployed for both phases are identical

except fora fewsmall variations which will be clearly explained throughout this section.
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3.1.1 Tumour growth phase

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

and global elasticity were performpdriodically.

3.1.1.1 Tumour model

This protocol has the approval of the local ethics committee for animal research. A
KXPDQ WXPRXU [HQRJUDIW '@uasﬁ/emmu&r@qo?ﬁa%uminal B:
Oestrogen Receptor positive; Progesteron Receptor positive; Her2 negative) was implanted
subcutaneously in twentpur 5 weekold athymicSwissnude female mice (Janvigr Saint
Berthevin, France). One ml of an Estrogen solution (0,85mg/nBHawstradiol) 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 winaderwent surgenat the
Institut Curie (Paris, Franceand thenimplantedsubcutaneously in nude mice. Thdabat

grew were removed afteeachingbetween 1 mrin size fragmented and then-implanted

in different mice{Fig 3.1). Comparisongo validatethese modelaere performed witthuman

tumouss and showed highpathologicalcorrelatio. Measurements of tumour size and
elasticity startedvhenthe Maximal TumourDiameter (MTD)reachedapproximately3.0 mm
This period is calleddatency phasé and for the growth part of this preclinical protqcil
ranged between 28 and 43 déysn thetumourimplantation (sel@ )

Fig 3.1. Xenograft implantation technique. After peritoneal anesthesia, a tiny (1 to’2pigoe of human breast
tumour is implanted on the flank of the mouse. Measurements of tumour size and elasticity begun after the
30D Wahagd&E wasover &§RXUWHV\ /DERUDWRLUH GY,QYHVWLIDWLR&cSEUpFOLQLT

The duration of the latency phas@as chosen based on the@wing patterrdescribed
in the Iiteratur. The idea was to begin the measurements when the MTD had reached
approximatevalue of3 mm so the tumoursould be distinguisifrom their surrounding tissue

with ultrasound

3.1.1.2 2D-Ultrasound and the SupersonicShear Wavelmaging (SSI) technique
As said before, masurements of tumour size and elasticity started when the MTD
reached approximately 3.0 mm (latency perio@ih ultrafastechographicdmaging device

(Aixplorer, SuperSonic Imagine, Francalong with a 15 MHz linear array prold@56
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elements, pitcl®.125mm, elevation focu8 mm, Vermon, Tours, Frangaevere employedor

both measurement3he animals were anestled by using isofluraneAgrrane®; Baxter

S.A.S, Francebefore being covedewith coupling gel{Fig 3.2).

Fig 3.2. Mouse positioning. During the experiment, the animals were placedtmrmatbed and covered with
coupling gel after being anesthetized.

UltrasoundB-modewas used toneasurehe MTD on thetumourV @entratsagittal and
centraltransversal plandBefore each acquisition, the prolwes removed and repositioned in
order to est the rpeatability of the measurement.

The SSI techniquevas used to measure tieeantumour elasticity Elastography
images were acquired along the censiadittal and centrdtansversal planes of the tumours.
The colourbar was fixed between 0 an@ BPa, with the pixels in black and red representing
the lowest and highest elasticity values respectivelyound Region of Interest (ROI) was
manually positioned on the tummo Its size was defined to be the biggest possible while
entirely includedwithin the tumair, avoiding obviousartefacts ROl size, mean values of

elasticity, and standard deviation within the ROI were collected.

Fig 3.3| presents the measurent planning.The study begun with 30 mice. Tihe

latency period variedrom 28 to 43 daydrom thetumour graft The medianinterquartile
range [QR) time of each measurement is presented in bracketepresents the number of
mice monitored at each tinpoint. Some animals died accidentally during the studsath

whereas some others were sacrificed to perform pathological analysis.
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Fig 3.3. Tumour size and elasticity measurement planniing. massesere measured from 1 to 5 timesarting

from the day on whicthe Maximal Tumour Diameters (MTD) reachedout3.0 mm. This period is callatie
SODWHQF\ N5 kKprésehts the number of mice monitored at each time point in days. The median
interquarile 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 fepatisitmgical analysis
(Pathology).

3.1.1.3 In vivo/exvivo comparison of elasttity values

Seven mice were sacrificed the same day right after performing elasticity
measurements. The tumours were then removed from the mice and placed-gelaiiar
solutions.The tumour elasticity values wesebsequentlyneasureexvivo. This expeiment
was meant to test the influence of tissue interfaces omthiro elasticity measurements.
After the experiment, the tumours were submerged in paraffin to preserve them for the

subsequenpathological studies.

3.1.1.4 Pathological analysis

The pathologichanalysis was performedn all the tumour samplaa collaboration
with the Pathology Department frafidpital Européen Georges Pompid(HEGP) in Paris
France.At eachtime point,2 to 5 mice weresacrificedafter performing the elastography
measurements in order to hawemours of different size and agesThe samples were
submerged in a formalin solution durifrpm 24 to 48 hours. Then, they were remoe
cut along thecentraltransversal plane, embeddaed paraffin and stained with HES
(Hematoxylin Eosin Safranifh slice DQG ODVVRQ T sice) lrkrkuddstaining of
vessels was performed with a mouse CD31 antibody. All the slides were digitally scanned by
using a digitizer tom HEGP (Hamamatsu Btonics). Staining and digitalization were
performed at different times.

The p+ %<& fimodel 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 norviable tumor cells and few collagen fibersThe proportion of each ohése

three areasvas quantified blinded to elastography results in collaboration with a pathologist
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(twenty yearsof experience in breast pathology). The respectivegmtage otthe surface
occupied by each pathological feature wetsieved aftermanualdelineation ofthe necrotic
area on the HES stainedides (Fig 3.4) and the fibrotic area on thddDVVRQTV WULFKU

stainedslides (Fig 3.5). The proportion of cellulatissue was calculated as the remaining

percentage.

Fig 3.4. Examples of the BC52 human tumour models. Magnification (x10) after HES staining. Viable (V) and
nonviable (NV) areas were obtained after manudirdsation.

Fig 35 ODVVRQTV WULFKThR Wdble (VY RndQrio@idble (NV) tumour areasvere manually
delineated by experienced pathologisiBhe 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 meastandard 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 sevees
calculatedby using theSpearman arrelation test In vivo and ex vivo elasticity values were
comparedy using aPaired Student-test

For the sake of the comparison between elasticity and pathological featuses
removedtumours were classified intthree groups corresponding to téles of elasticity
values:group 1(softtumours,n = 6), group 2(intermediate tumours) = 6) and group Jstiff
tumours,n = 5).

Repeatability of the elastography measurements was calculated by retrieving the mean
YDOXH P WKH VWD @GEDJ GV IGHWIDDMDRQROQ FRHIILFLHQW

measurements performed by the same examiner on each tumour.
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The calculatedP values were twesided and values d&f < 0.05 were considered to be
statistically significantly different.

3.1.2 Tumour treatment by chemotherapy

For this part of the animal study,different group of mice was usechélsame human

cancerousumour model was implanted in the flank efght nudeimmunedeficient female

mice.|Fig 3.6| describes the planning structu®iming to be able to monitor the tumour

reaction to the chemotherapy over the time, amdedd on the xenograft growth pattern
observed during the growfthag, the latency eriod of the chemotherapyhaseof the study
was set to 60 dayafter implantation This was doneo allow the tumourdo reach a size
approximatelytwice as big as the one reached after the latency period of the growth phase of
the study. Oncethe latencyperiod ended 2D ultrasound an@D Shear Wave elastography
measurementwere performedand the antrtumour drug calledXeloda® (540 mg/kg
administered(tubefeeding)to the miceon weekly basisThis part of thestudy is still in
progress with pathological measuremerdsie tobe performedby using the same techniques
employed in the tumour growth phasehen a change in elasticity becomes visible. The
protocolwas setto have a duration of 150 days. However, the rhae to be sacrifedfive
weeks after the beginning of the treatmsimice their health had deteriorated enormously.

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

Fig 3.6. Planning struatre 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 elpstikits 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. Eighof themdied after the implantation. The animals started to be monitored
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immediately after théatency phase was ov@retween 28 and 43 dagéter the implantation
for the growth part of tastudy). Therefore, tumour measurements begun at different dates for

each mouselhe duration of théatency periodrangedfrom 17 to 56days{Table3.1|presents
tKH WXPRXUTV PD]JLdMuKT tieLgboiH \Dhidddhwasured at each measurement

time point The number of micat each measurement pourdried since some animals were

sacrificed for pathologywvhereas somethers dieddue to the implanted tumourShree
tumours were measured longitudinally five timeésp tumours were measured four times,
nine tumours were measured three times, five tumewee measured twice and three

tumours were measured only once.

3.2.1.2 The Supersonic Shear Wavelmaging (SSI) technique
Sixty-three measurements wengerformedwith a median value for th&OI (area

engulfed by the white circles on the tumour elasticity maps presev[&'eiagi?orB Fig 3.11 and

Fig 3.13) of 5 mm.The intraobserver measurement average standard deviation and variation

coefficient was 3.3 and 12.5% respectivesiiowingthe good accuracy of the technique
Longitudinal measurementhowed that the mean tumour elasticity values increastd

time. The mean elasticity values werespectively 10 [8;14], 24 [20;29], 43 [30;65], 50
[41;56] and 74 [66;91] kPfor measures 1 to -ig 3.7[andTable3.1).

The shear elasticity map hetgemeity increased with tumour stiffness. The mean

Standard Deviation (SD) for the elasticity values within ¢néire ROlover 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 respectivelyTable3.1).

The elasticity maps placed at each measuremirertpoint on|Fig 3.7|correspondo

the mouse monitored five timeand are the same illustratedFig 3.8 Tumourheterogeneity

increasedvith tumour size
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Fig 3.7. Median tumourelasticity over timeduring the growth phaserhe vertical and horizontal error bars
represent the IQR of the elasticity value and measurement time point respectively (as the growth rate was
different for eachtumour). The elasticity maps for one of the tumours measured five times are showed at each
measurement point. The elasticity maps are cetmged to represent elasticity values for each pixel within the
region enclosed by the white circles (ROI) withinichithe 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.

Table3.1. Mean values for the parameters measured during the tumour growth phase. The ofitaberus
varied at every measurement point since some animals were sacrificed for pathology and others died because of
the tumour graft.

Measurel Measure 2 Measure 3 Measure 4 Measure 5
Time fomtumour
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
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[2.64.7] 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 RP&Below) Corresponding 2lJS axial plane view of the
tumour depicted ifFig_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 shownby the results of the Spearman correlation {egg 3.9), there was a very

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

Fig 3.9. Spearman correlation tesMedian elasticity valuevs. tumour size(MTD). As tumours grew, the
average elasticity values within the ROI increased, presenting an excellent corrdtatsive (r = 0.94; P <
0.0001).

3.2.1.3 In vivd/exvivo comparison of elasticity values
The elasticity values measuréd vivo and ex vivo did not show any significant
difference P = 0.81)according to the performe@aired Student-test|Fig 3.10/presents the

box-plot of thein vivoandex vivomeasured mean elasticity valuébse maximal diameter of
the tumours chosen for these measurements ranged from 6.1 to 13.9 mm,iwittvamean
elasticity value ranging from 21.9 to 77.9 kPa respedtiNfey 3.11ldepicts then vivoandex

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 valuesP#red Student-testshowed no significant difference
between both measurements (P = 0.81).

Fig 3.11. Elasicity maps for one of the tumounimie weekafter 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 colebar was fixed between 0 and 60 kPa for both measurements. The in @i afvo 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 inadequibtrefore, only
sevengen tumours were used fpathology After staining, thirtyfour slides were digitally
scanned (one slide for HES amde for 0 D V V R @hformaNodéach tumour)

Mean values and the corresponding standard deviations of each pathological parameter
for eachof the three elasticity groupgroup 1(soft n = 6), group 2(intermediaten = 6) and
group 3(stiff, n = 5) are presented |ﬂ’ab|e 3.2||Fig 3.12| contains the boylots with the

percentages of necrosis, cellularity and fibrosis for edas$ticity group

Table32 3URSRUWLRQ RI pQHFURVLVY MYLDEOH FHOOXODU WLVVXHTY DC
deviation for each elasticity tertile.and* indicate a statistical significardifference between the groups.

Group 1 (Softn=6) Group 2 (Intermediaten = 6) Group 3 (Stiff, n = 5)

(12.8 + 5.4 kPa) (49.3 + 12.1 kPa) (78.6 + 16.9 kPa)
Necrosis proportion (%) 40.0+£9.9, 259+ 13.6 18.0+11.1,
Cellular tissue proportior{%) 578+ 8.4 70.1+13.3 65.9+ 12.2
Fibrosis proportion (%) 21+1.7, 3.9+3.8 16.0+6.0,*
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It is observed that the proportion of necrosis decreases with the stiffhes8.02)
There wasstatisticallysignificantdifference 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 statisticaly significant difference was found in the percentage of cellular tisgthen the
three groupsR = 0.2) in spite of a slight increase in group 2. The proportion of fibrosis
increased with the stiffnes® & 0.0001) There wasstatisticaly significart difference in the
fibrosis percentage between the elasticity groups 3 and 2 (16%3&% of fibrosis
respectively), but not between the groups 2 andhke stiffest tumours were much more
fibrotic than the other two elasticity grouRggarding the elasticityy each of the seventeen
tumours there was a significant negative correlatiothwespect tdhe percentage of necrosis
(r =-0.76, p = 0.0004)a high positive correlation with respet 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).[Fig313 GHSLFWV WXPRXUV RI GLIITHUHQW VL]HV

trichrome staining and the respective elasticity maps.

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 stiffqess0(0004). B) No significant changes were found in

the cdlular tissue proportion | = 0.1) although the intermediate tumours presented a slightly higher value. C)
The proportion of fibrosis increased with the tumour stiffnpss @.0001), with the stiff group presenting much
higher percentages of fibrosis théme other two groups.

Fig313 $ERYH 7XPRXUV RI GLIITHUHQW VL]HV DIWHU +¢t@iniyatkdw DQG 0D
maghnification (x10). (Below) Corresponding colezaded elasticity maps withe 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 (50kPA1 mm). C) In the biggest and stiffest tumours (16 #1938 kPa),
the proportion of fibrosis (light green) increased sharply.

3.2.2 Tumour treatment by chemotherapy

As said before, a different group of mige= 8) wasused for the chemotherapy part of
the study.Only preliminary results which includemeasurements of tumour diameter and
meanelasticity are presenteds shown |@ a), themaximal tumoudiameter(MTD)
of the majority ofthe tumours (7 out of 8)ended to decreas#uring thefive weeks of

chemotherapyfFig 3.14{b) shows the mean MTD over the entire mice populafidre Mean
MTD decreased from 18.mm at Week 1 to L9 mm at Weekb. A linear fitting of|Fig

3.14{b) gave UL Fsa&uTE sydsas the best line equation aadcorrelation coefficient of

0.98(4%=0.97).

Fig 3.14. Tumoursize 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 chemotherapMo errorbars were placed on the MTplot since only one MTD was measured for

each mouseglb) The mean MTD over the entire mice population.

Fig 3.15a) presents the preliminaryesults of the tumour global elasticity

measurementir each mouseEvery tumour presented a different elasticity behavior, with
some becoming stiffer and others softer as the mice underwent chemothéméikg.the
mean tumoudiameter, thenean tumouelasticitydecreased dy after Week 4 This may be
a scenario similar to oneasepresented irthe clinical study of chapter @atient @), where
the tumour change in elasticiéppearedt the third month of treatment, whereas a change in
the tumour sizevas evidenfrom thefirst monthof treatmentThe mean elasticity valusver
the entirepopulation ofmice went from70.8 kPa to44.1 kPa from Week 1 to Week

respectively. A linear fitting oEig 3.15b) gave UL FW&w UTE zrédr as the best line

equation and a correlation coefficient of D( 4°= 0.60).
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Fig 3.15. Global tumour elasticity measement 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 emimgulation of mice shows nasignificant
variations.

3.3 Discussion

This animal study showed that for the employed human breast invasive ductal
carcinoma modelHBCx-3), tissue elasticity values increased wiklie Maximum Tumour
Diamater(MTD), and that these two parameters were veryl w@irelated. Thigs in very
good accordance with clinical practice, where the biggest cancers are very often the hardest
on palpationlt wasalsoshown that stiffness changes were relatednderlying pathological

modifications.For instance, the softest and the hardest tumours presented the highest portions

of necrosis and fibrosis respectively ($eg3.12).

The visual impression that tummoheterogeneity also increased with tumour sias
confirmed by thancrementin the standard deviatioof the elasticity values within the ROI
No significant difference was observed between the measux@d andexvivo (submerged
in homogeneous gelelasticity values; meaning thalhe elasticity measurementseanot
influenced by the tumownatomicaknvironment.

Since this work intended to study the relationship between pathalogstiffness,
pathological slies 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 compléie histepathological analysis showed that
this particular tumour modetould be describetly three differentcharacteristicsa cellular
tissue area, often arranged as a peripheralamalgcentral fibroti@andbr necrotic areasn the
xenograft used in the study, the percentage of necrosis isgiheshin small tumours, which
are usually very soft. It seems that as tumours grow, petisferate, the proportion of
necrosis decreasethe percentage of fibrosis increasssd tumours become stiffein the
largest tumours, the cellular tissue pramor slightly decreasepossibly because theascular
blood supply is not sufficientThe lost cellular tissuis not replaced by necrosis but rather by

fibrosis, which may therefore be responsible for the highest values of stiffndssd this
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study fas shown the existence afvery significant correlation between stiffness and fibrosis.
+LVWRULFDOO\ ILEURVLV KDV EHHQ NQRZQ DV EHLQJ UHOI
VFOHURWLF PHDQV pKDUGY LQ DQ Fdlsd kedh showhHhdt fip@siQ LYH U
DV TXDQWLMBETAV/IE Y W KIR kgleted to increased stiffn@.

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 animalsSeveral studies have been conducteasgess the usefulness of elastography

in clinical practicg{7][8] as well asdoingin vitro physics mode [17], but very few have

been performedn vivo in small animals. Such modelsave the advantage of npatting
longitudinal monitoring during tumour growth to assess pathological changes over tiene.
large elasticity range obted for different tumour sizeshowed this xenograft model to be
very useful to study the previously reported stiffrgige rehtionship, and to explore the
histological parameters accounting for Rurthermore, this breast carcinoma xenograft
tumaur has conserved the pathological morphological and molecular characteristics of the
FRUUHVSRQGLQ mrDWdreic(DeV\le\resmt)s,thugh not directly superimposable
to in situhuman cancers, provide cognitive data about the relationship between breast cancer
and stiffness.This work shows that in further studiesming 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 themouranatomicakenvronment(skin, spine and
bones)on theelasticity measurementsn vivo and ex vivo experiences were performed in
seven tumours. The results shoviiedt for this particular xenograft implanted in the flank of
nude micethere was no significant differend®tween thdn vivo and ex vivo elasticity
measurements. Hencthe measured tumour elasticity valuesre not influenced bythe
tumour anatomical environmentThe repeatability of three consecutive measurements
performed by the same operator in each tuwas good. The average standard deviation and
the intraobserver average variation coefficient were respectively 3.3 and 12.5% (for elasticity

values ranging from 4.9 to 107.6 kP@heseresults aran good accordance with a recent

study by Wanget al[12], who measured the shear modulus on spontaneously growing rat

mammary tumours and demonstratedithevo reproducibilityof the measurement.

During chemotherapytumour size seemed to have d@endency to decreaseom the
very beginning of the treatmentleverthelessthe elasticity did not show the same marked
tendency Only between Weeks 4 and 5, the mean tunatasticity over the entire population
of mice decreased from 67.4 kPa to 44.1 kPa, respectikgwever one cannot noyet
concludethat elasticitycannotbe usedas achemotherapyreatment markerThe entire group

of mice had to be sacrificedefore he end of the studgs their health conditions had
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dramaticallydeterioratedWhen comparinghe results of thipre-clinical study withthe ones
of the clinical study presented the previous chapteoneobserveghatin theclinical study,
tumoursizeand elasticity decreadesignificantly during the chemotherapy treatmentose
tumours hadyrown naturallywithin the body of the patientand no modificatioror alteration
of their naturalanatomicalenvirorment had been made. On the contramythis pre-clinical
study,the mice anatomy was alteradath theectopically implanted graft herefore, i would
be necessary to monitor chemotherggeyatmentsn mice varyingsome of the characteristics
of the study such as type of chemotherapy drug,,dosglatency period duratignbefore
concluding on the efficiency of elasticity abiamarker for this this particularly type of neo
adjuvant chemotherapy treatmehtdeed, the latency perioof the chemotherapy phase of
the protocolshould be shorteneds the60 day perioddid not allow chemotherapy to
counteract the tumor influence, probably because the tumour was too large and aggressive to
be treated when the chemotherapy begdisto-pathological analysishould also help
understand the tumour bel@vduring the treatment.

There are several limitations to this animal study. Firstly, only one tumour model was
studed, which prevets comparsonof pathological characteristics of two differanbdels or
between malignardnd benign lesions. Neverthegghis was not the aim of the susince

the difference between breast cancers and benign lesions has already ba@how

The results othis studymay not be directly transposabléo human breastumaur
tissues. Indeedhe selected xenograftas implanted under the ski@hang et al. showed that

in humars, the breast thicknesa the location of the tunoo may influencethe elastography

image quality of breashasseg14]. Periumaural (around the tumour) inflammatorgaction

may also distort elasticityimage patters Furthermore, acentral necrosis islso not

commonly bund insmallhuman breast cance$5| and is probably observed in our model

due to bein@g xenograft.

3.4 Conclusion

The SSI techniquavas 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 correthtgith the portion of necrosiand fibrosis
during tre growth phase.

The second phase of this study which intendedntestigatethe findings of the
clinical study presented in Chapteri still in process. Nonetheless, preliminary tesu
showed that during the chemotherapy treatmemhour size seemedd decreaseand that
mediantumour elasticity over the entire population of miatid not show a markedéend

before Week 4when it started to decrease
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Thisin vivo pre-clinical study may set the basis for further-phaical studies in other
tumour moded, and clinical studies in humans aiming torrelate tissue elasticityto
pathology.

The next chapter presentse outcomeof anotherpre-clinical studyin mice whose
aim was touse tumour elasticity and tumasizeto evaluate the efficiency @inantivascular

drugin ectopically and orthotopically implanted tumours

References

[1] E. Marangoni, A. Vincent6 DORPRQ 1 $XJHU $ 'HIJHRUJHV ) $VvVD\DJ 3 GH &UHPRX][ H
tumourderived breastcatt U [HQRJUDIWV IR U Glid Ban€et Rek ¥d) @3, Dd/ YIHpp3989398, 2007.

[2] Nitta Y., Kawabe N, Hashimoto S Harata M, Komura N, Kobayashi K et al, diver stiffness measured by transient
elastographyorrelates with fibrosis area in liver biopsy in patients with chronic hepatitisi€patol Res.39(7), pp. 675

84,2009

[3] Bavu E, Gennisson JL, Couade M, et al. Noninvasive in vivo liver fibrosis evaluationSigpegsonic Shear Imaging: a

clinical study on 113 hepatitis ¢ virus patients. Ultrasound in Med. & Biol., Vol. 37, No. 9, pp#13&3, 2011.

[4] Mueller S, Millonig G., Sarovska L, Friedrich S, Reimann EM., Pritsch M, etl,, Increased liver stiffness in alcoholic

liver disease: differentiating fibrosis from steatohepatitis. World J Gastroenterol. 2010 Feb 28;16(8):966

[5] Palmeri M L., Wang M H., Rouze N C., Abdelmalek M F., Guy C D., Moser B, et al, Noninvasive evaluation of

hepatic fibrosis using acoustic radiation felmsed shear stiffness in patients with nonalcoholic fatty liver diSedse

Hepato| 55(3), pp.666-672, 2011

[6] Ziol M., Kettaneh A GanneCarrie N, Barget N, TengherBarna |, Beaugrand M. Relationships between fibrosis

amounts assessed by morphometry and liver stiffness measurements in chronic hepatitis or steatotiepatilis

Gastroenterol Hepatql21(11) pp12611268,2009.

[7@ :RMFLQVNL 6 )DUURNK $ :HEHU 6 7KRPDV $ )LVFKHU 7 6ORZLQVNL 7
time tissue elastography in 779 cases for the assessment of breast lesions: improved diagnosangeity combining

the BrRADS(R)- 86 FODVVLILFDWLRQ V\VWHP ZLWK VRQRHODW®R20I® SK\" 80WUDVFKD
[8] Leong L.C., Sim L.S., Lee Y.S.,, Ng F. C.,, Wan C. M., F&hong 6 0 HW DO 3 BtUBEYUIR soB\phFeVthe Y H
GLDJQRVWLF SHUIRUPDQFH RI EUHDVW HODVWR XD B&diol,Ya3WN,»p. BRWYYHQWLRQD
2010.

[9 - 2SKLU , &HVSHGHV + 3RQQHNDQWL antitativé Gethod forimay(mg b MaRidityBfSK\ D T X
E LR O R JL F DUbragdhiy/ Ivhxdihy 13, pp. 114134, 1991.

[10] Sandrin L, Catheline S Tanter M, Hennequin X Fink M., STime-resolved pulsed elastography with ultrafast

ultrasonic imaging Ultrason Imaging 21(4) pp.259-721, 1999,

[11] Sandrin L, Tanter M, Catheline S Fink M.  Shear modulus imaging with2 transient elastographylEEE Trans

Ultrason Ferroelectr Freq Control9(4), pp.426-435, 2002

[12) Wang Y., Orescanin M Insana MF., 3n vivo measurement of the complex shear modulus of rat mammary tumors

using shear wave imaging techniqueSonf. Proc. IEEE EngMed Biol. Sog pp. 2932,2010Q

[13] AthanasiouA., Tardivon A., Tanter M., SigakDIUDQL % %HUFRII - "HIILHX][ 7 HW DO 3%UH
elastography with supersonic shear imag¢) HOLPLQDU\ UHVXOWYV’  5IDHE2ARM® R I\ SS

[14 Chang J M., Moon WK., Cho N, Kim S. J, Breast mass evaluation: factors influencing the quality of US
elastography Radiology 259(1), pp. 5%4,2011

[15] Yu L., Yang W, Cai X, Shi D, Fan Y., Lu H., entrally necrotizing carcinoma of the breast: clinicopathological

analysis of 33 cases indicating its bd#i@ phenotype and poor prognosislistopathology 57(2) pp193-201, 201Q

60



Chapter4. Characterizatiorof ectopicand orthotopiccolon carcinomaCT26 byusingUltrasoundand theSupersonicShear
Wavelmaging (SSI) technique.

4 Chapter 4. Characterization of ectopic and orthotgic colon carcinoma
CT26 usingUltrasound and the Supersonic 8ear Wavelmaging (SSI)

technique.

4.1 Introduction

In Chapter 3 the feasibility of assessing the efficiency of a -aeguvant
chemotherapy treatment by measuring the tumour volume and global elasticity by
conventionalUltrasound (US) and the SupersonicShear Wave Imaging (SSI) technique
respectivelywasevaluatedIn the presenthapter, the idea was to evaluate the efficiency of a
different type of anttumoural drug one which attacksthe tumourblood vesselscalled
tumourvascular disrupting agent or antivasculainlike the treatment by chemotherapy
whose efficiency can only be assessed after seweeaks antivasculardrugs such as
combretastatin A4 phosphat€A4P), cause a effectwhich becomes visiblavithin a few
days from the beginning of the treat . Hence, the questiowasraisedas to whether
tumour elasticity could be used to determine the efficiencysumh an antiangiogenic
treatment earlier than tumour size dofsning to answer the questipm murine colon
carcinomamodel (CT26) that would better reflect the clinical colon carcinoma situakias
been chosenThis model was selectebased onrecent hsto-pathological studiesvhich
showed it to be very well vascularizgehore strongly vascularized than the model used in
Chapter 3)and expres<ellular adhesion moleculesmportant tagets for antiangiogenic
therapiesdue tobeinginvolved in the process of angiogenesis required for tumour growth,
cell migration and memasi. Additionally, the architectureof the CT26 modelmakesthe
tumour difficult to trea. The CT26 tumour fragments were ectopicdiyaced in the
flank) and orthopicallyplaced in the colonjnplantedin mice.

Colorectal cancer represents the third leading cancer in men and second in women
worldwide with 1.2 millon new cases identified in 2008, accountfog608700 deaths in the
same year, becoming the second cause of cancer mortality after Iun@nﬁfberefore,ﬂ
has bemme important to develop adaptedodels which could better reflecthe human
pathology in order tevaluatediagnostic methodand potential therapies.

While ectopically implanteanodels are frequentlgmployedowing to the facility of
their implantationprthotopi@lly implantedmodelsare considered toetter reflect the tumour
physiologicalenvironment In particular, significandifferencesbetween theséwvo models
have beerfound inthe level of growth factors and nutrierggailable andin the profile of

tumour angiogenesis and metasﬂ. Moreover, orthotopic tumoursan metastaze into

tissues, usually becomingspontaneously arising tumo [10]. Apart from thesurgical
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issueinvolved in the orthotopic implantationhé main inconvenientiies in the difficulty to
measurghe tumouwvolumeby conventional measurement tools such as cadlijére volume

is a key parameter whessessg thetumourrespnse to experimental treatmsritioreover

an overestimation othe volume by calliper assessment in orthotopic models has been

reportef 11).

This chapterpresentsthe resultsof an animalstudy in which US and the SSI

techniquewere employed to measure tumour volume gtabal elasticity, respectively The
goal wasto monitor the evolutiomf theimplantedCT26 carcinoma modslfrom the %' day

after theimplantation until theendof the antiangiogenic treatment.
4.2 Materials and Methods

4.2.1 CT26 tumour model

Wild type cells CT26 (CT26vt) were employed. The CT28t cell linewas originally
obtained from an undifferentiated colon carcinoma chemically irdiune N-nitrosoN-

methylurethaf{12], which was subsequently cloned to obtain the stable CT26Thme cell

line was purchased from American Type Culture Collection (ATCC, €838, LGC

Standards, Molsheirrrarce) and cultured at 37 °C in a 5% £@midified atmosphere in a
'XOEHFFRYV ORGLILHG (DJOH OHGLXP '0(0 *LEFR FRQWDLC
(FBS, Gibco Life technologies)00 uM of streptomycin and 100 U/ml of penicillin.

4.2.2 Histological tumour cellularity and Micro Vascular Density characterization

Histological analysihad been previouslgarried out on this particular type of human
cancer tumour in order to quantify its cellularity and vascular densityis previous study,
six tumours wereemgoyed. Ten pictureswere takenfor each histological cut along the
centrataxial planeof the tumoursThe masses were stained with PECANMINd hematoxylin

as depicted ifFig 4.1(A) and|Fig 4.1(B). the sections were similar for both models, with

homogeneously dispersed cancersalhd vessels. Quantitative analysis of the histological

sections allowed the determination of the microvascular density (MMD)4.1(C) and

cellularity|Fig 4.1{D) for both models. Ectopic models presented a estasle MVD level

ranging from 800 to 1100 vessels/Mmthroughout the study. On the contrary, orthotopic
models showeda very low MVD level compared to the ectopic ones following the
implantation (476 + 50 vessels/mon the fifth day), but increased rapidly thereafter to reach
a MVD value of 968 + 36 vessels/miran the eleventh day. Beyond day 11, ectopic and
orthotopictumoursshowed similar MVD values whiathid not vary significantly until the end

of the twentyfirst dayof thestudy.
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Cellularity decreased in both models between the fifth and the fifteenth dayl&@m
+ 1.0 x 16 to 13.6 + 0.5 x 1Hcells/mnt in the ectopic model and from 18.0 + 1.3 ¥ 10
12.6 + 1.0 x 1dcells/mnf in the orthotopic modelBoth models showed similar cellularity
values which remained stable from thd"1d the 18 day.Fromthe 18 dayto the end of the
study, cellularity dastically increased in both models.

Fig 4.1. Histological characterization of cellularity and vascular density of CT26 tumotes. hstological
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 (MVDP]) and mean cellularity are presented as a function of time.

4.2.3 Animals

The study wagarried outon nudefemale mice (Janvier, St. Genest de LiStance)
aged 6 to 7 weeks. The animal protocol was approved by the Fhestiational ethics

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

4.2.4 Ectopic tumour implantation

A mousewith a subcutaneous CT26 tumour was sacrificed. The mass was extracted,
placed in a DMEM culture medium and cut into 20 to 30°rfragments. The fragments were
placed in a sterile phosphate buffer saline and reinserted into the flaik roice whose

body had beempreviously disinfected with alcohdFor the CT26wt line, the tumours were
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implanted fortnightlywith a 100% take rat@=ig 4.2|presents a representative ectopicalhg

orthotopicallyimplanted tumour fifteen days after the implantatidhirty-eight (N = 38)

tumours wereectopicallyimplantedin the study.

Fig 4.2. Photographs of representative CT26 tumours at th2 day for the (a) ectopic and (b) orthotopic
model.

4.2.5 Orthotopic tumour implantation

Allografts were prepared from ectopientours as explained abovewenty (N = 20)

tumours were orthotopically implanted as described by Teeag|[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 tumo

fragmentswere thensutured onto the caecum before the muscutasué and the skin were

stitched to finalize themplantationprocedurdFig 4.3).

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

4.2.6 Combretastatin A4 Phosfate treatment

Combretastatin A4 phosphat€A4P is a tumour vasculaargeting agentvhose

characteristics have bewarell documenteff1][14] It attacks mainly théumourblood vessels

From implantationto the 12" postimplantationday, the entire group of mice were kept under
the same condition®\s shown ir[Fig 4.1(C), the tumour vascularity reaches its pesdven

days after the implantationn both models Thus, he antivascular treatment was
intraperitoneallyinjected to eighteen (N=18) ectopically implanted tumours and thirteen
(N=13) orthotopically implanted tumours in dabdpses(100mg/kg from the 1%'to the 14'
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day. Some of the ectopically (N=20) and orthotopically (N=7) implanted tumours were not
treated in aer 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). Haumce, f
different group of mice were monitore@a4P EctopicQa4P Ecth Ca4P OrthotopicGa4P
Orthg), Control Ectopic Control Ectg andControl Orthotopic Control Orthg.

Fig 4.4|presents the complete plannionf the study US B-mode and elastography

imaging were used to measure the tumour volume angt thean global elasticity
respectively. Theaim was to study the feasibility of using elastography as a marker of the
tumour development and tumour response to treatnAdhtthe remaining animals were

sacrificedonce the studgnded

Fig 4.4. Protocol panning structure. After the end of the latency period, elasticity measurements were
performed on the 7" 9" 12" 13" 14" and 15th day of the study. The antivascular treatment took place
daily between the i2to the 14 day . Initially, sixty-seven tumours (ectopiorthotopic) 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-USandthe SSI technique

Measurements of the tumour volume and elasticity were performed everyoweek

the five-day latency periocended(Fig 4.4). The duration of this periodras chosen based on

the histological tumour characterization presented in the Materials and Methods section of
this chapter.B-mode and elastography imagesere acquirel using a high frequency$S

probe (15 MHz, 256 elementgermon, Tourdg-rance driven by an ultrafast imaging device
(Aixplorer, Supersonic Imagine, Aix en Proveiitance. Before performing the
acquisitions, the mice were shaved and anesthetitbdavgas composed by 1.5% isoflurane
(Aerrane®; Baxter S.A.S, Francand a mixture of oxygen (Ol&min) and air (1/min). Body

temperature and breathing were controlled during the pdhatithe animals remained

sedatedFig 4.5). B-modeimages were acquired in the axial and sagittal imagiagesof

the tumourin order to measure the tumauaximal diameters. Hence, three diameters (two in
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the axial and one in ¢haxial plane) were measured and the voluragcalculated by using to

the expression for the volume of an ellipsdl w, where H, L and W stand for the

OHVLRQTV KHLJKWre@m@a@L DQG ZLGWK

Fig 4.5. Mouse positioning. During the experiment, the animals were placed on a tHeechaind covered with
coupling gel after beingnesthetized.

The SSI techniquevas used to measure tieeantumour elasticity. Elastography
images were acquired along the cenrsagittal and centratansversal planes of the tumours.
The colourbar was fixed between 0 ad@ kPa, with the pixels inlack and red representing

the lowest and highest elasticity valuesspectively.

Fig 4.4 presents the measuremesthedule The volume and the elasticity

measurementsegun five days after the implantatiiatency periodandwere performed on

the 8" 7" 9" 17"13" 14" and 1% day. The antivascular treatment took place daily
between the 1%to the 14' day. The studywasfinalized onthe 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 théiealth had seriously deteriorated.

4.2.8 In vivo calliper measurements

Measurement of the tumour dimensiomere performedn vivo with a calliper to

estimatethe tumour volumeand compareéhemwith the ones obtained yS. Thetumour

volumes were retrieved g the expressiorR L %, where L and W represent the tumour

length and width respectiveIMl [15]. The fact that the orthotopically implanted tumours

were also palpable made ibgsible to use callipers to measure 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|depids the mean tumour volumeseasuredn vivo with callipers andUS

imaging, on one group of mice composed by seven ectopicaMz7) and eight {=8)
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orthotopically implanted tumour3he mean valueand their respective standard deviasion
(STD)were calculatedverthe population obothgroups ateachmeasuremeritme point.

Fig 4.6. Mean umour volumedor ectopically and orthotopically implanted tumours, calculated from the
longitudinal in vivo measurements performed witlvo different methods: caliper and ultrasonic imaging.
Measurement errors are much smaller in the US measurements than in the caépeas being stated in the

literature[11].
4.2.9 Statistical analysis

Statstical MannWhitney test were performecdat each time measurement point in
order to evaluaté the difference between the elasticity and the voluraduesof the treated
and untreated groups wesgatistically significantly dfierent MannWhitney is a statistical
test which evaluates twdatasetsassuminghat they do not follow &aussian @tribution
(non-parametric test)The test gives a P value as a res#ltvalue lower than 0.05 (P < 0.05)

are consideredsstatistically significantly diierent
4.3 Results

4.3.1 Measurement of the tumour volume and elasticity

4.3.1.1 Tumour volume

As depicted ifFig 4.6] the measuremenbf the tumour volume by conventiondls

are more accurate that the measuremeittscallipers. Therefore, only the measurements by
US were employed to retrieve the volumes.

Three tumour maximal diameters (length, height and width) were measurechyy usi

conventionalUS imaging |Fig 4.7| depicts the raasured diameters for ormé the ectopic

tumouss at the9™ day. The length and width were measured in the tumour axial [{ige

4.7(A)) whereas the width was measd in the sagittal plan¢gFig 4.7(B)). The tumour

volumes were subsequenthgsessedsing these thremeasureddiameters as stated in the

Materials andvethodssection.
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Fig 4.7. Tumour volume retrieval by conventional ultrasonic imagifigmour volume was calculated using the
measured maximal diameters (length, height and width). The tumour length and height wsueethén 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 th8 ay.

Fig 4.8|contains representative images of the ectopic and orthotopic models % the 5

12" and 15" day. US imaging allowed the measurement of the lesion diameter as early as five
days after the mour implantation, with an average volume of 0:#2.01 cm?® and 0.03+
0.02cm? for the ectopic and orthotopic population at tifeday, respectively. This allowed a

rapid, accurate and nanvasive monitoring of the tumour volume.

Fig 4.8. (Above) US longitudinal tumour volume monitoring. The tumour maximal diameters were measured in
the axial and sa%ittal planes in order to retrieve the tumour volume. Representative images of one of the ectopic
tumours onthe 58" (A1), 12" (A2) and 18 (A3) day. (Below) Representative images of one of the orthotopic
tumours on the(B1), 12" (B2) and 18 (B3) day.

Table4.1|and|Fig 4.9|presentthe average volume for the entire population for both
models from the % day untl the end of the study (5day). It is visible thatfrom the

implantation day, orthotopically implanted tumours greaere rapidlythan the ectopically
implanted onesreachinghigher volumes. For instance, at thé"Hay (when theantivascular
treatmen begun)there was already an important size difference betwlseactopically and
orthopically implanted models: 0.34 + 0.&mM° (Ca4P Ecto)0.28 + 0.15m? (Control Ecto),
0.49 + 0.19cm® (Ca4P Ortho)and 0.75 + 0.52 cm® (Control Ortho). The treatedectopic
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tumour volums [Fig 4.9(a)), which continuously increased from the implantation, slightly
decreased between th8™and the 4™ day. Nevertheless, from the4{ day until the end of
the study, the tumours went back to their growth tresachingan averageolume of0.47 +

0.19 on the 1% day. Untreated ectopically implanted tumours showedlear growth
tendency throughout the entire study which becamee markedfrom the 9" day, reaching

an average volume of 1.65 + 0.34 on th8 day.

Table4.1. Mean tumor volume values over the population of each of the four different mice groups (Ca4P Ecto,
Control Ecto,Cad4P Ortho and Control Ortho) throughout the entire animal stud#ly. under the column
3Number of animals represents the number of mice per group at the beginning of experiiNentxtheless,

some animals died or had to be sacrificed during the studiys,Tadditional N were placd at some
measuremerdaysto indicate the number of animals presémuatm that point of the study

Number Volume [cr|
of animals Day 5 Day 7 Day 9 Day 12 Day 13 Day 14 Day 15

E?;P N=18  0.02+0.01 0.04+0.02 0.12+0.07 0.34+0.17 0'113_11(7"19 0.38+0.18 0.47 +0.19
Eé’{:ro' N=20  0.02+0.01 0.04+0.02 0.07+005 028+0.15 0.43%0.22 0.58%0.23 1'%5_i13'34
CadP 213 0044002 0.06+0.03 041+037 0494019 073+031 0-80*0.25 0852032
Ortho N =10 N=7
Control

o N=7  0.02+0.02 0.09+0.06 0.12+0.07 0.75+052 1.04+0.50 1.07+0.50 1.19+0.53

Thevolume of thereated and untreatexithotopically implanted tumouf&ig 4.9(b)),

never stopped increasirigpm the implantation daywith the untreated tumours presenting a
stronger growth tendency thahe treated onesOn the 18 day, treated and untreated
orthotgic models reackdvolumes of 0.85 9.32cm® and 1.19 #.53cm?® respectively.

Fig 4.9. Tumour volume monitoring. Average volume of the entire the ectopic and orthotopic mouse population.
The treatment byhe antivascular took place on the days 12, 13 and 14 for both models. (a) In the treated
ectopic model§Ca4PEcto), the volumes grew continuously until thé"Hy of the study. Only between thd'13

and the 1% day, the volumes slightly decreased. The untreated ectopic tuf@mmsol Ecto)always presented

a clear growth tendency, which became more evident from"tidy@ until the end of the study. These tumours
reached much higher values than the treateesoiib) 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 trested one
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4.3.1.2 Tumour elasticity

The SSI technigueras employed to measure the tumours global elasticity frofbtthe

postimplantation dayuntil the endof the study (15th day)|Fig 4.10/depics the tumour size

and elasticity measurements for one of the ectopically implanted models. The mean tumour
elasticity valuedor this particular tumouat the 5th, 9th and 12th day wes&® + 3.1 kPa
14.3+ 5.1 kPaand 22.Gt 13.6 kPaespectively

Table4.2|anqFig 4.11|presenthe meanelasticity valuegrom the 5th day onwardsr

the entie ectopic{Fig 4.11{a)) and orthotopidFig 4.11(b)) population The meanelasticity

values of the treated and untreatediopically implanted tumoursincreased continuously

from the implantation until the 13th daeaching mean elastigivalues 0f16.06 £5.39 kPa

and 14.44 + 6.80 kPa for the treated and untreated tumours respe@satehgen the 13th

and the 14th day, the elasticity of these tumours presented a slight decrement. However, from
the 14th to the 15th dajhe tumours becamslightly harderwith 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. Tumourdiameter measurement and the corresponding elastography image &t e dnd 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 alpoesenéd a continuous elasticity in@se
which stoppedbetweenthe 12" and the 18 day. On the 12 day, the tumourfiad mean
global elasticity valuesf 19.07 + 4.33 kPa and 18.57 + 3.25 k&athe treatednduntreated
tumours respectively The elasticity of the orthopically implanted tumours did not vary much
between the 18and the 18 day, with mean global elasticity values &¥.86+.4.18 kPa and
16.35 + 2.42 kPa for the treated and untreated tusnoume treated and untreated
orthotopically implanted tumourshowed a similar growth trend and always tmagher

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
CadP 5084178 B8.874304 1084%285 1430667 16064539 1423376 14.96+4.24
Egtrc"tm' 6.06+1.92 8.77+2.26 10.80£3.53 12.42+471 14.44+6.80 12.14+6.11 12.50+ 8.67
gf‘tf]z 711+£1.92 9.92+215 1327+355 19.07+4.33 17.05+4.77 16.73+5.09 17.86  4.18
8?;2‘" 8.89+3.32 13.49+323 16.75+3.87 18.57+3.25 1512+4.18 16.48 + 2,50 16.35 + 2.42

Fig 4.11. Tumour elasticity monitoring. Averagiemour elasticity of the entire the ectopic and orthotopic mouse
population. (a) In the treated (Ca4P Ecto) and untreated (Control Ecto) ectopic model, the elastieiaged
continuously until the day 13. Between th& a8d the 14 day, the elasticit slightly decreased. However, from

the 14" to the 1%' day, the mean global elasticity values increased slightly in the treated and untreated tumours;
(b) The treated (Ca4P Ortho) and untreated (Control Ortho) orthottymicoursreached much higheglasicity

values than the ectopic ongsgesening similar behaviors The tumours ggw continuously from th&™ until the

12" day. The mean global elasticity value at thé' #ay did not differ much from that on the™@ay for both

the treated and the umtated models.

Fig 4.12]shows the elasticity maps of two ectopically implanted tumours on the 14

day. Both untreated (a) and treated (b) turaquesentedvhat a large necrotic center. The
viable tissue (nomecrotic) was present only along the peripheral tumour Higtological

analyses had not beget performedon the mouse tissue samplgsen this manuscript was
submitted for revision. However, tle®nclusionthattreated and untreated tumours present

a vast central necrosigas based othe bibliographE and onprevious histological studies

performed on thixenograftby the researchers at tii@culty of Pharmacy of.'Universite

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

Aiming to observe how the tumour elasticity and igsaular network reacted the
antivascular treatmenDoppler(standard Doppler fixed between 0 and 2 rafs)l elasticity
measurements were performed 2veralmice on the 1% day after injectingthe drug.The
measurements were performed on the tunmourediatelyafter the antiascular injectior{t =
0) and 20(t = 20) 40(t = 40)and 60(t = 60) minutes after the injectioRig 4.13|depicts the

evolution of thetumour elasticity(a) and of its vascularnetwork (b) of a time scalein

minutes The elasticity within the tumouemainedquasi-constanthrouglout the experience
The differences between the elasticity images taken at different times was negDgilitee
contrary, a big diffeence ould be appreciatedn the Doppler imagesvhich showeda
gradual disappearance of the twm blood vessels as time pass8ity minutes after the
injection, almostall the blood vesselead beemattacked and the blood flow stoppéthe
shear waverad the blood velocity were colmoded in scales ranging from 030 kPa and 0

to 2 m/s respectively.
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Fig 4.13. Evolution of the tumour elasticity and of the vascular network after the antivasojdation took

place on the 12 day for a representative ectopic tumoilihe shear wave and the blood velocity were eolor
coded in scales ranging from 050 kPa and Go 2 m/s respectivelya) The tumour global elasticity remained
almost constant thrghout 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 theP values given byhe Mann-Whitney test performed on the

elasticity and volume datsets between the treated and untreated ectopically and
orthotopically implanted tuours at eacimeasurementime point. The test assumed a ron
Gaussian data distributioitheconfidence intervalvas 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 wee found to be statistically significantly tefent

Table4.3. MannWhitney test at every measurement point. Comparisons were performed on the elasticity and
volume datasets between the treated and untrestegpically (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 significdiftgrent.

Day5 Day7 Day9 Day12 Day 13 Day14 Day 15

VE'C”tg‘e 098 080 003 025 056 00F 0.03
Volume 509 019 004 047 025 009 013
Ortho

E'fgt'g'ty 018 066 075 055 033 019 0.2

Elasticity 40 00> 010 070 029 086 062
Ortho
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4.4 Discussion

Even thoughthe orthotopic model has previously been descr{ped[18], the

combination ofUS imaging techigues (conventional #node and S$lfor the tumour
characteration had never been reportedS B-mode and the SSI techniquallowed to
follow-up the tumourchangs in sizeand elasticity respectivefyom the &' postimplantation
day until the end athis preclinical study15™ day)

A differencebetweenthe tunour growthof the ectopic and orthotopic models was
observedOrthotopically implanted tumours grefasterthan theectopially implantedones

a behaviour thahas previously beedescribed for human colon tumours implanted in nude

mice|[19] and for CT26 tumoun$l7]. Although there is some inforation on the tumour

growth rate in the literaturg20|, very few attempts had been devoted to the precise

characterization of these tumours.

The results of the experentsperformed throughout this study, showed ttraated
ectopically and orthotopically implantetimours presented a vast central necregisch
generallybegn from the 12 day. This effect, which has already dre described in the

literaturg][16], is typical of tumous treated with vascular disrupting agents (antivasslar

since they attack the blood vessels located in the core of theutuitee vascular damage
prevens the tumours from receivingll the oxygen and the nutrients necessary for growth and
survival, and leaslto an extensive necrosisainly within the core of the tumour, leaving
viable tissue (nommecrotized)only at the peapheral rim Nonetheless, the fact that the
untreatedectopically and orthotopically implantédmoursalso presenteanportantnecrotic
areagusually less extensive thaéimose ones in the treated tumeraiseal the question as to
what cause the necrosis inthe untreated tumourslt would be necessary to perform
experiencesvith a higher number of untreated micebe able to draw conclusions on that
is not certain whether the necrosis was a consequence of the procedure followed during th
tumour implantatioror if was caused bghe tumouiinternal architecture

For the reasongist mentioned, thentivasculartreatment dramatically affected the
development of treated ectopically implanted tumotitsir slight shrinkage between the 13
and the 14' daywas causedly the vascular damage which ledthe 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 byréheémentallowedthe trang
towards the tumour core the elements needed to regenertite damaged central vascular
networkin orderto continue growingThisphenomenon explairtee growth betweerthe 14"
and the 1% day of theectopially implantedtumours The untreatedectopictumourscould
grow freely as nothing prevented them from becoming lamgachng an average volume
which wasfour times larger tharthe averagetreatedtumour volume atlay 15 Unlike the
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ectopic models, the orthotopimplanted tunours did not stop growing at any poiirt the
study It seems that the fact of being in their natural anatomicat@mentgavethem higher
resistance against the treatmgmérmitting thento be regularlyfed andin constantgrowth

However, the growth of treated orthotopically implanted tumours was also affected by the

antivascular as theghowed a much smaller growth rate then the untreated tun&igs

4.9(b)).

The errofbars in the orthotopic volumesvere higher than those of the empic
volumes reflecing the difficulty encountered when measuring the size of the orthotopically
implanted tumols; as they are much mocemplicatedo reach du¢o being localizedvithin
the abdominal cavityof the mice andbe surrounded bytherbiological tissus. The size of
the errotbars in all the presented measurements also show that although the study was
performed on the same type of mice, which were kaper exactly the same conditions, their
tumouralresponse could vary significantly from one to another.

Treated and ntreatedectopic and orthotopitumours presented a similar elasticity
behaviourwhich was nomuchinfluencedby the treatmentThe elasticity decrease between
the 12" and the 1% dayin the orthotopic model and between thd' &8d the 1% day in the
ectopic modelmay have beemprobably caused bythe inner tumour necrosighe slight
elasticity incrementfrom the 13" and the14™ 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 necradttoeeover,
histological analyseen the tissue sampledll be needed to support suassumptionsDue
to the localization of the orthotopically implanted tumours and the central necrosis, the
elasticity measurementetame more difficult to perforras in some cases the shear waves
were not abléo penetratéhe tumourto cover the entire tumour area.

According to previousistological resultsthe MVD values were significantly lower
for the orthotopic model in the early time points as compared to the eotodal These data
may indicate that therthotopicallyimplanted CT26 tumour fragments probably neestade
time to adapt to their newaecalmicroenvirooment. This information could be of great
importanceconsidering that the arggenic phase of orthotopic tumouegjuires more time to
developascompared to the ectopic modeihich indicates thadrthotopic implantation would
be more appropriate for evaluatitige efficiency ofaniangiogenic experimental therapiés
addition to this, data from the previous studies showed thbbth modelsthe MVD value
seemed to reach its maximum at th& dlay.

US imaging allowed tumour volumeestimationfor both implantation modeldt has
been previously shown th&iS imaging yield moregrecisevolume measuremerdata as

compared to calliper measurerr@, due tothe latterbeingvery operator dependant and
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measuremenerrors (which are frequently in the range of 2’r[%1) may bias thevolume

calculations
The fact that two dataets ardound to benon-statisticallysignificantly different does

not meanthey are equal. It means theienot enough basis taffirm whether they are

significantly different or notin some cases, by looking|gig 4.9|andFig 4.11} one could

have had the visual impressiohat two volume or elasticitydatasets were significantly
different. However, theexhaustive analysis performed by iMiaWhitney testwas not abl¢o

concludeoniit.

4.5 Conclusion

This study evaluted the feasibility of using 2[S andthe SSI techniqué&é monitor
the evolution of tumour growth and global elasticityresponse to antivascular treatment of
orthotopically and ectopically implanted CT26 colon carcinomas in.npparenty, the
antivasculartreatment causedn effect on tumourgrowth DQG RQ WKH WXPRXUVY
network. Nonetheles#s impacton thetumour globaklasticitywas notstrong Nevertheless,
in order to be able to draw solid conclusions on the effects ofaatilar herapyon tumour
size and elasticityt would be necessary to perfoimstological analyses on the tumour tissue
samples anddditional animal studiesith different drug typsand dose In addition to this,
the study should last longer and theatmentshould begn earlier Performing histe
pathological measuremerdand Doppler imaging could be of great utilitybetterunderstand
the impact on thantivasculatreatment on the tumour elastic

It was easier to monitor the ectopically implanted tumours than the orthopically
implanted onessince the latterwere localized within the miceabdominal cavityand
surrounded by other biological tissues

From the beginning of this report, only elasticitgd tumour volume have been the
parameters used for tumour characterization. However, thereo#ixestparameters such as
nonlinearity which would offer newandvaluableinformationon tumour charactestics The
next chaptershows the potential of ahird order nonlinearity parametefor tumour

characterization.
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5. Chapter 5. Nonlinear shearelasticparameter quantification

5.1 Introduction

As it has been shawthroughout this report, the measurement of the tissue elasticity
may not besufficient to monitor the effects of an argancerous treatmentsuch as
chemotherapyand antivasculartherapy for breast and colorcarcinomas Therefore, it
becomes vital to study new additionarameters which allow a betteharacterizatiorof
therapeutic change$his chaptepresentsa method employed to quantifythirdorder tissue
nonlineaity parameter.Such a parameter which could play a key role irmonitoring of
tumour growth, would be of great utility to understand the processes involved in the
development of canceustumours This sectiorcontains theaheoretical developmemf this
new tissue parametandpresentsts potential for in vivoclinical application.

For almost two decades,everal dynamic elastography techniques have been
developed based upon ultrasoufidsS) methods-@ to excite tissue and measure its
response to the mechanical stress. Methods such as sonoelast@agib;oacoustography
, acoustic radiation forc@, supersonic shear wave imaﬂﬁg‘ud transient elastography
ﬁ have shown their efficiency to @emine elastic properties of biological soft tissues.
Nevertheless, most of these techniques have been concentrated on the estimation of the
second order elastic modulug).( In order to better understand pathologies, sitiee
knowledge of the shear elasty may not be sufficient in all cases to emi@urateclinical
diagnosishew refinements were developed to study other tissue mechanical properties such

as viscosity, anisotropy@ and shear nonlinearit.The relevancy of these
parameters is currently studied in joaical and clinical studies, ranging from

musculoskeletaimaging El cardiac and vascula applications to liver
fibrosis stagin.

Several research groups are currentbyking onnonlinear elasticity imaging. Indeed
recent data fronex vivomeasurements of breast andgiate tissue indita that inaddition to
the linear properties, nonlinear elastic propertiey ive usefufor differentiatingbenignfrom
malignant tumorﬁ . The most advanced nondiar elastic imagingwhich utilizes the
strain/stress relationship to retrieve the nonlinear shear modutus quasistaticUS based

elastograph [19]. However, this approach regents a major challenge iasnay require

compressive straingreater than 10%20|. The key ideas based orex vivotests conducted
by Krouskopet al. , Which pointedout that at smallestrains the departure from linearity
for most tissue types iminimal . Once the displacements at these large strains have been
measued, an inverse problem must$aved in order to detmine thetissuenonlinear elastic

parametersHowever, both issues, i.e. the estimation of tissue displacements at large strains
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and the solving of the nonlinear elastic inverse problemain challenging problems today

20|[2]]. Oberaiet al proposed interesting solutions to these complex issues in 2009 and

provided the first clinical images of the nonlinear elastic paramitignetheless,hie 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 Trans Elastography. Transient
elastography is one of the most efficient techniqaeg allows to image the shear wave
propagation in soft mediby usingultrafastUS scannersaand to quantify the medium shear
modulusin real time Based on this method, tieeare at least three possible ways to quantify
shear non linearity: nonlinear interaction between shear waves of different freqies

finite amplitude shear wave propagati and acoustoelasticit. Experimentally,

acoustoelasticity consists in measuring the speed of acoustic waves in stressed solids. The

third order elastic modulus is deduced from the slope of tin@sohic wave velocities as a
function of the uniaxial stress applied to the sa

The first acoustoelasticity theory in solids was developetibyues and KeII
using the second and third order elastic coefficients. Recently, combining the new ideas of
shear wave propagation in quasi incompressible soft @I@ and the agustoelasticity
theory, new expressions for the shear wave propagation in uniaxial stressedhawedieen
defined . Gennissonet al.|[24] proposed to use the shearaiging technique@ to

estimae the third order elastic modulust)( by measuring the shear wave speed along

different directions in a medium submitted to an uniaxial stiesthese experiments, the
main difficulty was to control the uniaxial stress within the medium. The local stress was
approximated to the applied stress the surface,which was easily quantifiable in the
proposedsetup.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 chapteproposs a much more reliable approach as it provides a way to quantify
the locally applied uniaxial stress deep in tissaad to perform the einé experiment using a
conventional ultrasonic probe located at the surface of the investigated thigaanablingn
vivo investigations. The key idea consists in combining the supersonic shear imaging (SSI)
technique to quantify the shear modulus &tatic Elastography(SE)to quantify the locally

applied uniaxial strainn 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

—

34). This technique allows to estimate the strafnliGked to the elasticity

two decade

YLD +RRNH%E (OvMbede is the appliedstress ande is the <RXQJfV PRGXOXV

medium submitted to a small uniaxial compressibacal strains are derived from the
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ultrasonic backscatted signals before and after mpression by using crog®rrelation
analysis. Then, knowing the elastic modulus estim#tealighdynamic elastograph{SSI)

and the strairthroughstatic elastography, a quantitative map of the local stress is recovered.
Finally, a quantitative map dhe nonlinear shear modul@8) is calculated by applying the
acoustoelasticity theory in quasicompressible soft solids, correlating tteess to the shear
wave speed.

In this chapter the acoustoelasticity theory in quastompressiblesoft solidsis
presented in the first section to deduce the nonlinear shear coeffigieitthen the
experimental setip for both the SSI and the static elastography techniques is depicted and
explained.In the next section, the experimentasults are describeahd compred with the
simulation results Several gargelatin (AG) tissue mimickingphantomsoften used in
medical imagingandex vivobeef liversamples were teste@ne of the phantoms contaah
an inclusion softer than the surrounding meeiaiereas the secoqghantom an inclusion
harder than its surrounding materi@he liver samples came from the same animal liver and
were randomly chosen within the orgalfinally, the experimental assessmewnfs the

nonlinear shear coefficient are discussed.
5.2 Materials and Methods

5.2.1 Acoustoelasticity theory

The general principle of acoustoelasticity is based onekpgessionof the elastic
wave speed in uniaxially stressed lossless sdidsic equations are summarized@ws:
iQ 3/RRIALD Q" FRR(& 6 nWadpedibl e equilibriunposition of the particlandt is

the time; theequation oimotionis given by:

Eqg.1

where ly, U, e designateaespectivelythe density, théotal displacement anithe strain energy

densitywhich can bedevebped up to the third orden quastincompressible soft solid as

follows :

Eqg.2

with p the shear modulus.émé coefficientinvolved in the lineabehavior of the solidA the
third order elastic coefficient describing the quadratic nonlinestnear responseof the

deformed solicand D the fourth order elastic constafy, I3 are invariants of théagrangian
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strain tensor defined by Landau ahidshitz . To simplify the calculationspnly the
propagation oShearwaves of small amplitud@.e. in the linear regime) isonsideredthus
enabling to neglect the fourth order terms.

Due to the nature of the applied uniaxial stress and the elasticity intaghmgque, two kinds

of displacements are involved in thelculation of theequation of motionthe displacement
due to the quasitatic compressionu® and the displacement due to the shear wave
propagatior(or induced by the acoustic radiation for¢a). Moreover,the magnitude of the
sheardisplacementgum) are of very small magnitude compared to tispldcementdue to
theuniD[LD O V WHerdea/ theotal displacement can be expressed as the suwh afid

u® as follows:

da°L ¢*E d Eq.3

The entire calculationprocess of the nonlinear elastodynamic equation was carried out in
Gennissoret al . Here, depending on the axis of polarization and the @aixtee shear

wave propagtion, anonlinear elastodynamic equatiovas deduced foreach ofthe three

possiblescenariogFig 5.1):

Fig 5.1. The three possible configurations for the generation (by acowstiation force) and detection (with an
ultrafast scanner) of polarized shear waves in a medium submitted to uniaxial sfreay gcenario governed

by Eq. 4; b) scenario governed by Eq.cy scenario governed by Eq[[@4]. The vectors u and k represent
respectivelythe axis of polarization anthe axis ofpropagation of the generated shear wave.

For the sake of simplicity, the plane shear wave is denoted by two indices (12, 21 and 13).
The firstand the second index correspdodhe aes of the shear wave polarization and the

axis of the shear wave propagatioespectivelyVs represents the shreaave velocityu the
medium shear modulus at a given compresslgthe medium density under zero streds (

= 0) and A the third ordernonlinear parameter, which is retrievelly experimentally
measuringhe shear wave speed (using the SSI technique ) as a function of the stress applied
(using the SE technique) @achcompression step

It is to observe that Eq. 4, Eg. 5 and EcpBrespond to the classical shear wave propagation

equation inanisotropic media if the medium is unstressdg € 0) (Eq. 7)
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€8%6L aF &,@E—-A Eq. 4
€8%5L aF @A Eq. 5
€,8%,L aF &,@E—A Eq. 6
aL éas Eq.7

Taking into account that the axis of polarization and the shear wave propagation are
respectively parallel and perpendiculdo the axis of compression (uniaxial stresy),(the

nonlinear shear coefficient was retrieved by usinggEq.

5.2.2 Experimental Setup

All the experiments presented in this paper weaigried outusing the same setup

presented ifiFig 5.2| which includes a conventional ultrasoumibe (SL154, 256 elements,

8 MHz central frequengySupersonic ImagineAix en Provence, Frangelriven by a fully
programmable ultrafast imaging devicemprising 256 transmit/receive chann@sxplorer,
Sipersonic ImagingAix en provence, FranfeA mechanical actuatovas used to axially
displace the probe and the garassor plate attached to it. The measurements were performed

on agargelatin (AG) tissue mimicking phantoms which were prepared followimg t

procedure presented|[B6|. 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 inclugig had a concentration of 2% by weight of agar and 3% by
weight of gelatin whereas the harttlusions had a concentration of 2% by weight of agar
and 8% by weight of gelatin. Througit this chapterwe will refer to the media surrounding

the inclusions a$WKH PHGLWKHDIGQEQHU SDUW RI WKH LQFOXVLRQ\
phantoms were placed over a still and uniform plane surface. Thedfatsistress was
applied at the top of the phantoms by axially displacing the probe and the compressaor plate
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 -qoastant and did not vary with time
(measurements were also perfornad min, 2 min and 3 min to confirm this hypothesis).
Neither displacements nor the strains changieghy 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 arefotleehave an
optimal probephantom coupling. Nevertheless, it was not possible to have exactly the same
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amount of precompression for each phantom since they were not geometrically identical
althoughtheywere made using the same mold.

The imaging planewbV SODFHG SHUSHQGLFXODUO\ WR WKH LQF
the phantom. The phantoms (103 x 31 x 74°nwere considered aally-symmetric (along
the central axis of the cylindrical inclusion-&xis)), which allowed us to neglettie no-
axial (laeral and out of planecomponents of the displacement due to compresaibaach
compression step, the medium displacement and the shear wave speed were quantified by
using the SE and the SSI technique respectively. This procedaltewed to quantify

displacements, strains, stresses aodlinearshear modulus maps.

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

5.2.3 Imaging techniques and finite element simulation

The dynamic and static elastography experiments were performed simultan@besly
entire procedure can be summarized as foII@' 5.3):

1. A conventionalUS 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 sechifslimage acqued after compression
(postcompression 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, corregpondin
to a strain step'(0.

4. A conventionalUS image is acquired (posbmpression image) which is cress
correlated with the one obtained at 1.
The previous procedure was followed at each compression step. The axial

displacements were small enough to minimize negative effects of signal decorrelation
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caused by larger compressions. The total static sti@ih dorresponds to the summation of
the static strain at each static compression sté(Eq. 8), whereN represents the number of

compression steps.
Yo L Afg Y 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 tehnique, 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 atic elastography
technique

In order to retrieve the displacement induced by the compression, the static
elastography technique developed by Ogghiial. was used. As mentioned before, the
probe and the commssion plate were placed on the top of each phantom to applysiatsi
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 successiBescans The 2D strain field ) was computed as the first

derivative of the displacement fieldlalong the axial plane {axis) (EqQ. 5).

L= Eq.9
5.2.3.3 Stress computation combining static elastography and SSI measurements

The differentially applied stress 1 was retrievd through the simplified form of
+RRNHTV HTXDWTHsalloydd the direct computation of the stress from the
PHDVXUHPHQW RI WKH PDWH Wand &ifam ' LAReahIhHvpreRigrseX V

by means of dynamic and static elastographpeetively.
ceL sy Eq.10

Then, the cumulative stress was calculated by applying a simple integraNover

acquisition steps (Eq.7).
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8L Al Eq.11

5.2.3.4 Nonlinear shear modulus (A) calculation

Due to the combination of the SE arm tSSI techniques, the evolution of the local
shear wave speeds €) as a function of the uniaxial stress could be estimated for each pixel
on the imaging plane. Then, using (E), the slope of the linear behavior of the shear
modulus as a function dhe appliedstress gives directly the nonlinear shear modAluAt
last, a 2D map of was obtained by linearly fitting all the pixels at the same posdiothe

images acquired at each compression. step

Fig 5.3|summarizeghe procedure followed to retrieve the nonlinear shear coefficient

IURP WKH LQLWLDO SRVLWLRQ ZKHQ QR VWUHVYV KDV EHHQ
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Fig 5.3. Calculation of thethird ordernonlinear shear coefficient by combrig 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 vertieaigz
strain and stress fields different compression steps. Half of the samples were meshed using
8 nodes hexahedrahaped elements. Theesh 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®* 7KH PDWHULDOV ZHUH FRQVLGHUHG DV OLQHDU HODVW
FRUUHVSRQGHG WR WKH YDOXHV PHDVXUHG DOAW49¥9UR VWU
(quastincompressible 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 samplesconstrained along
the vertical axisy-axis). Constraining the nodes on the lower boundary from moving in the y
direction, while allowing them to move freely in thediection simulated perfect slip
boundary conditions. The radial of the sample egmamin the X2 plane was allowed. The
displacement was blocked along thaxis for the plane = 0 (middle of the width) as well as
the displacement along tlzeaxis for the plane = 0 (middle of the depth). Thus, a quarter
symmetry in thexzplane wasassumed toeducethe simulatbn 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 irgtn and three containing a hard inclusion were

built to perform the experiment§hose phantoms were numbered from 1 to 3 for each time of

inclusion|Fig 5.4|contains the Bnode images and the shear velocity maps for a harda(vll)
a soft phantom (#2pbtained with the SSI techniquEHIRUH FRPSUHWgLREQ 1

presents the shear modulus maps for a hard phantom at the initial positiaiteadL. mm,

5% and 10% compression. The color scales aepie 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) anW KHDU YHORFLW\ PDSV ERWWRP DW JHUR VWUHVYV
hard phantom #1The contrast in the shear velocity between the inclusions and the media is evident on the shear
velocity maps.

Fig 5.6| contains the sheamodulus values at each compression step for the hard

phantom #1 presented|ifig 5.5|and for thesoft phantom #1. These values were obtained by

calculating the mean value within a window with an area of 2.5 x 5 forrthe inclsions

and 7 x 10 mrhfor the media. Tr1§ig 5.5|andFig 5.6|show a decr&sein the shear modulus

within the hard inclusion and its surrounding medium due to the applied comprédsson.
oppositeoccurredwithin the soft inclusionwhose shear modulus begun to shaipbrease
once WKH FRPSUHVVLRQ UH D kKit@ly, onemiayhdve thought that the
medium surrounding thesoft inclusion would become stiffer with the compressions.
Nonetheless,tiseems that even a small difference in the shear modulussdffeatnedium
response to thstress, as the medium elasticity increased with the compressiensas the
soft inclusionelasticity decreased’ he shear modukt zero stress fdhe soft inclision and

its surrounding medim were 4.2 kPa and 8.0 kRaspectively
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Fig 5.5. Shear Modulus maps at different compression stephédoKDUG SKDQWRP D O E O
F O DQG G Tb@e compression causes a change in the shear modulus for the hard inclusion and the

surrounding material.

Fig 5.6. Shear Modulus values different compression steps for thard phantom #Iinclusionr), soft phantom
#2 (inclusion) and hard phantom #Imedium. The mean values and standard deviations were calculated on a
window of 10 mf The shear modulus behaves differently for the hardsafdinclusion, 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 tnm (3.3%)axial compression.
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Fig 5.7. Experimental top) and simulatedk{ottorm) cumulative strain maps of both phantoms after 1 (3u3f0)
compression for theoft @) and hard (b) inclusion. The color bars ardimensionless for both the experina¢nt
andthesimulationresults

The experimental strain valye2.8% for the hard inclusion and 3.5% for its

surrounding material are in very good acco@with the simulation resultgsith 2.5% for

the inclusion an®.5% for its surrounding materigf¢ble5.1). The experimental values were

obtained by calculating the mean value and standard deviation within a window with an area
of 10 mnf for the inclusions the media. The strain within Haed 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 wgsastuniform and similar in magnitude.

Table5.1. 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  4.00 £ 0.04 2.70+ 0.01 3.10+ 0.03 2.80+ 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 cumulativestress maps

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

phantoms afterl mm (3.3%) uniaxial displacement It can be seen #h there isgood
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accordance between the experimental and simulated im&gsns of stress magnitugi€able

5.2) and distribution[Fig 5.8). The experimental stress values, W28 + 0.02 kPa for the

hard inclusion and 0.80 + 0.01 kRa its surrounding materialr@ in vely good accordance

with the simulation results, with 1.21 kPa for the inclusion and 0.97 kPa for its surrounding

material. The values contained|Trable 5.2| were retrieved by calculating the mean value

within a window with an areaf 4 x 4 mnf for the inclusions and 4 x 8 nfrfor 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 stresswas quasuniformly 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 afterOeachm (.33%)
compresion step with no significant difference observed between thikerent time point

measurements.

Fig 5.8. Experimental (top) and simulated (bottom) cumulative stress maps of both phantoms after 1 mm
(3.3%)canpression for theoft @) andhard (b) inclusion. The colobars are in kPa for experimaitandthe
simulationresuls.
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Table5.2. Experimental and simulatediluesfrom cumulative stresmapsfor bothphantoms after 1 mi3.3%)
axial compression.

Cumulative Stress [kPa]

Soft phantom Hard phantom
Incl. Med.top  Med. side Incl. Med. top  Med. side
EXF\’/%'&ima' 0.49 +0.01 0.71+0.01 0.99+0.01 1.23+ 0.02 1.27 + 0.03 0.80 + 0.01
Mean vale of 0.81 0.91 1.09 1.21 1.15 0.97

nodal stresses.

5.3.3 Nonlinear shear modulus maps in agagelatin phantoms

The phantoms were compressed until the stress applied induced an @op'yhin

the media and the ingdions, entering the nonlinear region. This allowed the quantification of
the 2D nonlinear shear modulus maps after a cumulative displacen@emino{19.8%) and5

mm (16.5%) for the soft and hard inclusion respectivgiygy(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 windaw with an area of 4 x 4 mhifor the inclusions and 4 x 8 nfrfor the media. As
an examplethe obtained nonlinear shear modulias the inclusion for the soft phantom #2

and hard phantom #f&as-11.7 + 2.4 kPa ant¥46.8 + 11.7 kPa respectively.

Fig 5.9. Nonlinear shear modulus maps aftar absolute axial compression of: &@)mm for the sofphantom #2
andb) 5 mm for the hard phantom #1

Table5.3. Linear and nofinear shear modulusaluesafter 6 mm axial compression fatl the soft and hard
inclusion phantoms

Nonlinear Shear Modulus [kPz Linear Shear Modulus [kPa
Inclusion Medium Inclusion Medium
Soft Phantom#1 -74.9+5.6 348+5.5 46+0.2 17.5 +0.7
Soft Phantom#2 -11.7+2.4 29.4+85 52+0.2 178+ 15
Soft Phantom#3 -11.1+15 1619+ 7.7 56+0.2 26.4+ 1.6
Hard Phantom # 1 146.8 + 11.7 425+ 49 16.3+1.1 8.1+0.2
Hard Phantom #: 229.8+ 7.3 61.2+4.1 24.1+0.9 125+ 0.3
Hard Phantom #: 228.0+ 12.1 80.9+ 3.6 225+0.7 11.8+0.3

5.3.4 Nonlinear shear modulus maps irex vivobeefliver samples

Threebeefliver samples were compressed igpst of 0.1 mm until reaching %6( C3

mm) of axial compressioin the same manner as the phantoms|féigl.5.10/depicts he 2D

linear and nonlinear shear modulus maps for sample #2.
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Table5.4{presents the linear and nonlinear shear maivhlues fothethree different

samples, which were obtained lpglculating the mean value over the entire map. The

retrieved shear moduli were in good accordance withwibik of B. Arnal et al.|[37], In

which the measured shear modulus of bovine liver had a val@d bf+ 0.2kPa.

Fig 5.10. Linear shear modulus map at zero strémsa) the liver sample #2 anld) its corresponding nonlinear
shear mdulus map afteB mm compression

Table5.4. Linear and nonlinear shear modulus after 16 @3(mm) axial compression for the beef liver samples

Nonlinear Shear Modulus [kP¢ 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 Exvivoapplication

5.4.1 Ex vivostrain and stress calculation in mouse colotissues

Mechanetransduction refers to the mechanisms or processes by which cells transform
given mechanical stimuli into chemical activitincreasing evidence shewhe involvement
of mechandransduction processes in the regulation of the interplay between-retaigel
strains and state of expression of the genome in living tissues. Howeverltowisag long
term control of physiological mechanical strains from the inside of the tissues are lacking to
investigate the impact of such processes in organismsavo. Experimentsex vivo have
demonstrated that the pressure potentially assoondtbdntestinal transit or tumour growth,

triggers the development of tumours inHfwenoral transgenic mice colon tiss@.

This work is performed within the frame of a mudlisciplinary research projeat
coopeation with E. Farge and his research team (INSERNRSInstitut Curie). This
ongoing projectiimsto investigate the inveement ofthe localstreses (caused by tumour
growth on pretumoural tissuésin the developmendf such mechantransduction process
leading to oncogene expressi@therwise stated, the project aims to investigate the influence
of the stresses generated by tumour growththe triggering of mechartoansduction
processes, which may potentially lead to cancer development on thenslimgpcanceprone
tissues The goal was to developxperimentsallowing the endocytic accumulation of
magnetidiposomesn the colon of micdy natural meansand themagneticinductionof the
mechanical straing vivo for up to three month§.umourgrowth pressure was mimickdaly

the manipulation ofthe ferromagnetic fluid locally concentrated in the cellhe task
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assigned to our group consisted in udif§imaging to investigate thex vivotissue response
to shorttime (a few minutes) perturbatiorsy varying the distance between mouse colon

sampls embedded in agagelatin phantoms and a magnet

5.4.1.1 USImaging

For these experiments, ddS probe (256 elements, 1BIHz central frequengy
Vermon Francg was used. The probe was drivey the same programroke ultrafast
imaging device employed in previous experitsaeported in this manuscript.

A first US experiment aimed to evaluate the feasibility of measuring the deformation
induced within an agagelatin phantom2% by weight of agar and 4% by weightgslatin
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
SODFHG RYHU WKH SKDQW#RBJIY VXUIDFH DV VKRZQ LQ

Fig 5.11. Measurement setup ftine initial trial. Ferromagnetic liquid was injected into the small plastic tubes

(@ = 2 mm) that traversed the aggelatin phantom. The magnet TImiY) waV WKHQ SODFHG RYHU WKH
surface. The idea was to observe if the ferromagnetic-fhidgnet interaction generat@isplacement within the
phantomthat could be detected with ultrasound

A B-mode image was acquired before injecting the ferromagfietil into the plastic

tubes crossing the phantom to be used as the reference |iﬁhg@ele a)). Bmode images

were acquired after each of the tubes was filled with the fluid. The cumulative displacement

within the phantom (ble area) after injecting 0.2 ml of ferromagnetic fluid was

approximately 3um [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 itsimasiines
on the pixels closest to the tubes.
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Fig 5.12. a) Bmode images of the plastic tubes containing the ferromagnetic fluid. The image shows the
attenuation caused by the tubes; b) Displacement map. did@acement induced by the ferromagnetic
interaction within the phantom (blue zone) was of approximately 35 um. The noisy area on the displacement
map is the result of the attenuation caused by the tubes.

Fig 5.13| presentsthe daracterization of3 mm diameter magnet used in these

experiments The magnetic field strengtls igiven n kiloGauss (kG)as a function of the
distancefrom the magnetOne can appreciate that the magnetic field strength increases

exponentially as one moseloserto the magnet.

Fig 5.13. The curve depictthe magnetic field strength in kG as a function of the distance for the 3 mm diameter
magnet employed in the experiements. The magnetic field strengthsesrexponentially as one mewtoser
to the magnet.

Since the experimental results showed the feasibility of measuring -metrec
displacements caused by the magnetic interaction, the following step consisted in measuring
ex vivothe displacement with the magnetized colon of mice to subsequently retrieve the

strain and stress by using the procedure expldieéatein this chapter.
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5.4.1.2 Animal preparation
Wild-type (he#thy) and transgenic (genetically modifjedhice were used for the
expermens. To mimic pressure from inside the tissube cellswere magnetizedn vivo
following an intravenal injection of ferromagnetic fluid encapsulated into REgated
liposomesWhile the animalsvere under the effect of the anaesthedie, ¢olonwas targeted
by fixing a3 mm diametemagnet(1 T/m™) under the skin5 mm away fronthe colonﬁ

5.14{@)). The magnetdiposomeswere then injected into the colon. &magnet induced

forces (red and blue arrows) on the colon that mimic thespresforces generated as the

tumour grows largefHig 5.14{b)). The mice which received the ferromagnetic fluid injection

DQG ZKLFK FDUULHG WKH PDJQHW DUH UHIHUUHG DV 3, QM|
the ferromagnetictKLG LQMHFWLRQ EXW ZKLFK GLG QRW FDUU\ WKH
Finally, the mice which did not receive the ferromagnetic fluid injection or carry the magnet
DUH UHIHUUH GTH2Munié&nRiChwddird®he magnetdid it for a period raging

between 1 week to 3 months.

Fig 5.14. Targeting the colon by positioning the magnet. a) In order to concentrate the ferromagnetic liposomes

into the colon tissue, 8.3 cm magnet is ventrally applied onwW KH FRORQ LQ EODFN LQ WKH 3LQ
anesthetized mouse before intranally 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 elievedthat endocytosis at the cellular level protect the ferromagnetic
particles from the immune systeandliver digestion for about two tthree months, which is

the timerequiredby a mouse colon tumour to deve||[39 . Additionally, it has been prowve

that implantatia of cells having internalisettagnetic liposomes through endocytesivivo,

show stable accumulation of magnetic fluid in the living cells on the time scale with no wash

out on the 3 monthis vivg[40].

The magnetizectolons of severalVild-type and transgenimice were extractedfter
sacrificing the animal$n order to performex vivomeasuremest Each colon sample was
placed in aragargelatin phantom(2% by weightof agar and 4% by weight of gelatinA

small magne{5 mm in diameteryvas axially approached towards tlo®lon in steps of 0.5
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mm until completing 3 mm o&bsoluteaxial displacementig 5.15/depicts the experimental

setup.

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 towadlsrtlie steps of 0.5 mm.

Fig 5.16|displays a representativeBode image and the corresponding displacement

map for a transgeniccolon sample2 months after the ferromagnetic injecticafter an
absolute axial displacement of 3!rmThe area were the colon was placddrk blue area
presengd the highest amount of displacemevith approximately 35um, whereas thenean
displa@ment for the resdf the phantom waapproximatelyl8um. These valuewere in very
good accordance witthé onesobtainedin the experiment performed with the plastic tubes

filled with the ferromagnetifuid.

Fig 5.16. A mouse colon sample 2 months after the ferromagnetic injection; a) -fiiedB image showseh
sample and the magnet; b) Displacement map after 3 mm of absolute axial displacement. The mexn value
displacementwithin the colon (dark blue area) and the rest of the phantom @fa35 um and 18 pm
respectivelyThedisplacement maps have a resolataf about 0.2 mm

Having provedhe feasibility of accurately measuring miaretric displacementgx
vivo measurements were performed Wild-type and transgenic mouse colon samiptes
retrieve the cumulative straifdeformation and stresswithin the samplesafter a given

amount ofaxial compressior{Fig 5.17|containsthe strain mapdor different transgenic colon

samplesafter an abdate axialcompression of 3 mnFig 5.17(a) Control(no injectionho

magnet)|Fig 5.17(b) Injected (injection/no magnetiand,|Fig 5.17(c) Injected+ Magnet

(injection + magnét The experiments were performed 2 months after the ferromagnetic fluid
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injection (in the caseRI WKH 3, QMHFWHG™ DQG WKH 3 TédalBnNH G 0D.
encircled bythe dottedine window on each mapghe corresponding sample elasticity and
stressvaluesare displayed below each strain m@ipe strain is denoted by the colehar in

percentage (%).2QH REVHUYHV WKDW WKH 3&RQWURO™ DQG WKH 3,
presented the minimum and maximum stress sewath 166.4 + 405.9 Pa and 1.02 + 0.15

kPa respectively

Fig 5.17. Stran maps for different kinds of transgenic colon samp?emonths (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 ferromagnet€lfilG LQMHFWLRQ LQ WKH FDVH RI WKH 3,Q1
ODJQHW™ VDPSOHV 7KH FROR €ing Windo@y Bh €hREOntd @ Thé cdfriédpoziRy\savidIS

elasticity and stress values are displayed below each strain Wep strain is denotk by thecolour-bar in

percentage (%)2QH REVHUYHV WKDW WKH 3&RQWURO™ DQG WKH 3, QMHFWHG

minimum and maximum stress levels with 166.4 + 405.9 Pa and 1.02 + 0.15 kPa, respectively.

5.5 Discussion

The combination of convéional US and quantitative elasticity images obtained with

the SSI technique provides a very useful tool for the characterization of tissue mechanical

propertiesas shown ifFig 5.4 Here, the high contrast inasticity betweenhte 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 modulussgireeess to the estimation of local stress
valuesthrough +RRNHfV ODZ ZKLOH VWUDLQ LPDJLQJ LV SHUIRUF
SSI technique which was here demonstrated to lead to quantitative nonlinear elasticity
(Landau coefficientymaging. In the future, tis method couldorobablybe implemented on
standard imaging probes driven by ultrafa$® scanners which would make it easily
transferrableto clinics. Moreover, the presented setdpes not require the use of force
sensors in order to estimdtee 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 § to keep the material within its linear regime, allowed the redtiet/
WKH <RXQJYV PRGXOXV DQG WKH XVH RI +RRNHYV ODZ WR
consecutive stepsThe experimental shear modulus values for the hard inclusions were

positive and drastically decreased with increasing axial compredsiom 163 + 1.1kPa at
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zero stress to 114 0.7kPa at 6 mm compression) as seen in the experiment descijibied in

5.6| For the medium, the shear modulus slightly decreased (from @.1kPa at zero stress

to 6.3+ 0.1 kPa dter 6 mm compression) with the same increasing compression. On the
contrary, the shear modulus within the soft inclusion steadily increased4f8xr0.2kPaat

zero stresso 8.0 £ 0.2kPa) when the compression reached 6 n®h9%). Forthe ex vivo

liver samples,the retrieved shear modudire retrieved with a good accordance with the
literaturg[37].

One can clearly verify in the phantom experimental results that the shear modulus of a
tissue mimickng 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 mapgsg5.7), 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,igfhcould 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 shdalusavere found to be
GLUHFWO\ SURSRUWLRQDO WR WKH PDWHULDOYV VKHDU PF

shear modulus of a material, the higher the stress and its nonlinear shear mod{ifig [(see

5.8). The hard inalsion 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 agagelatin concentration (2% A 5% G). The stress for the medium
surounding the soft and hard inclusion after 1 mm compressas0.99+ 0.01kPa and 0.8

+ 0.01kP3g respectively(seg¢Table5.2

The results of the experiments performed on phantoms tatl agcordance with the

simulations as seen|kig 5.7|andFig 5.8] The difference between the strain and stress levels

around the inclusions was very small and may have been caused by two factors.t&irstly
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 compreSgie simulation
software assumes the medium to be perfectly isotropic and without any kind of nonlinearity.

The estimation of the nonlinear shear modulus in-ggéatin phantomsvas found to

be reproducible and its standard deviation remained below{Idbte5.3).The resolution of

the nonlinear shear modulus mgE@ mm) was comparable tthat oneof the shear modulus

maps Both hard and soft inclusions were easily identified as sq€igib.9| The nonlinear

parameter was found to be negative for the soft inclugrespectively-74.9+ 5.6 kPa,-11.7
99



Chapter5. Nonlinear shearelasticparametemuantification

+ 2.4 kPa and11.1 + 1.5 kPdor the different softphantom} and positive for the hard
phantoms(respectively 146.8& 11.7 kPa, 229.8 + 7.3 kPa and 228.0 + 12.1 fkPdhe
different hard phantoms

The retrieval of the nonlinear shear mhguin ex vivobeefliver samples was also
reproducible. The nonlinear shear modulus values were negative for all the samples, with a
mean value 0£335.9 + 53.9 kP@. Interestingly and opposite to what happened in
agargelatin 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 dliestireports ofex
vivo nonlinear shear modulus quantification in liver samples.

A point of particular interest lies in the fact thaetnonlinear shear modulus is a very
sensitive parametavhich rapidly affected the shear wave speed in our experimé@mscan
take benefit of this sensibility. Indeed, contrary to a conventional approach eter®uld
try to estimate the stress/strain curve at high strain values (>10%) in order to retrieve the
nonlinear parametetr RRNHYV ODZ ZDbevetiRréx@ve ¥¥ strésBeld between two

consecutive compression step$ )X and notto retrievenonlinearity(Fig 5.3). This value of

stress was subsequently used to calculate the nonlinear parameter by applying the
mathematical development presented in &,daking into account the displacement iroeal

within the medium by the shear wave propagation and the quasi static compregsieis (

Qtati). Thus, to retrieve the nonlinear shear modulus parameters it is not necessary to enter the
nonlinear region of the stresgrain curve. One can retrietiee 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 thedinfitting of Eg.5 in order to avoid an erroneous

or an inaccurate value for each pixel of the 2D nonlinear shear modulusImémpe
experiments presented in this chapter on phant@dssmall compression steps of 0.33%
were sufficient to reach accurastimates of the nonlinear shear modulus.

The use of this concept fan vivo medical applications will require acquiring
guantitative shear modulus maps fast enough during a-spaisi compression of the
investigated organ. The Supersonic Shear Intatgohnique can retrieve a quantitative shear
modulus map deep into tissues in less than some milliseconds and consequenilg not
representa limiting factor for clinicalexperiencesThe estimation of successive strain and
stress maps during the agkstatic compression euld only require the real time
implementation of interleaved sequences of SSI imaging and strain imaging, which is not a
technical issue on the programmakl& scanners Aixplorer, Supersonic Imagineédix en

Provence, France) usedour experiments.

100



Chapter5. Nonlinear shearelasticparametemuantification

Even though he ex vivoexperiments orcancerousmice tissuessamples produced
encouraging resultshese are only preliminary results of thisgoing project.The technique
employed was able to measurero-metrical displacements arlderefore, retrieve the stress
applied to theissue Neverthelesst needs to be improved in order to be able to periorm
vivo measurementdmagingin vivo organs such as the colgan arduous tastue to being
very small (approximately 1 mm in dreter) and difficult to distinguish within the body.
Currently, ex vivoexperiments are being performed on wige and transgenic mice. The
results show that the transgenic mice are more prone to develop cancestasauesult of
the stress induceldly the magnetic interaction between the ferromagnetic liopjéatted into
the colon and the subcutaneouglgced magnet.

The presentedetup is a part of a bigger projeathich aimsshow the influence of
applied stresses on cells in cancer developnkertire works wouldncludefinding a way to

implement this technique vivoin preclinical and clinical studies

5.6 Conclusion

The combination of Supersonic Shear Imaging and static elastogedipimed to
provide quantitative mapping of the nonlinear &tity parameter in soft tissues. Such
guantitative mapping is possible thanks to the acoustoelasticity theory. By estimating the
variationsof the shear wave propagation speed during a static compression of the medium, it
is possible to retrieve the nomdiar 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 gkatin 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 resolUfimnthe first ime, the
nonlinear shear modulus ekvivo liver samples was reporteds expected, for an important
amount of applied stress, the elasticity of biological tissues was found to be strongly
nonlinear. Although we havelemonstratedthe feasibility to quantiy stress and shear
nonlinearity in soft phantomandex vivo liver samplesit would be necessary to perfoim
vivo studies to validate these results before clinical investigatcamstake place.The
capability of the technique to retrievex vivovery small deformationse(g. 0.03%) in colon
tissue sampleswas demonstratedand open the path for futurex vivo and in vivo
applications. Nevertheless,in vivo measurements would demand improvements on the
technique, which once accomplisheauld be appliable to any other biomedical approaches

requiring an internal control of the tissue presgargivo. For instance, numerous diseases
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such as osteoporosis and potentially immune system disorders are associated with issues in

mechanetransduction processgdl].
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General Conclusion

General Conclusion

This work represents a step forward in the characterization and understanding of
humancancertumours.

3D-US has confirmed its potential in the visualization lafman breast cancer
tumours. Aquired3D volumetric Data together witBD display features might deliver new
and beneficial diagnostic information specially on the coronal plane of breast pathology,
contributing to a highresolution morphological assessrére of magnificationAlthough in
most of the studied cases the MBsed tumour volumes were slightly higher than the 3D
US-based ones, both volumegere in very good agreemeridditionally, 3D-SWE has
shown to be in importartbol for the charactezation of breast cancer tumours, as it affer
accesdo theentire 3D tumour elasticity distributionrMoreover, 3DSWE also provedo be
an excellent complementatgchniqueto 3D-US in the monitoring ofpatientsundergoing
chemotherapy treatmeifidr breastcancer lesionsThe clinical study showed thatimour
elasticity and tumour volume drasticallgecreased during the chemotherapy treatnnent
almost all the studied cases

The preclinical study performed on mige which a human breast carcinommendel
had been implantedshowed that for this particular mdde&mour size and tumour elasticity
were very well correlated. umour elasticityand tumour heterogeneigeemed to increase
with tumour size during the growth phasé&his preclinical study also proved thatimour
elasticity waswell correlated with theproportion of necrosis, cellular tissue, and fibrosis
present in the tumouduring the growth phase. Tumour size seemed to decrease during the
chemotherapy treatment. Nevertheless tieiag did not show ay marked tend

US wassuccessfully used to monitor the human colon cancer tumour response to the
antivascular therapylhe treatmenseemingly hampereimourgrowth. This was evidenced
by the fact that the untreated tumours reacmeth higher volumes than the treated ones
Nonetheless, the study did not allow to conclude whether the antivascular treatment had an
effect on the tumour elasticityas treated and untreatexttopi@lly and orthotopially
implanted tumourspresented simdlr elasticity valuesThe measuremesitof the tumour
elasticity wereaffectedby the tumourV Wast necrotic coregenerally present from the twelve
dayin most of the mice

The combination of Static Elastography and the SSI techmgrraittedthe retrieval
with very goodprecisionof thefirst knownquantitative 2BnonlinearShearelasticity mapsn
tissue mimicking phantoms and liver beef sam@gsusing the method developed to retrieve
shear nonlinearity, micrmetrical colon tissue disptaments and stresses (a few Pascals)

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

The outlook for this work seems promisinghe 3D-US and 3DSWE appearto have
great applicability in cancer tumouragnosisandin the monitoring ofpatients undergoing
chemotherapy treatment

Future echographic devieeould offer the calculus of the tissusonlinear shear
elasticityonce the techniqueresented in Chapterias been testad clinical studies
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