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"Nothing in life is to be feared; it is only to be
understood."

Marie Curie
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Abstract

The structural microarchitecture of soft tissue is getting attention among
the biomechanical engineering community and rising interest in clinical dia-
gnosis in a broad spectrum of specialities. The new scientific concept of
torsional wave ultrasound will enable the in vivo and noninvasive quanti-
fication of a new class of biomarkers. These biomarkers, which are direct
measures of tissue mechanical properties, are intimately related to the struc-
tural microarchitecture of soft tissue and ideal for diagnostic applications.
This vision will be enabled by the unique technology proposed here that
generates and senses torsional waves in tissue. The breakthrough that this
new generation of physical-mechanical biomarkers implies will have a long-
term impact. The elastic functionality of tissues is intimately linked to a
variety of pathologies. Its quantitative measurement in vivo constitutes a
disruptively new diagnostic principle proposed only recently. Well beyond
birth and labour disorders (prematurity, induction failures, placenta, etc.),
it has enormous potential of being extended to diagnose a growing range
of highly prevalent pathologies, including solid tumours (e.g. prostate, cer-
vix, breast,melanoma), connective tissue disorders (ligament injuries, ageing
disorders), and liver fibrosis, to name a few. Quantifying the elastic func-
tionality of the cervix is currently not a standard diagnostic tool since no
elasticity quantifying technologies exist currently or are still under early
research. One of the most important potential torsional wave device applic-
ations will reduce infant mortality and childhood morbidity. By quantifying
biomechanical properties of the cervix in at-risk women, sufficiently early
detection of preterm birth may be identified so that suitable interventions
can be implemented to delay birth. The noninvasive in vivo quantification
of the biomechanical properties of the cervix will be the clinical focus of this
project. This will be accomplished by combining the underlying theory, the
technological advances necessary for a proof-of-concept torsional wave dia-
gnostic probe, and model-based inverse algorithms to reconstruct the cervical
stroma microarchitecture to predict its elastic evolution, and hence predict
its structural ability to dilate. Finally, and most importantly, this project
broadens the scope of applications, paving the way to any situation related
to modifications of the collagen mechanics, like mechanobiological cell sig-
nalling, controlling tumour growth, inflammatory and healing processes, etc.,
and opening a new and broad field of research with impacting applications.
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The research group to which I belong has developed the torsion wave elas-
tography technique and has patented an isotropic sensor that has been
validated in vivo by measuring under different conditions (pressure and
angle of incidence) in pregnant women and non-pregnant volunteers. At
the same time, the validation was done against a rheometer with ex vivo tis-
sue samples. My contribution to the work focuses on validating the sensor
against the gold standard: shear wave elastography using a 256-channel
verasonics vantage system. The validation was concentrated at the begin-
ning employing tissue-mimicking phantoms, animal tissue; liver, and breast.
When the SWE technique was managed, I focused on ex vivo samples of
the human uterine cervix due to the difficulty of obtaining these samples.
Viscoelastic biomarkers were determined from cervical tissue by fitting four
rheological models. As far as we know, these results asre the only values
that have been presented using this technique. an additional step was to
explore how does the sensor behave by measuring tissues consisting of sev-
eral layers, ie: epithelial and conective. Being the fist much thinner than
the second. Therefore, to check the type of waves propagating in shell-like
elements, a new sensor was designed to measure corneas and have a con-
cave shape. The torsion wave elastography technique could detect tissue
changes due to pathology/damage and was equally validated against shear
wave elastography and tensile machine tests. The results agree pretty well.
Another contribution is to investigate soft tissue anisotropy by designing
and programming validation experiments of a sectorized torsion wave sensor
with three channels, capable of measuring in a single batch in three differ-
ent directions. Finally, the non-linearity of the cervical tissue was explored,
and it was adjusted to a proposed NL model and compared with the models
present in the literature.
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Resumen

La microarquitectura estructural de los tejidos blandos está recibiendo aten-
ción entre la comunidad de ingenieros biomecánicos y está aumentando el
interés en el diagnóstico clínico en un amplio espectro de especialidades. El
nuevo concepto científico de ultrasonido de ondas torsionales permitirá la
cuantificación in vivo y no invasiva de una nueva clase de biomarcadores.
Estos biomarcadores, que son medidas directas de las propiedades mecán-
icas de los tejidos, están íntimamente relacionados con la microarquitectura
estructural de los tejidos blandos y son ideales para aplicaciones de dia-
gnóstico. Esta visión estará habilitada por la tecnología única aquí prop-
uesta que genera y detecta ondas de torsión en el tejido. El gran avance
que supone esta nueva generación de biomarcadores físico-mecánicos tendrá
un impacto a largo plazo. La funcionalidad elástica de los tejidos está ín-
timamente ligada a una variedad de patologías. Su medición cuantitativa in
vivo constituye un principio de diagnóstico disruptivamente nuevo propuesto
recientemente. Mucho más allá de los trastornos del parto y del parto (pre-
maturidad, fallos de inducción, placenta, etc.), tiene un enorme potencial de
extenderse para diagnosticar una gama cada vez mayor de patologías de alta
prevalencia, incluidos los tumores sólidos (p. trastornos de los tejidos (le-
siones de ligamentos, trastornos del envejecimiento) y fibrosis hepática, por
nombrar algunos. La cuantificación de la funcionalidad elástica del cuello
uterino no es actualmente una herramienta de diagnóstico estándar, ya que
actualmente no existen tecnologías de cuantificación de la elasticidad o aún
se encuentran en fase de investigación inicial. Una de las aplicaciones de
dispositivos de ondas torsionales potenciales es la reducción de la mortal-
idad infantil. Al cuantificar las propiedades biomecánicas del cuello uterino
en mujeres en riesgo, se puede identifiar con una detección suficientemente
temprana el parto pretermino para que se puedan implementar las interven-
ciones adecuadas para retrasar la fecha del parto. La cuantificación no invas-
iva in vivo de las propiedades biomecánicas del cuello uterino será en enfoque
clinico de este proyecto. Esto se logrará combinando la teroría subyacente,
los avances tecnológicos necesarios para una sonda de diagnóstico mediante
ondas torsionales, de prueba de concepto y algoritmos inversos basados en
modelos para reconstruir la microestructura del estroma cervical para pre-
decir su evolución elástica, y, por tanto, predecir su capacidad estructural
de dilatar. Finalmente, este proyecto amplía en campo de aplicación, al-
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lanando el camino a cualquier situación relacionada con modificaciones de
la mecánica del colágeno, como la señalización celular mecanobiológica, el
control del crecimineto tumoral, los procesos inflamatorios y de cicatriza-
ción, etc. y abre un nuevo y amplio campo de investigación con aplicaciones
impactantes.
El grupo de investigación al que pertenezco ha desarrollado la técnica de
elastografía por ondas de torsión y ha patentado un sensor isotrópico que ha
sido validado in vivo midiendo en diferentes condiciones (presión y ángulo
de incidencia) en mujeres embarazadas y voluntarias no embarazadas. Al
mismo tiempo, se realizó la validación frente a un reómetro con muestras
de tejido ex vivo. Mi contribución al trabajo se centra en la validación del
sensor frente al estándar de oro: la elastografía de ondas de corte utilizando
un sistema ventajoso verasonics de 256 canales. La validación se concentró al
principio empleando fantasmas que imitan el tejido, tejido animal; hígado y
mama. Cuando se manejó la técnica SWE, me concentré en muestras ex vivo
del cuello uterino humano debido a la dificultad de obtener estas muestras.
Los biomarcadores viscoelásticos se determinaron a partir de tejido cervical
ajustando cuatro modelos reológicos. Hasta donde sabemos, estos resulta-
dos son los únicos valores que se han presentado utilizando esta técnica. Un
paso adicional fue explorar cómo se comporta el sensor midiendo tejidos con
diferentes capas, epiteliales y conectivos. La primera capa es mucho más
fina que la segunda. Por tanto, para comprobar el tipo de ondas que se
propagan en elementos con forma de concha, se diseñó un nuevo sensor para
medir córneas y tener forma cóncava. La técnica de elastografía de ondas
de torsión pudo detectar cambios en los tejidos debido a patología / daño
y fue igualmente validada contra pruebas de elastografía de ondas de corte
y máquinas de tracción. Los resultados concuerdan bastante bien. Otra
contribución es investigar la anisotropía de tejidos blandos mediante el dis-
eño y programación de experimentos de validación de un sensor de ondas
de torsión sectorizado con tres canales, capaz de medir en un solo lote en
tres direcciones diferentes. Finalmente, se exploró la no linealidad del tejido
cervical y se ajustó a un modelo NL propuesto y se comparó con los modelos
presentes en la literatura.
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Ē3 Average value of the electric field
d Piezoelectric coefficients matrix





CONTENTS xv

Contents

Abstract v
Resumen vii
Abbreviations ix
List of symbols xi
List of figures xvi
List of tables xx

I INTRODUCTION 1
1 Introduction 3
1.1 Project rationales and goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3
1.2 Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3
1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4
2 Preliminary concepts: Biomechanics of soft tissue 5
2.1 Human uterine cervix as a biomechanical structure. . . . . . . . . . . . . . . .6

2.1.1 The cervix during pregnancy. . . . . . . . . . . . . . . . . . . . . . . . . . . . .6
2.1.2 Evaluation of cervical biomechanical properties. . . . . . . . . . . .10

2.2 Cornea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .15
2.3 Torsional waves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .16
2.4 Transverse wave propagation on bounded media . . . . . . . . . . . . . . . . .17
2.5 Shear wave propagation in anisotropic media . . . . . . . . . . . . . . . . . . . .18
2.6 Non linear shear elasticity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .21

2.6.1 Theory of Hyperelastic Models . . . . . . . . . . . . . . . . . . . . . . . . . .23

II METHODOLOGY 27
3 Torsional Wave Elastography (TWE) 29
3.1 Sensor design and measurement configuration . . . . . . . . . . . . . . . . . . .29

3.1.1 Isotropic TWE sensor: model for Human uterine cervix . . . .31
3.1.2 Isotropic TWE sensor for Cornea samples . . . . . . . . . . . . . . . .32

3.2 Anisotropic TWE sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .33
3.3 Reconstruction of mechanical biomarkers . . . . . . . . . . . . . . . . . . . . . . .33

3.3.1 Viscoelasticity and anisotropy of tissue mimicking phantoms36
3.3.2 Viscoelasticity of ex vivo chicken liver and breast samples . .36



xvi CONTENTS

3.3.3 Viscoelasticity and anisotropy and nonlinearity of ex vivo hu-
man uterine cervix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .36

3.3.4 Viscoelasticity of ex vivo porcine cornea samples . . . . . . . . . .36
3.4 Safety of torsional waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .37
3.5 Validation of TWE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .37

3.5.1 Against SWEI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .37
3.5.2 Via mechanical tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .39

III EXPERIMENTAL RESULTS 47
4 Quantification of the mechanical biomarkers via TWE 49
4.1 Estimating tissue viscoelasticity of: . . . . . . . . . . . . . . . . . . . . . . . . . . . .49

4.1.1 Ex vivo chicken liver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .49
4.1.2 Ex vivo human uterine cervix . . . . . . . . . . . . . . . . . . . . . . . . . . .56

4.2 Viscoelasticity of ex vivo porcine cornea samples . . . . . . . . . . . . . . . . .61
4.3 Assessment of shear stiffness using anisotropic TWE probe of: . . . . .62

4.3.1 Hydrogel phantoms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .62
4.3.2 Ex vivo chicken breast samples . . . . . . . . . . . . . . . . . . . . . . . . . .65
4.3.3 Ex vivo human uterine cervix . . . . . . . . . . . . . . . . . . . . . . . . . . .65

4.4 Nonlinearity of cervical tissue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .65
4.4.1 Effect of applied pressure on the shear stiffness of ex vivo human

uterine samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .65
4.4.2 Comparison between Hyperelastic Models . . . . . . . . . . . . . . . .65
4.4.3 Shear Modulus Estimation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71

IV CONCLUSIONS AND FUTURE WORKS 75
5 Discussion and conclusions 77
6 Limitations and directions for the future 85
Bibliography 87



LIST OF FIGURES xvii

List of Figures

2.1 Human uterine cervix location . . . . . . . . . . . . . . . . . . . 7
2.2 Collagen changes during pregnancy. a) Collagen content (b)

Collagen solubility c) Collagen synthesis evolution . Adapted
from [1] (CC BY 4.0.) . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1 Set-up for measurements using TWE technique. The picture
was taken during the measurements at the Ultrasonics Lab
at the University of Granada. The figure on the left is a
computer numerical control (CNC) system for positioning and
pressure-control of the TWE probe. The right figure shows a
cross-section of the TWE probe. Adapted from[2]. . . . . . . . . 30

3.2 Example of an output of the analyzer software used to ana-
lyze the signals obtained from the TWE technique. The upper
left sub-figure shows the stiffness obtained at each measure-
ment frame. The lower-right sub-figure shows the theoretical
signal start. Adapted from[2]. . . . . . . . . . . . . . . . . . . . . 31

3.3 Set-up for measurements using SWEI. The picture was taken
during the measurements at the Ultrasonics Lab at the Uni-
versity of Granada. In the left image, the ex vivo liver sample
is measured while one of the hydrogel phantoms is shown in
the right image. Adapted from[2]. . . . . . . . . . . . . . . . . . 34

3.4 Procedure for tissue motion estimation using Shear Wave Elas-
tography Imaging(SWEI) technique. Adapted from[2]. . . . . . . 39

3.5 Experimental setup comprising a 500 N force gauge, gripper
jaws for holding the sample attached and a conventional cam-
era to register the loading process. Adapted from[3]. . . . . . . . 43

3.6 Three different frames from a recording of a uniaxial tensile
test in a cervical tissue sample. The tissue is stretched in the
direction marked with a red arrow. Adapted from[3]. . . . . . . . 44

3.7 (a) Mold printed with Acrylonitrile Butadiene Styrene (ABS)
to maintain the geometry of the samples. (b) Cervical tissue
sample geometry. Adapted from[3]. . . . . . . . . . . . . . . . . . 45



xviii LIST OF FIGURES

3.8 An illustrative example of cervical tissue attached to two grip-
per jaws that fix it during the uniaxial tensile test. A dashed
yellow line was used to delimit the region of interest (ROI).
The green arrows represent the displacements. Adapted from[3]. 45

4.1 Dispersion curve for the two types of samples measured, square/circle
marks are the values of shear wave velocity versus frequency
via shear wave elastography imaging (SWEI) and torsional
wave elastography (TWE) for ex vivo chicken liver samples
(top) and hydrogel phantoms (bottom). Kelvin–Voigt (KV)
fit is shown with solid lines in black color for SWEI and in
red for TWE, and 95% confidence intervals are displayed with
dashed lines. Adapted from[2]. . . . . . . . . . . . . . . . . . . . 50

4.2 Pearson’s correlation between shear wave velocities via SWEI
and TWE for both ex vivo liver samples (top) and hydrogel
phantoms (bottom) at a frequency range from 200 to 800 Hz.
Pearson correlation coefficients are 0.99767 for liver samples
and 0.99838 for hydrogel phantoms. Adapted from[2]. . . . . . . 51

4.3 The power spectrum of the shear wave tracked by the 7.8 Mhz
(L11 − 5v) transducer for the ex vivo liver sample using a
Verasonics vantage system. Adapted from[2]. . . . . . . . . . . . 52

4.4 Experimental particle displacement versus time profiles at the
focal depth resulting from the ARFI excitation. The ARFI
moves the tissue in the axial and lateral position. In this fig-
ure, each displacement trace indicates a lateral position start-
ing nearby the ARFI push focus to 24 lateral positions. Each
individual color curve indicates the lateral position of a dis-
placement trace for ex vivo liver sample II (left) and hydrogel
phantom II (right). The curves show that, at farther dis-
tances (few milliseconds after the push), the particle displace-
ment is reduced, since the shear wave dissipates. Adapted
from[2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.5 A sequence of displacement map (displacements are in meters)
of ex vivo liver sample I due to ARFI excitation. The box
represents the ROI (Region of Interest) chosen. The sequence
from A to D show the push start (sub-figure A) and the shear
wave propagation in different frames (sub-figures A-D) till its
dissipation. Adapted from[2]. . . . . . . . . . . . . . . . . . . . . 56

4.6 Stiffness values obtained from measuring via TWE the eight
ex vivo human uterine cervix samples. Each sample was meas-
ured several times at different locations. . . . . . . . . . . . . . . 57



LIST OF FIGURES xix

4.7 Group velocity values obtained from measuring the eight ex
vivo human uterine cervix samples. Sub-figures a and b refer
to Group velocity of shear waves using SWEI, while sub-figure
c displays the same results via TWE. A) The total of the eight
ex vivo samples is represented, so one can observe that the
cervical sample number 4 shows anomaly velocity values (b)
Is a zoom in from sub-figure a. . . . . . . . . . . . . . . . . . . . 58

4.8 Experimental set-up for tissue characterization using Torsional
Wave Elastography (TWE). . . . . . . . . . . . . . . . . . . . . 61

4.9 Effect of the applied pressure on the stiffness (a pressure ran-
ging from 25 to 150gr was exerted). Measurements were done
via TWE on ex vivo cervical samples. . . . . . . . . . . . . . . . 65

4.10 Experimental stress-strain relationship for cervical samples
tested under uniaxial tensile test. Solid black and discon-
tinue lines represent the connective and layer respectively.
The stress is the true stress. Adapted from[3]. . . . . . . . . . . . 66

4.11 Representation of stress–strain behavior of soft tissues. The
curve is divided into three zones: nonlinear (A), quasi-linear
(B) and rupture (C). The state of elastin (black color) and
collagen (green color) is represented at the bottom of each
zone. Adapted from[3]. . . . . . . . . . . . . . . . . . . . . . . . . 67

4.12 Quadratic regression of the Third Order parameter A of the
connective layer against the woman’s age. R2 = 0.84. Adap-
ted from[3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.13 Cubic regression of the infinitesimal shear modulus µr of the
connective layer from the Odgen model against the woman’s
age. R2 = 0.60. Adapted from[3]. . . . . . . . . . . . . . . . . . . 69

4.14 Cubic regression of the c1 parameter of the connective layer
from the Mooney–Rivlin model against the woman’s age. R2 =

0.24. Adapted from[3]. . . . . . . . . . . . . . . . . . . . . . . . . 69
4.15 Cubic regression of the c2 parameter of the connective layer

from the Mooney–Rivlin model against the woman’s age. R2 =

0.25. Adapted from[3]. . . . . . . . . . . . . . . . . . . . . . . . . 70
4.16 Cont. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.16 Comparison of the hyperelastic theoretical models with the

experimental results obtained from the connective layer of
Cervix 2. (a) The proposed nonlinear Fourth Order Elastic
Constant (FOEC) nonlinear model; (b) Mooney–Rivlin and
Ogden models. Adapted from[3]. . . . . . . . . . . . . . . . . . . 71



xx LIST OF FIGURES

4.17 Comparison between shear modulus of epithelial and connect-
ive layers using the proposed nonlinear model, the Ogden
model, and the slope of the linear region of the stress-strain
curve. The results are presented as mean ± standard devi-
ation. The light gray bars represent the epithelial layer and
the dark gray bars the connective layer. P -value obtained
from the Student’s t-test was the metric used for this com-
parison. (* p-value < 0.001). Adapted from[3]. . . . . . . . . . . 72

4.18 Comparison between the infinitesimal shear modulus (µr) of
epithelial and connective layers using the Ogden model. The res-
ults are presented as mean ± standard deviation. P -value
obtained from the Student’s T -test was the metric used. (*
p-value = 0.0016). Adapted from[3]. . . . . . . . . . . . . . . . . 73



LIST OF TABLES xxi

List of Tables

3.1 Torsional wave elastography (TWE) technique acquisition para-
meters for both ex vivo liver samples and hydrogel phantoms. . . 32

3.2 Properties of the L11− 5v Verasonics transducer. . . . . . . . . . 35
3.3 SWEI acquisition parameters for L11− 5v Verasonics transducer. 35
3.4 Obstetric characteristics of the population in the study. . . . . . 41

4.1 Shear moduli in kPa for both ex vivo liver samples and hy-
drogel phantoms obtained from torsional wave elastography
(TWE) and shear wave elastography imaging (SWEI) techniques. 53

4.2 Viscoelastic parameters for ex vivo liver samples and hydrogel
phantoms obtained from torsional wave elastography (TWE)
and shear wave elastography imaging (SWEI) techniques. . . . . 54

4.3 Viscoelastic parameters obtained from fitting the TWE res-
ults in four rheological models; Kelvin Voigt, Maxwell, Zener
and a Kelvin Voigt Fractional Derivate. Where µ is the elasti-
city in kPa, η is the viscosity in Pa.s, and α is the derivative
power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.4 Viscoelastic parameters obtained from fitting the SWEI res-
ults in four rheological models; Kelvin Voigt, Maxwell, Zener
and a Kelvin Voigt Fractional Derivate. Where µ is the elasti-
city in kPa, η is the viscosity in Pa.s, and α is the derivative
power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.5 Mechanical biomarkers: shear wave velocity and Young mod-
ulus as mean value of the five groups used in this study . . . . . 61

4.6 Viscoelastic parameters for ex vivo porcine cornea samples us-
ing Kelvin Voigt (KV) fit for the Torsional wave elastography
results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.7 Silicone phantom with aligned fibers measured by the different
channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.8 Tissue mimicking phantoms, without and with aligned and
non-aligned 3D printed fibers measured with TW sensor . . . . 63

4.9 Ex vivo chicken breast measured by the different channels . . . . 64
4.10 Ex vivo human uterine cervix measured by the different chan-

nels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64



xxii LIST OF TABLES

4.11 Results of the fits of experimental data with the proposed
nonlinear model. Shear modulus µ and TOEC A in MPa.
IQR: Interquartile Range. . . . . . . . . . . . . . . . . . . . . . . 67

4.12 Results of the fits of the experimental data with the Ogden
model. The infinitesimal shear modulus µr in MPa. IQR:
Interquartile Range. . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.13 Results of the fits of the experimental data with the Mooney–
Rivlin model. IQR: Interquartile Range. . . . . . . . . . . . . . . 68

4.14 Shear modulus estimation for the proposed nonlinear model,
the Ogden model and the slope of the linear region of the
stress–strain curve. The mean and standard deviation of the
values for the seven samples are presented in MPa. . . . . . . . . 72



1

Part I

INTRODUCTION





3

"I am one of those who think like Nobel, that humanity will draw
more good than evil from new discoveries."

Marie Curie

Chapter1

Introduction

1.1.Project rationales and goals

The research group to which I belong has developed the torsion wave elas-
tography technique (TWE) and has patented an isotropic sensor that has
been validated in vivo by measuring under different conditions (pressure and
angle of incidence) in pregnant women and non-pregnant volunteers. At the
same time, the validation was done against a rheometer with ex vivo tis-
sue samples. My contribution to the work focuses on validating the sensor
against the gold standard: shear wave elastography using a 256-channel
verasonics vantage system. The validation was concentrated at the begin-
ning employing tissue-mimicking phantoms, animal tissue; liver, and breast.
When the SWE technique was managed, I focused on ex vivo samples of
the human uterine cervix due to the difficulty of obtaining theses samples.
Viscoelastic biomarkers were determined from cervical tissue by fitting four
rheological models. As far as we know, these results are the first that are
presented using this technique. an additional step was to explore how the
sensor behaves by measuring tissues with different layers, epithelial and con-
nective. The first layer is much thinner than the second. Therefore, to check
the type of waves propagating in shell-like elements, a new sensor was de-
signed to measure corneas and have a concave shape. The torsion wave elast-
ography technique could detect tissue changes due to pathology/damage and
was equally validated against shear wave elastography and tensile machine
tests. The results agree pretty well. Another contribution is to investigate
soft tissue anisotropy by designing and programming validation experiments
of a sectorized torsion wave sensor with three channels, capable of measuring
in a single batch in three different directions. Finally, the non-linearity of
the cervical tissue was explored, and it was adjusted to a proposed NL model
and compared with the models present in the literature.

1.2.Impact

One of the most important potential torsional wave device applications will
reduce infant mortality and childhood morbidity. By quantifying biomech-
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anical properties of the cervix in at-risk women, sufficiently early detection
of preterm birth may be identified so that suitable interventions can be im-
plemented to delay birth. The noninvasive in vivo quantification of the bio-
mechanical properties of the cervix will be the clinical focus of this project.
This will be accomplished by combining the underlying theory, the techno-
logical advances necessary for a proof-of-concept torsional wave diagnostic
probe, and model-based inverse algorithms to reconstruct the cervical stroma
microarchitecture to predict its elastic evolution, and hence predict its struc-
tural ability to dilate. Finally, and most importantly, this project broadens
the scope of applications, paving the way to any situation related to modi-
fications of the collagen mechanics, like mechanobiological cell signalling,
controlling tumour growth, inflammatory and healing processes, etc., and
opening a new and broad field of research with impacting applications.

1.3.Thesis outline

This work is divided into the following sections: introduction) I will give
some basic concepts of the questions to be dealt with. a) The structure of
the soft tissues employed in this work and the techniques used to quantify
their properties will be discussed. b) the definition of torsion waves c) soft
tissue viscosity d) the propagation of shear waves in shell-like tissue and the
anisotropy of the soft tissue. Finally, I will address some data about the hy-
perelasticity of the cervical tissue. In the methodology section, I will define
step by step, a) the design of the three torsion wave sensors that are presen-
ted, how the measurements are executed, how the mechanical biomarkers
are reconstructed b) I also explain the programming sequence script done to
measure the shear waves using the gold standard in elastography, this the
data processing, and the procedure for determining the group velocities of
the shear waves. c) Finally, the methodology to validate the results obtained
against tensile tests. The subsequent sections include a classic distribution
that shows the results, discussion, conclusions, and future work.
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"I am among those who think that science has great beauty."

Marie Curie
Chapter2

Preliminary concepts:
Biomechanics of soft

tissue

The soft tissue is responsible for supporting and connecting the different
structures of the body. It can be said that almost the whole human body is
soft tissue if we exclude bones, teeth and nails, considering that they differ
substantially in their flexibility and mechanical properties. Soft tissue mod-
elling can be done on several scales, including microscopic and macroscopic.
This work deals with the second. The tissue is fundamentally composed up
of three parts, the epithelium, stroma and mesenchymal cells [4]. The role
of the different parts of the soft tissue will be addressed in the tissues that
are mainly dealt with in this thesis; the cervix and the cornea.

Soft tissue structure is considerably complex; modelling it is challenging
and requires close collaboration between the clinical and engineering com-
munities. In 2003 [5], Humphrey has summed it up, saying that it has a
nonlinear, inelastic, heterogeneous, anisotropic character that varies from
point to point, from time to time and from individual to individual.

Soft tissue shows a dynamic behaviour under the effects of an applied load,
varying from linear to nonlinear. This is why different mechanical models
have been developed to try to capture this behaviour. These models in-
clude elastic (linear), hyperelastic (nonlinear elasticity), viscoelastic (time-
dependent), and poroelastic (biphasic) types. Additionally, soft tissue can
be characterized depending on its homogeneity and isotropy.

In this chapter, some brushstrokes are given to introduce the theoretical con-
cepts treated experimentally in this thesis. Additionally, biomechanical ex-
planations concerning the structure of the organs that have been explored to
validate the proposed torsional wave technique experimentally are included.
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2.1.Human uterine cervix as a biomechanical structure

The possibility of getting specimens of cervical tissue is limited to scientific
cases and at-risk only. Therefore there is no availability of considerable
numbers of samples, which limits an adequate breakthrough in the charac-
terization of the aetiology of the cervix. The mechanical response in tissues
such as the cervix is governed by its collagen structure. Several biological and
mechanical changes cause disorientation in this structure during the gesta-
tion period, going from cross-linked fibres to just connected fibrils. Linking
the variations on a microscopic biological scale to a macroscopic mechanical
scale to achieve a multiscale approach to the problem becomes a valuable
tool. Currently, there is no available clinical tool to evaluate the cervical bio-
mechanical state quantitatively. For this reason, the WHO (World Health
Organization) calls for innovation and research.

2.1.1.The cervix during pregnancy

� Anatomy and physiology of the cervix: From the moment a wo-
man gets pregnant, biological changes occur; it is well known that
these changes came from the combination of the growing pressures ex-
erted by the fetus and endocrine processes that involves remodelling
of the cervical tissue. It begins with biochemical reactions that af-
fect the morphology of the tissue to the point of changing mechanical
properties. The cervix serves two different functions: First, to protect
from invading organisms from the vagina and maintain the fetus in-
side the uterus until the time of labour, behaving like a sphincter-like
structure[6]. Second, move from a stiff mechanical barrier to a com-
pliant structure that can dilate [7], serving as a guide to leaving the
mother.

The cervix is the cylindrical-shaped fibrous organ located in the lower
part of the uterus, around 3 cm in length and 2cm in diameter[8] see
Figure2.1. It is covered with epithelium, which is a tissue with an emin-
ently protective function against infections and mechanical aggression.
The elliptical convex part protrudes into the vagina is the ectocervix
covered by a pinkish stratified squamous epithelium known as the

exocervix visible zone speculum inspection. It is a non-keratinizing epi-
thelium, which means that it cannot self-hydrate and possess a porous
texture. It is composed of 15-20 cell layers. The division between the
stroma and the epithelium is a single basal layer of cells with dark nuc-
lei. It is usually a straight section, and however, sometimes there are
inclusions of the stroma (stromal papillae). These projections become
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vascularized, providing nutrients to the epithelium[9]
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 
 
 

 
 

 

Figure 2.1: Human uterine cervix location

� Phases of remodelling: Pregnancy is a process of remodelling where
the biochemical relationships within the stroma set up the new aspect
of tissue. The duration of the procedure varies depending on the pa-
tient, taking into account her parity[10] and her BMI[11, 12, 13]. It
is usually divided into four phases[14] which are superimposed as they
occur until birth: softening, ripening, dilation and postpartum.

1. Softening: Cervical softening is the first and most extended
phase that commonly starts in the first month. It begins a slowly
increasing turnover of ECM components, whose more visible res-
ult is the disorganization of the collagen network, which shows a
decline in resistance, defined as compliance see Figure2.2. Nev-
ertheless, the tensile strength(the integrity) is maintained. The
compliance reflects the decrease in the elastic slope associated
with unordered collagen fibres, elastic tension, increased water
content and proteoglycans[15]. In the nonpregnant cervix, the
epithelial cells are scant. However, during pregnancy, the hor-
mone relaxin is implicated in their proliferation[16] when some
prostaglandis(PGs) synthesis begins to be noticed. The cytokine
interleukin-8(IL-8) appear[17].

2. Ripening: Cervical ripening begins a few weeks before deliv-
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(a)

(b)

(c)

Figure 2.2: Collagen changes during pregnancy. a) Collagen content
(b) Collagen solubility c) Collagen synthesis evolution . Adapted from

[1] (CC BY 4.0.)
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ery, and rapid changes in the cervix characterize it. It loses
its integrity to prepare for the delivery. There is a marked in-
crease in the synthesis of proteoglycans, collagen and hyaluronic
acid (HA). Moreover, a hydrophilic glycosaminoglycan that in-
teracts with epithelium cells and proteoglycans as versican. HA
is in a considerable molecular weight to favour tissue hydration,
resulting in a viscoelastic material, which unbalances the colla-
gen network structure, dispersing and reducing its mechanical
resistance[18, 19] due to increasing collagen solubility. Introdu-
cing progesterone inhibitors during softening has been proven to
cause to reach maturation before[20], demonstrating that pro-
gesterone is a factor that maintains pregnancy. The loss of this
hormone helps the estrogen to reach its receptors, facilitating the
activation of ripening.

3. Dilation: The dilation of the cervix, preceded by biochemical
changes caused by new hormonal regulation, contractions of the
myometrium and the tension of the fetal protrusion, triggering
the maximal loss of tensile strength. This process involves the in-
filtration of leukocytes, PGs, proteases and collagenases into the
EMC[21, 22]. The protective mucus plug is expelled; in addition,
it comes to a phase of effacement where the cervix narrows its
walls and shortens to reach 10 cm in diameter. To complete the
pregnancy, the female reproductive system must be transformed
from a static formation to an active one with the coordination of
its components. This coordination will lead to the final contrac-
tions that are transmitted through gap junctions. The continuous
transition of the uterus to the cervix implies a reduction in the
SMC content[23]. The circular and longitudinal architecture of
SMC and collagen is maintained towards the cervix, ensuring a
supporting force during pregnancy[24]. Myers et al.[25] identified
a collagen remodelling with a four order magnitude reduction in
stiffness. The contractions of the uterus are transmitted to the
cervix, resulting in a progressive stretching towards dilation. At
this point, the cervix resembles an elastic band, which begins to
reach the elastic limit in dilation. Hence, the importance of the
restorative phase in the postpartum.

4. Postpartum: The postpartum phase, the uterine involution, is
meant to recover the tensile strength of the tissue, avoid environ-
mental contamination, and prepare for ensuing pregnancies.

� Cervix histology The histological composition of the cervix began
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to be investigated in the 1960s on non-pregnant women, where two
clearly differentiated zones were distinguished[26]:

– Smooth musculature 5-10%.
– Stroma 90%.

The musculature holds the functional part of the tissue, which is to
prepare the cervix to dilate. Generally, studies have focused on the ex-
ternal os, which has more straightforward and direct access. However,
Vink et al.[6]study measured that the content of smooth muscle cells
(SMC) can reach 50-60% in the internal os, which a priori should not
allow to extrapolate results to the whole set of the cervix. It should be
remarked that this cell content is similar to that of the uterus, which
along with gap junctions, a cell pathway for direct communication, can
relate the remodelling of the uterus to the cervix. Stroma is the part of
the tissue that ensures that musculature fulfils its mission by provid-
ing structural support. The cervix is considered a fibrous connective
tissue since bundles of macromolecular fibres form its structure. These
macromolecules are found within the stroma and are embedded in an
extracellular matrix (ECM), where the most important biochemical
reactions occur. The ECM composition can be differentiated into ex-
tracellular fluid with a content of approximate 75-80% and dry tissue
of about 20% in content. In the latter, the main constituent is fibrillar
collagen which forms a cross-linked network entwined with the protein
elastin and enclosed by a ground substance of viscous proteoglycans
and glycosaminoglycans that offers hydration and other matricellular
proteins[27, 28]. A viscoelastic and heterogeneous point of view is re-
quired to understand the cervix[29, 30]. The study of Westervelt et
al.[31]on the distension in the cervix employing finite elements, where
geometric properties and materials were considered, deduced that the
geometric parameters affected the most in the simulation softening.
On the other hand, Fernandez et al.[32]proved that material properties
must be carefully handled. The ECM provides strength and rigidity
and has a crucial function during gestation, ensuring the integrity of
the tissue.

2.1.2.Evaluation of cervical biomechanical properties

Although in the field of cervical tissue mechanical characterization, most
of the works focus on dynamic methods, various techniques have been de-
veloped using different modalities, employing different tissue excitations and
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extracting different parameters of tissue motion. Some of these methodolo-
gies and their application in the care of cervical tissue can be found below.

Since the ’70s, elastography has gradually become a widely applied medical
imaging technique[33]. The principle of elastography is to induce a motion
in the tissue so that a mechanical characterization is possible if the result-
ing displacements are followed. The difference in the mechanical excitations
generated externally or internally led to the development of several elas-
tography techniques. Therefore, different imaging modalities are used to
estimate tissue displacement.

� Quasi-static elastography/ strain imaging: Quasi-static elast-
ography or strain elastography (SE) was introduced in 1991 by Ophir
et al.[34]. In the SE, static compression is used to deform the tissue.
This stress can be induced by external palpation with the probe or
endogenous stress such as cardiovascular movements to move the tis-
sue. The displacements and the local strains are usually derived from
the ultrasonic backscatter signals before and after compression by the
2D correlation of the ultrasound pre and post-compression data. The
result is a qualitative deformation gradient map, called elastogram.
SE is easy to implement but has limitations, such as the difficulty
to compress deep organs. In addition, it is highly dependent on the
pressure that the operator transmits to the tissue. Strain-induced by
either cardiovascular pulsation or respiration can be used[35] to solve
the limitation of SE of transmitting stress to deep organs. This has
been used in deep organs like the liver[36]. The first elastography
measurement in pregnant cervical tissue was performed by Thomas et
al.[37]. In this study, they used static elastography to calculate the
ratio of soft tissue to stiffer one during the pregnancy duration and
tried to correlate it with the gestational age. After that, Thomas et al.
[38]demonstrated no correlation of the tissue quotient with gestational
age. Several authors used quasi-static methods to try to determine
cervical stiffness during pregnancy. Molina et al.[39] used the hand
to provoke tissue displacement to obtain cervical strain. For reprodu-
cibility, they also used quasi-static methods in 112 pregnant women
in the four different zones of the cervix. Measurements were reliable
except in the zone where the transducer exerts the pressure directly.
Hernandez-Andrade et al.[40], in a posterior study, also suggested that
there is a significant correlation between cervical strain and cervical
length but much less correlation with gestational age. In their work,
measuring was done in two different cervical regions. Several studies
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affirm that it is too soon to adopt quasi-static elastography to truly
capture the changes that cervical tissue suffers during the gestational
age considering that measurements are highly dependent on the pres-
sure applied by the physician. Several works proposed the standard-
ization of measurements[41, 42, 43]. The primary approach is to be
able to control the loading applied on the cervix. Limiting the in-
duced probe displacement was proposed by Molina et al. in[39], and
controlling the compression by[40], others proposed using a reference
elastomer material[44]. Fruscalzo et al.[45, 46, 47] used quasi-static
methods to induce the tissue deformation. They aimed to measure the
maximum deformability of the cervix. In summary, it seems there is no
way to skip the limitation of strain elastography: the unknown applied
pressure, quantification of absolute softness is impossible[48, 42, 49].

� Dynamic elastography methods (DE) Were developed to over-
come the SE limitations and, mainly, to obtain quantitative elasticity
maps. They are based on the propagation of shear waves within the tis-
sue, which can be generated by a vibrating force in sonoelastography[50],
a given frequency shift in vibroacoustography[51], in transient elasto-
graphy[52] is a short impulsion or acoustic radiation force in ARFI and
SWE[53].

– Acoustic radiation force imaging (ARFI): Was introduced
by Nightingale et al.[54]. This method uses focused ultrasound
to generate localized displacement of a few microns via an ARF
impulse within the tissue. In the time that lasts the impulse,
the acoustic wave propagates through the tissue. Local displace-
ments reflect relative mechanical properties of tissue and tissue
deforms in response to the focused ARF excitation, so shear waves
propagate away from it[55]. Finally, the displacement generated
by the ARF is then mapped within the focal region of each push
within a specified region of interest ROI at a known time after
stopping the push. The tissue displacement response within the
push region is directly related to the magnitude of the applied
force and inversely related to the tissue stiffness[53, 54]. ARFI
has been used in several clinical studies; examples can be found
in[56] for breast, and in[57]for the prostate. The velocity of the
shear wave generated by the ARF can be quantified in a small
ROI and converted to elastic modulus[58, 59].

– Shear wave elastography (SWE) Uses an ARF (Acoustic Ra-
diation Force) to excite the medium and generate shear waves
and produce a medium in a real-time quantitative elasticity map.
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The technique can be subdivided into the creation of The Mach-
cone, where ultrasound beams are focused successively at different
depths to create spherical waves at each focal point. The dif-
ferent generated spherical waves interfere constructively along a
Mach-cone creating two quasi-plane shear wavefronts propagating
in opposite directions in the imaging plane[60]. Only one Mach-
cone is needed to generate the quasi-plane shear wavefronts that
travel across the medium to cover the entire ROI. The other di-
vision is Ultrafast Imaging, in which ultrasound plane waves are
generated to track the shear wave displacement along the entire
imaging plane with excellent temporal resolution in one single
acquisition, typically up to 5000 frames per second. Therefore,
there is no need to repeat the acquisition several times to acquire
the entire displacement field. This allows imaging in real-time,
which makes the examination easier[61].

– Supersonic Shear Imaging (SSI) Is an extension of the SWE
method. It also quantifies the tissue elasticity estimating the
shear modulus noninvasively and with a real-time image acquis-
ition (30 milliseconds). SSI uses ARF pulses to generate shear
waves and ultrafast ultrasound for tracking them[60]. The dif-
ference is that instead of simply transmitting one ARF pulse at
a time, SSI transmits multiple ARF pulses in quick sequence,
focal points differ marginally. The use of SSI possibilities the
estimation of shear wave velocity (SWV) in a large area in one
sequence. ARF pulses will generate shear waves that interfere
with each other. Moving the focal point of ARF pulses is, in
this case, a matter of moving a virtual shear wave source, and
a source moving at supersonic speeds will create a Mach-cone.
Because the source is moving faster than the shear waves, it is
considered supersonic.

Non-evident results from SE to assess the cervical consistency motiv-
ated the use of dynamic elastography. Shear wave elasticity imaging
(SWEI) is the most common form of dynamic elastography applied
to the cervix[62, 63]. Shear wave velocity (SWV) can quantify tis-
sue softness or stiffness because shear waves travel faster in stiffer and
slower in softer tissues. Producing adequate shear waves in the cer-
vix is not an easy job because we can not predict the wave gener-
ation in its boundaries. Even so, SWEI has been used to evaluate
the pregnant cervix[64, 65, 11, 66, 67, 68]. In addition, the cervical
tissue is highly attenuating because of its microstructural complexity.
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Measurements of shear wave velocity were carried out by Carlson et
al.[65] in human ex vivo hysterectomy samples. Their objective was
to explore the feasibility of SWV to identify ripened cervices. Results
show that SWV was capable of differentiating between ripened and
unripened cervical tissue. H. Feltovich[41] suggested that elasticity is
a very interesting biomarker for physicians since the elastic modulus
varies more than 80kPa while SWV varies from approximately 1.2-5.5
m/s over the cervix. Ultrasound techniques have been used recently
to expand our knowledge of the mechanical properties of the cervix.
Carlson et al. [11] analyzed the feasibility of shear wave elastography,
and they found that stiffness decreased with cervical ripening. Ul-
trasound waves over a wide frequency range were applied by Peralta
et al.[69] the work shows that Maxwell’s model is possibly the best
rheological model for preliminary assessments of cervical viscoelastic
properties. The work of Hernandez-Andrade et al.[70] manifested that
it is unprovable to experience spontaneous preterm birth when preg-
nant women score small strain values at the internal os. Molina et
al.[39] determined that the internal os and inferior portions of the
cervix were stiffer than the external os and superior portions, same
conclusions were obtained by Hernandez-Andrade[70]. SWV was eval-
uated in multiple areas of the cervix, and authors found that SWV de-
creased with increasing gestational age only at the internal os. Muller
et al. found a decrease in SWV in women hospitalized for preterm
compared to a control group[71]. Carlson et al. work about meas-
uring the SWV before and after prostaglandin ripening before term
induction of labour in 20 women determined a significant difference in
SWV was reported (2.53±0.75 m/s before and 1.54±0.31 m/s 4 hours
after prostaglandin application). A comparison of SWV between wo-
men in the first trimester and the third one was also made. Aver-
age SWV for 1st trimester was 4.42±0.32 m/s and 2.13±0.66 m/s for
3rd trimester[11]. Rosado-Mendez et al.[72]suggested that shear wave
elastography can be improved, taking into account the viscosity of the
region. In their study, they determined the viscous component of the
cervix via the quantification of the shear wave dispersion. Tests were
done in the Rhesus macaque cervix. Shear wave group velocity showed
no difference between the prostaglandin-ripened and unripened cervix.
However, taking into account local microstructure and viscosity seem
to improve the accuracy of the cervical evaluation. Design numerical
models for the pregnant uterus and cervix are very complex. In ad-
dition, it depends on the properties of the medium. Some numerical
works were reported by Fernandez et al. SWV is determined assuming
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the tissue is homogenous and have an elastic behaviour[73]. However,
the cervix is viscoelastic. Additionally, even small changes in collagen
fiber waviness and diameter and orientation affect shear wave propaga-
tion velocity and dispersion[74].

2.2.Cornea

The mechanical status of the cornea is governed nearly entirely by the stroma
[75]. The other layers that compose this tissue are considered to have sec-
ondary contributions, as in the endothelium, which functionality is cornea
hidratation[76]. The mechanical stability of the cornea is due to the colla-
gen, whose fibrils form stacked lamellae. This form of the fibrils makes a
mechanism to resist shear and tensile forces[77, 78]. Keratoconus and other
pathologies as post-surgery ectasia are caused by significant variations in
the organization of the fibrils of the collagen layer[79, 80]. The increase in
global elasticity[81] is because of the construction of new crosslinks within the
stroma, in a related process to corneal crosslinking treatment (CXL)[82, 83].
The cornea’s principal function, simultaneously with the lens, is to redir-
ect light to the retina[84]. Contrary to the lens, the cornea has a fixed
focus and cannot change its geometry to improve it. Consequently, the
cornea’s pathologies due to changes at the microstructure level affect its
refractive capacity[85]. Evaluating mechanical biomarkers of the cornea, es-
pecially elasticity, could help in early diagnosis since it has been confirmed
that alterations in cornea properties occur before any of the macroscopically
visible structural changes in a clinical examination[86, 87]. Furthermore,
the cornea is a viscoelastic tissue, and recent research works are trying to
identify distinct viscoelastic biomarkers of the cornea[88, 89]. Encouraged
by encouraging results in other soft tissues, several studies employed re-
mote palpation by acoustic radiation force (ARF) to obtain 2D elasticity
maps[90, 91, 92, 93, 94]. Polarized shear waves were induced within the
field of view of the transducer, and then the displacements or velocities were
tracked at a high frame rate as the waves propagated. These approaches
provided valuable information, mainly due to their high resolution (>15
MHz), generating images with high sensitivity at the micro-level. Still, for
the time being, it is challenging to re-engineer a clinical setup for its in vivo
implementation, techniques that required transducer translation for imaging
took tens of seconds, and the characterization of the applied acoustic force
remains elusive, mainly due to the thin corneal geometry, where complex
wave patterns governed by guided waves could bias the results[95]. Lastly,
optical coherence elastography (OCE) stands as the most prolific technique
in terms of publications[96, 97]. Studies used optical coherence tomography,
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where light-scattering measurements provided structural imaging, whereas
OCE detected particle tissue displacements generated by mechanical loading
to deduce viscoelastic parameters taking into account stress information. Its
main advantages were the microscale resolution of the images and the mi-
croscale sensitivity in motion detection and the noncontact approach. Even
so, it was not exempted from limitations, such as the low penetration depth,
which was the trade-off for a micro-scale resolution (this was not a concern in
the corneal application), long acquisition imaging times (>3 min), repeated
stimulation that might lead to bias due to relaxation effects in the tissue and
low frame rate in 2D imaging[98, 99].

2.3.Torsional waves

The clinical ultrasound community demands mechanisms to obtain the vis-
coelastic biomarkers of soft tissue in order to quantify the tissue condition
and to be able to track its consistency. Torsional Wave Elastography (TWE)
is an emerging technique proposed for interrogating soft tissue mechanical
viscoelastic constants. Torsional waves are a particular configuration of shear
waves, which propagate asymmetrically in-depth and are radially transmit-
ted by a disc and received by a ring. This configuration is shown to be partic-
ularly efficient in minimizing spurious p-waves components and is sensitive
to mechanical constants, especially in cylinder-shaped organs. The objective
of this work was to validate (TWE) technique against Shear Wave Elasticity
Imaging (SWEI) technique through the determination of shear wave velocity,
shear moduli, and viscosity of ex vivo chicken liver, breast, tissue mimicking
hydrogel phantoms, cornea and uterine human cervical samples.

Torsional waves are shear elastic waves that propagate through soft tissue
radially and in-depth in a curved geometry. Application of torsional waves
to sense soft tissue architecture has been proved to enable a new class of
biomarkers that quantify the mechanical functionality of any soft tissue [100].
Abnormalities in the structural architecture of soft tissues are intimately
linked to a broad range of pathologies including solid tumors, atherosclerosis,
liver fibrosis, and osteoarticular syndromes [53]. The unexplored nature
and applicability span of these mechanical biomarkers and torsional waves
provides a very interesting diagnostic technology. The need for comparative
and repetitive studies is clear. Validation studies are demanded due to the
increased interest in the viscoelastic parameters obtained from elastography
techniques [101].

In this study, the generation and detection of torsional waves through the
proposed technology (TWE) developed by our group [102, 103] was used
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to obtain mechanical biomarkers in terms of shear wave velocity and shear
moduli of ex vivo soft tissue.

Since TWE is an emerging technology, our objective was to compare scans
of ex vivo liver samples with ones obtained from dynamic elastography tech-
niques. Thus far, there is not enough scientific evidence in the literature to
validate the most recent technologies. The first attempt to validate TWE
was made by Callejas et al. [104] using classical rheometry. In this study,
the validation was made using a Verasonics Vantage system (Verasonics, Inc.,
Kirkland, WA, USA). Shear waves were generated by an Acoustic Radiation
Force Impulse (ARFI) to reduce some limitations of the previous work since
classical rheometry works in a much lower frequency range than TWE. One
important contribution of this work with respect to the prior is being able
to compare the results of both techniques in the same frequency range.

2.4.Transverse wave propagation on bounded media

Previous studies have shown a close relationship between the optical system’s
visual function and the cornea’s biomechanical properties [?]. Consequently,
it is of immense interest to precisely determine these biomechanical bio-
markers. For this, and when employing ultrasound elastography for tissue
characterization, and due to corneas geometry (thickness of about 1mm) and
position (enclosed by a softer and viscous fluid), the cornea is considered a
plate-like tissue since the wavelength (λ 1-10cm) is way superior to its thick-
ness [92, ?, 91]. This consideration raises the concern that the relationship
between wave velocity(cs) and elasticity (E) does not follow the classical
(pure) formula of E = 3ρc2s being ρ the tissue density. This formula is usu-
ally accepted in bulky organs since shear waves attenuate before reaching
the organ boundaries. However, in plate-like tissues, shear waves propagat-
ing in the tissue experience multiple reflections on the boundaries, provoking
guided waves. In the case of the cornea, and when the viscoelastic soft tissue
is surrounded by fluid, the phase velocity c(ω) of a leaky Lamb wave can be
determined from:

c(ω) =

√
ω h cs

2
√

3
(2.4.1)

Where ω is the angular frequency, h is the plate-like tissue thickness and cs
is the group velocity given by shear modulus µ and density ρ by the equation
cs =

√
µ/ρ. Equation 2.4.1 is a corrected formula of the classical Lamb wave

for a plate in vacuum by a factor of (1/
√

2) due to the leakage of longitudinal
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waves at the wall interfaces [95].

2.5.Shear wave propagation in anisotropic media

Anysotropy is everywhere, to see, to measure and to model! Anysotropy is rare!

With the currently available technology, the characterization of the aniso-
tropy of soft tissue is totally challenging. Determining the shear wave velo-
city in ultrasound elastography can only be done in one direction at a time.
Therefore it is needed to make multiple measurements with different probe
positions/angles. Furthermore, a simple model is often considered when es-
timating the anisotropic ratio, the transversely isotropic model, but only a
few organs have this type of symmetry. To determine the full anisotropic
tensor, we need technological development to access volumetric measure-
ment of shear wave propagation[105]. The theory of elasticity studies the
behaviour of solids with thermodynamically reversible deformations and in-
dependent of the deformation rate. If the outcome of the sum of actions is
equal to the sum of the individual effects and the outcome of one action mul-
tiple of another is the exact multiple of the result of the mentioned action,
the solid will be a linear system, and its behaviour will be studied using the
linear elasticity theory. Even though most elastic solids have a non-linear
behaviour, in reality, it is widespread to assimilate them to linear systems
due to the regularity of their results and the predictability of their opera-
tion. Although the first expression of Hooke’s law of evidence dates from the
XVII century, the classical theory of linear elasticity was not developed until
the XIX century, Cauchy, Navier, Poisson, Green or Saint-Venant. The con-
stitutive equations of linear elasticity were established in the first half of the
XIX century. However, they gave rise to a long discussion about the number
of independent elastic constants necessary to define material behaviour (15
or 21 in the general case, 1 or 2 for isotropic materials). This controversy
was not resolved until the beginning of the XX century when it was accepted
that in the general case, the tensor contains 21 independent elastic constants
[106].

The fundamental equations of linear elasticity in a rectangular Cartesian
coordinate system (x1, x2, x3) are the equilibrium equation

σij,j − ρ
∂2u

∂t2
+ Fi = 0 (2.5.1)

The constitutive equation
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σij,j = Cijklεkl (2.5.2)

and the behavior equation

2εkl = ul,k + uk,l (2.5.3)

where σij = σji are the components of the symmetric stress tensor, εij =

εji are the components of the strain tensor, cijkl are the components of
the fourth order tensor of elastic constants, ui are the components of the
displacement vector, Fi are the components of the force vector, ρ is the
density of the material and t is time. The relationship established in 2.5.2
can be reversed

εij = Sijklσkl (2.5.4)

where Sijkl is related to Cijkl by the expression SijklCklrs = deltaijrs.

The strain energy for anisotropic materials is

2Φ = Cijklεijεkl = Sijklσijσkl (2.5.5)

Substituting 2.5.2 and 2.5.3 in 2.5.1 the equation of equilibrium in displace-
ments is obtained

E∗ijkluj,kl − ρ
∂2u

∂t2
+ Fi = 0 (2.5.6)

E∗ijkl = (Eiklj+Eilkj )/2 (2.5.7)

When solving particular problems, equations 2.5.1, 2.5.2, 2.5.3 and 2.5.6 are
complemented with initial and boundary conditions. From 2.5.1 and 2.5.6
the equations of equilibrium are obtained under static conditions

σij + Fi = 0 (2.5.8)
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E∗ijkluj,kl + Fi = 0 (2.5.9)

Let ni and mi (i = 1, 2, 3) be two unit orthogonal vectors. Young’s modulus
En at address ni has the form

1/En = ninjSijklnknl (2.5.10)

The Poisson modulus numn in the direction mi for an applied stress in the
direction ni is

νmn/En = −mimjSijklnknl (2.5.11)

The shear modulus Gnm between areas with ni and mi normal is

1/(4Gnm) = nimjSijklnkml (2.5.12)

The compressibility modulus K can be expressed as 1/K = Sijkl

Soft tissues can be modelled for study as transversely isotropic materials
since they have a direction (the preferential orientation of the fibres) such
that in planes perpendicular to it, their behaviour is isotropic. This class
of materials only have five independent elastic constants. In this case, the
constitutive equation can be expressed as



σ11
σ22
σ33
σ44
σ55
σ66


=



C11 C11 − 2C66 C13

C11 − 2C66 C11 C13

C13 C13 C33

C44

C44

C66





ε11
ε22
ε33
ε44
ε55
ε66


(2.5.13)

The elastic properties of the material and its density determine the speed
of propagation of mechanical waves through it. We will focus on the case of
shear waves as they are the most used for tissue characterization and those
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used in this work. The equation that relates the various parameters are
obtained from the constitutive equation and the motion equation, assuming
plane waves and taking into account the symmetries of transversely isotropic
material. Thus, the speed of propagation of the wave is obtained from the
expression

ρcs(θ) =
C44C66

C44sen2(θ) + C66cos2(θ)
(2.5.14)

where theta is the angle between the wave propagation direction and the
fiber direction, cs is the wave propagation speed, ρ is the density, C44 is the
longitudinal shear modulus and C66 is the transverse shear modulus [?].

The values of the shear modulus G in the principal directions can be ob-
tained using the simplified expressions

G(0) = C44 = ρc2s(0) (2.5.15)

G(90) = C66 = ρc2s(90) (2.5.16)

In order to obtain the G modulus, it is necessary to start from the wave ve-
locity in the material. However, it is not measured directly but is calculated
from the time t that the wave takes to travel a known distance d.

cs =
d

t
(2.5.17)

When measuring the time of flight of the signal, it must be considered funda-
mental to know the time needed by the wave to travel through the specimen
material. Since, in general, the signal is not generated or received at the
interface between the sensor and the sample, it is also necessary to take
into account the time that the wave takes to travel through the measuring
device itself. This time is called internal delay and is a specific value of each
measuring device and must be rested from the measured value to obtain the
calculated time.

2.6.Non linear shear elasticity

Modeling of soft tissue implies new perspectives that carry several clinical ap-
plications. It could be used, for example, in tissue engineering [107, 108, 109],
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for finite element modeling [110, 111, 112, 113], to analyze virtual reality in
clinical practice [114, 115] and for surgery planning [116, 117]. To simulate
those applications, the theory of linear elasticity has been employed to un-
derstand the results of mechanical tests on soft tissues [118, 119]. However,
surgical procedures lead to consider large displacements and linear elasticity
is a simplification when considering small strains. There is a need among
researchers to use simplified models which can represent the nonlinear be-
havior of soft tissues. The simplicity of the proposed model in conjunction
with a good correlation with the experimental data can be presented as an
accurate and simple model in computational solid mechanics field.

Although the nature of soft tissue behaviour is viscoelastic [120], a simpli-
fication of hyperelasticity allows a reasonable characterization of the mech-
anical properties, specifically when the loss of strain energy is small (low
loading rates). Veronda and Westmann [121] and Fung [122] were the first
works that used hyperelasticity for soft tissue modeling. The hyperelastic
approach postulates the existence of the strain energy function which relates
the displacement of the tissue to the corresponding stress values [123]. The
most common strain energy functions for the modeling of soft tissues are
polynomial forms, such as Mooney–Rivlin and Ogden models. Many au-
thors have modeled the behaviour of soft tissues such as, porcine spleen,
porcine kidney, porcine liver, rat or human brain [124, 125, 126, 127, 128].
Regarding cervical tissue, uniaxial tension tests [129, 130, 131, 132, 133] and
compression [131, 134, 135] have been studied in rat tissue and human tis-
sue using load-relaxation protocols. A nonlinear stress–strain response has
been shown in the tension and compression tests and the response of the
tissue was noticeably stiffer in tension than in compression. It was observed
that tissue from pregnant patients was one to two orders of magnitude more
compliant than tissue from nonpregnant patients [131, 135]. In a work car-
ried out by Yoshida et al. [133], load relaxation ring tests were performed
on pregnant and nonpregnant rat cervices. The pregnant tissue showed a
very large stress-relaxation compared to the nonpregnant tissue. Myers et
al. observed that the cervix stiffness changes along its length in the uniaxial
tensile test, where the external os had a stiffer response than the internal
os [131]. The relationship between stiffness and gestational age was studied
by Poellmann et al. and Jayyosi et al. [132, 136]. The works concluded that
stiffness decreased as gestational age increased. In the works mentioned
above were uniaxial, compression and traction tests were performed, the
mechanical properties of the tissues have been obtained. However, in those
works the nonlinear elastic properties of ex vivo human cervical tissue, using
the Fourth Order Elastic Constants (FOECs), Ogden, and Mooney-Rivlin
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models have not been obtained through uniaxial tensile tests yet.

Soft tissues are composed of several layers; each one of these layers has differ-
ent compositions, for instance, cervical tissues have an epithelial outer layer
and a connective layer. The connective layer is composed by an extracellular
matrix (ECM) that ensures the strength and integrity of the cervix, resisting
shear deformation, through a fibrous scaffold [137]. The main component
of the ECM is fibrillar collagen, which determines a cross-linked network
interlaced with the elastin protein, enclosed by a ground substance of pro-
teoglycans and glycosaminoglycans [138, 139, 140]. Researchers have identi-
fied three zones of structured collagen in the connective layer: the innermost
and outermost rings of stroma contain collagen fibers preferentially aligned in
the longitudinal direction, and the middle layer contains collagen fibers pref-
erentially aligned in the circumferential direction [141, 142]. Regarding the
collagen content, the middle zone had higher levels of collagen content when
compared with the inner and the outer zones [142]. According to the mech-
anical studies on soft tissues, the connective layer is often considered as the
most important from a mechanical point of view [143, 144, 145]. However,
other studies, based on Torsional Wave Elastography, consider the epithelial
layer as a key apart from the connective one [146, 104, 147]. The reason
is that torsional waves not only propagate in depth but along the surface
before being registered by the receiver. One of the purposes of this work is to
study the differences in stiffness between the epithelial and connective layers
of ex vivo human cervical tissue that comes from the hyperelastic models
employed.

2.6.1.Theory of Hyperelastic Models

This section shows the theoretical relationship between stress and strain for
a proposed hyperelastic model based on the FOEC in the sense of Landau’s
theory, Mooney–Rivlin and Ogden models.

Proposed Fourth Order Elastic Constants Nonlinear Model

Nonlinear FOECs are defined in the sense of Landau’s theory [148] to estab-
lish a strain energy function, considering the medium incompressible valid
for the hyperelastic regime as defined Hamilton and Destrade [149, 150],

W = µI2 +
1

3
AI3 +DI22 (2.6.1)

where I1 = trE ,I2 =E2 and I3 = trE3E3E3E3 are the classical invariant of deformation defined by Cemal et al. [151],E is the Green strain tensor, µ is the shear modulus and A and D are the Third and Fourth Order Elastic Constants of Landau respectively. The Second Piola–Kirchoff stress tensor is determined by a constitutive law as follows, S=∂W
∂E(2.6.1)where E is the Green–Cauchy strain tensor defined in terms of displacement field as the difference between actual and initial position respectively, u = x −X. This strain tensor is defined, according to the large deformation theory, as, E=1

2((∇Xu)T+∇Xu+(∇Xu)T+∇Xu)(2.6.1)
Under the hypothesis of a tensile test setup, the initial conditions are described in Figure ??.
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Figure 2.2: (Left): scheme of the uniaxial tensile test. (Right): zoom of a
differential element of the sample. Adapted from [3] (CC BY 4.0.)

where the displacements are defined in three directions as,

u1 = ax1
u2 = −bx2
u3 = −bx3

(2.6.2)

In this case, the Green–Cauchy strain tensor defined in Equation (2.6.1) may
be described in matrix form as,

E =


a+

1

2
a2 0 0

0 −b+
1

2
b2 0

0 0 −b+
1

2
b2

 (2.6.3)

To describe the Second Piola–Kirchoff stress tensor in a nonlinear regime, it
is necessary to determine the invariant I3 in terms of strains.

I3 = E3
11 + E3

22 + E3
33

∂I3
∂E

=

 3E2
11 0 0

0 3E2
22 0

0 0 3E2
33

 (2.6.4)

The constitutive law for tensile test case in direction 1 is deduced by the
expression,

S11 = 2µa+ (µ+A)a2 + (A+ 4D)a3 (2.6.5)

The relationship between the Cauchy stress tensor and the Second Piola–
Kirchoff stress tensor is defined as,

σ = J−1FSFT (2.6.6)

where F is the deformation gradient tensor and J = det(F ).

The derivation of Cauchy stress tensor in the context of weakly nonlinear
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elasticity [152] yields the constitutive law defined in high order as follows,

σ11 = 2µa+(5µ+A)a2+(7µ+3A+4D)a3+

(
5

2
µ+ 3A+ 8D

)
a4+

5

2
(A+4D)a5

(2.6.7)

In order to compare with the other two hyperelastic models, the aforemen-
tioned tensor is simplified (using µ and A) as follows:

σNL = 2µa+ (5µ+A)a2 (2.6.8)

where a is defined in Equation (2.6.2).

Mooney-Rivlin Model

The Mooney–Rivlin model, originally derived by Mooney in 1940 [153] was
formulated in terms of the Cauchy–Green deformation tensor invariants by
Rivlin [154] as:

Ψ =

2∑
i=1

ci (Ii − 3) (2.6.9)

where c1 and c2 are the material parameters, I1 and I2 the first and second
strain invariants respectively and Ψ the strain energy function.

In the case of an uniaxial tension (σ = σ1, σ2 = σ3 = 0) the Cauchy stress
as a function of the strain invariants is

σ = 2

(
λ2 − 1

λ

)(
∂Ψ

∂I1
+

1

λ

∂Ψ

∂I2

)
(2.6.10)

where λ = λ1 (λ1 is the principal stretch in 1 direction) and the invariants
from the Cauchy–Green tensor for an incompressible hyperelastic material
subjected to a uniaxial tension are defined as [155],

I1 = λ2 +
2

λ

I2 = 2λ+
1

λ2

I3 = 1

(2.6.11)

For the Mooney–Rivlin model, the Cauchy stress obtained employing (2.6.10)
and using two parameters (c1 and c2) is,

σ Mooney = 2

(
λ2 − 1

λ

)(
c1 + c2

1

λ

)
(2.6.12)
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Ogden Model

The strain energy function in the Ogden model, developed in 1972 [156], is
described by,

Ψ =

N∑
r=1

µr
αr

(λαr1 + λαr2 + λαr3 − 3) (2.6.13)

where µr (infinitesimal shear modulus) and αr (stiffening parameter) are
material constants, and λ1, λ2 and λ3 are the principal stretches. Taking
into account that for an incompressible material, λ1 = λ and λ2 = λ3 =

1/
√
λ [155], Equation (2.6.13) is simplified into,

Ψ =

N∑
i=1

µr
αr

[
λαr + 2

(
1√
λ

)αr
− 3

]
(2.6.14)

The Cauchy stress tensor as a function of the principal stretches for an
incompressible material is,

σ1 = λ1
∂Ψ

∂λ1
− λ3

∂Ψ

∂λ3
(2.6.15)

Finally, using Equation (2.6.15), the Cauchy stress using two parameters (µr
and αr) is obtained as follows,

σOgden = µr

(
λαr − λ−αr/2

)
(2.6.16)

The shear modulus µ in the Ogden model results from the expression,

µ =
µrαr

2
(2.6.17)
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"I am among those who think that science has great beauty. A
scientist in his laboratory is not only a technician: he is also a
child placed before natural phenomena which impress him like a
fairy tale."

Marie Curie

Chapter3

Torsional Wave
Elastography (TWE)

3.1.Sensor design and measurement configuration

The torsional wave sensor is based on a novel arrangement of concentric
sandwiches of piezo- and electromechanical elements. The emitter transmit-
ting the waves consists of a PLA (polylactic acid) disk, printed in 3D, whose
rotational movement is due to an electromechanical actuator. The receiver
is formed by two PLA rings with four slots in the inner face of the ring,
where the four ceramic piezoelectric elements are fitted [157, 158, 146]. This
allows the precise interrogation of soft tissue mechanical functionality in cyl-
indrical geometries. Dealing with this type of geometry is a challenge for
current elastography approaches in small organs.

Figure 3.1 shows the TWE probe developed by our group. The left sub-
figure shows the sensor encapsulated in a CNC (computer numerical control)
system that allows measuring within an exact position and at the same time
exerting a controlled pressure on the sample. The right sub-figure shows a
cross-section of the TWE probe. More details of the probe can be found in
the work of Callejas et al. [104].
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Receiver

TransmitterTorsional waves

Figure 3.1: Set-up for measurements using TWE technique. The pic-
ture was taken during the measurements at the Ultrasonics Lab at the
University of Granada. The figure on the left is a computer numerical
control (CNC) system for positioning and pressure-control of the TWE
probe. The right figure shows a cross-section of the TWE probe. Adap-

ted from[2].

Time of Flight (TOF)- Signal Processing

Physically, torsional waves are originated by the actuator (transmitter, right
part of Figure 3.1) and are transmitted through the specimens to the piezo-
electric sensor, where they produce the deformation thereof and, consequently,
an electric potential catchable by an oscilloscope.

To compensate for the mechanical and electronic crosstalk, a measurement
is first taken in air, without contact with the specimen, which generates a
signal transmitted mechanically inside the probe and electronically in air, un-
der similar humidity conditions. This signal is stored and subtracted from
the signals on the specimens, effectively compensating for the mechanical
and electronic crosstalk. This signal is averaged 10 times for noise reduc-
tion, using a repetition rate that allows full dissipation of preceding waves.
The total time of measurement is a quarter of a second, which is enough to
register the desired frequency.

The remaining signal has traveled across the specimen and also through
some mechanical parts of the probe. The apparent TOF is estimated from
the subtracted signal as above, and after using a low pass filter at three
times the center frequency, in three complementary ways: (1) by estimating
the time where the signal amplitude surpasses 30% of the max level; (2)
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by finding the first peak after that threshold; and (3) by finding the next
negative peak, as indicated in Figure 3.2. The time of the theoretical signal
start is estimated by subtracting the corresponding fractions of the period
corresponding to the excitation frequency.

Figure 3.2: Example of an output of the analyzer software used to
analyze the signals obtained from the TWE technique. The upper
left sub-figure shows the stiffness obtained at each measurement frame.
The lower-right sub-figure shows the theoretical signal start. Adapted

from[2].

3.1.1.Isotropic TWE sensor: model for Human uterine cervix

The apparent time of flight (TOF) is, therefore, the sum of the TOF within
the specimen plus the TOF across the components of the probe, which is
called internal delay. The latter is a probe-specific constant that needs to
be calibrated against SWEI and subtracted prior to computing the speed
by dividing the distance by TOF within the specimen (Equation (3.1.1)),
yielding Equation (3.1.2). Acquisition parameters for TWE technique used
for both ex vivo liver samples and tissue-mimicking hydrogel are shown in
Table 3.1.

cs =
distance
TOF

(3.1.1)

cs =
distance

TOF− delay
(3.1.2)
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Table 3.1
Torsional wave elastography (TWE) technique acquisition parameters

for both ex vivo liver samples and hydrogel phantoms.

Measurements Acquisition Parameters Value

Sampling frequency 80 Hz (Decimated 10× after 800 Hz)
Ring-disc radius 3 mm
Frequency 200–800 Hz
Averaging 10×
Excitation power 20 V

3.1.2.Isotropic TWE sensor for Cornea samples

An elastography device with a matching design was proposed, where the
excitation and sensor parts were assembled. The excitation generated tor-
sional waves in the specimen by direct contact, which are in nature shear
waves that propagate axisymmetrically, transmitting an oscillatory rotation
through a cone-shaped disk (4 mm base) that was driven by an electromech-
anical actuator. Two parallel rings formed the sensor, with four slots in each
inner face, where four ceramic piezoelectric elements (PZT-5) that worked on
shear mode were connected with a conductive resin [32]. This configuration
minimized the recording of unwanted compressional waves [35].

The dimensions and geometry of the contacting receiving ring were selected
to match the samples [36], the external and internal diameters were 13 mm
and 9.6 mm, respectively, with an internal curvature that covered the corneal
shape completely. Under a sinusoidal excitation with different parameters
such as frequency and amplitude, the actuator is subjected to a peak voltage
during the measurement. Consequently, an interfering electromagnetic field
is created; to avoid cross-talk, a Faraday cage was built around the actu-
ator with aluminum foil to create an internal shielding effect. This set was
assembled in a casing with mechanical attenuators that also centered the
emitter disk relatively to the receiving ring (see Figure 2). All the compon-
ents were 3D printed using a biocompatible photopolymer resin (MED610,
Stratasys Inc., Eden Prairie, MN, USA) except for the casing that was prin-
ted in PLA (polylactic acid).

A multichannel AD/DA converter with 24 bits and 192 kHz sampling rate
was used to generate and record the received signals. In principle, this
sampling frequency increased the maximum wave speed limit sensitivity as
compared to ultrasound elastography modalities. The digital to analogical
converter output a single sinusoidal pulse of 600, 800 and 1000 Hz, the three
frequencies used in this work, which was connected to a sound amplifier (100
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W) that transmitted a load of 25V peak-to-peak to the emitter. Immediately
after that, the recording step started and the receiver’s electrical signal was
captured by a preamplifier (40 dB gain), to finally reach the AD converter
(see Figure 3). During this transition no interfering effect between steps was
observed. A 5 kHz low-pass filter was applied to the received signal to elimin-
ate the high-frequency jitter. In order to reduce random noise, the resulting
signal consisted of an average of 10 signals, acquired at 200 ms time inter-
vals, for a total measured time of 2 seconds. Prior to measure the sample,
a calibration signal was taken to counterbalance crosstalk effects. A ded-
icated algorithm was used to calculate the group shear wave speed, where
the theoretical start of the received signal was estimated and used as the
time-of-flight (TOF) [37]. All the elements were computer-controlled using
high-speed communications ports and a Matlab environment (The Math-
Works Inc., Natick, MA, USA).

3.2.Anisotropic TWE sensor

3.3.Reconstruction of mechanical biomarkers

Acoustic radiation force imaging (ARFI) was introduced by Nightingale et al.
[54]. This method uses focused ultrasound to generate localized displacement
of a few microns via an ARF impulse within the tissue. During the impulse,
the acoustic wave propagates through the tissue. Local displacements are
related to the mechanical properties of the tissue, which deforms in response
to the focused ARF excitation, thus shear waves propagate away from it [55].
Finally, the displacement generated by the ARF is then mapped, within the
focal region of each push within a specified region of interest (ROI) at a
known time after stopping the push. The tissue displacement response within
the region of the push is directly related to the magnitude of the applied force
and inversely related to the tissue stiffness [53, 54].

Shear wave elastography as ARFI also uses an ARF to excite the medium
and generate shear waves and produces a quantitative elasticity map of the
medium in real-time. The technique can be subdivided into the creation
of the Mach-cone, where ultrasound beams are focused successively at dif-
ferent depths to create spherical waves at each focal point. The different
generated spherical waves interfere constructively along a Mach-cone creat-
ing two quasi-plane shear wavefronts propagating in opposite directions in
the imaging plane [159].

The Verasonics Vantage US research system is used to generate the push se-
quences and generate the shear waves. Verasonics is compatible with many
transducers and offers big flexibility in sequence design. Additionally, Vera-
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sonics provides direct access to the raw channel data from each element of
the array, as well as a software beamformer to form ultrasound images [160].
In Figure 3.3, one can see the Vantage Verasonics system during measure-
ments and the Verasonics L11− 5v transducer used in this work is shown.

Figure 3.3: Set-up for measurements using SWEI. The picture was
taken during the measurements at the Ultrasonics Lab at the University
of Granada. In the left image, the ex vivo liver sample is measured while
one of the hydrogel phantoms is shown in the right image. Adapted

from[2].

The Verasonics vantage 128 system was used to perform the SWEI. The sys-
tem uses the MATLAB programming environment to create the protocol of
measurements of SWEI. The sequence of steps is as follows: the programmer
writes a programming script to generate an imaging sequence, which gener-
ates a collection of objects that are loaded into the Verasonics scanner during
runtime. The main parameters for the script are: (1) the push and track
transmit frequencies; (2) the push duration; (3) the push and track transmit
aperture; (4) the sampling frequencies; and (5) the pulse repetition interval.
Details and sequences of the Verasonics script can be found in the work of
Deng et al. [160]. In this study, a different transducer was used. Properties
of the L11− 5v 128 elements linear array transducer are shown in Table 3.2.
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Table 3.2
Properties of the L11− 5v Verasonics transducer.

Property Value

Number of Elements 128
Pitch (mm) 0.3
Elevation focus (mm) 18
Sensitivity (dB) −52 ± 3

Table 3.3 lists the SWEI acquisition parameters used in this study. The push
transmit frequency was set to the center of the transducer to allow maximum
transmission efficiency to transfer the ARFI to the tissue. An identical
set can be used for the tracking frequency. However, it is recommended
to use a lower push frequency to widen the push beam width compared
with the track beam width to reduce the underestimation of tracked tissue
displacement [161, 162] so a lower frequency was used.

Table 3.3
SWEI acquisition parameters for L11− 5v Verasonics transducer.

Parameter Value for the L11 − 5v Transducer

Push frequency (MHz) 4.8
Track frequency (MHz) 7.81
Push duration (cycles) 1000
Pulse repetition interval (µ)s 100
Impulse duration (cycles/(µ)s) 1000, 128
Impulse focus (mm) 16 for ex vivo liver and 12 for hydrogel phantoms
Beam focus configuration Plane wave, fully open
IQ data beam forming sampling frequency 0.25λ
Excitation voltage (V) 40 for ex vivo liver and 28 for hydrogel phantoms
Sampling frequency(Hz) 3000
Number of transmission channels 128
Number of reception channels 128

Changes in the voltage applied for the push will make the induced push less
or more powerful creating shear waves of different amplitudes. The voltage
applied was stepwise increased and a value of 40 V was chosen for the ex vivo
chicken liver and 28 V for the hydrogel phantoms.
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3.3.1.Viscoelasticity and anisotropy of tissue mimicking phantoms

3.3.2.Viscoelasticity of ex vivo chicken liver and breast samples

3.3.3.Viscoelasticity and anisotropy and nonlinearity of ex vivo human
uterine cervix

3.3.4.Viscoelasticity of ex vivo porcine cornea samples

Porcine corneal samples were obtained from a local slaughterhouse and enuc-
leated immediately post-mortem, then placed in phosphate-buffered saline
(PBS, pH 7.4) solution until testing. The buffer solution was prepared us-
ing di-Sodium Hydrogen Phosphate anhydrous (Reag. Ph. Eur. 99%),
Potassium di-Hydrogen Phosphate (Reag. Ph. Eur. 99% purity) and So-
dium Chloride (USP, BP, Ph. Eur. JP 99%) from Panreac AppliChem. To
produce changes in mechanical properties, treatment solutions associated to
alkali burns that modified the structure of the stroma were selected tak-
ing into account the most frequent chemical reactants that are contained
in house or industry cleaning products [34]. A sodium hydroxide solution
1.5 M (NaOH) was used to simulate the most aggressive chemical exposure
in the eye that can be caused by caustic soda. Sodium hydroxide salt was
purchased from Panreac AppliChem (98%). Ammonium hydroxide 3 mM
(NH4OH at 10% v/v) was used at a similar concentration as usual fertilizers
and at double concentration found in cleaning products. Ammonium hy-
droxide solution (EMSURE® ACS, Reag. Ph Eur 28-30%) was purchased
from Merck. Both treatment solutions were prepared in MilliQ water. All
reactants were used as received without further purification. A total of 21
samples were tested within the first ten hours post-excision. They were clas-
sified considering the treatment and the exposure time, resulting in 5 groups
(see Figure 1): control (N=5), NH4OH for 1 minute (N=4), NH4OH for 5
minutes (N=4), NaOH for 1 minute (N=4) and NaOH for 5 minutes (N=4).
The treatment was applied to the entire eye globe by immersion in 50 mL
of the respective treatment solution during the established time exposure.
Then, the sample was washed in PBS and the epithelium was easily detached
with the help of a spatula.

The whole porcine eyeball was placed in an immersed custom-built holder,
and the cornea was orientated side up. The device covered the cornea with
a gentle pressure, and all samples were measured three times by reposi-
tioning for averaging. Measurements were performed at atmospheric pres-
sure. Preliminary safety considerations were examined. In this modality
no cavitation-related problems were expected. Induced displacements were
measured with an ultrafast ultrasound scanner (Vantage 128, Verasonics
Inc., Redmond, WA, USA) that tracked the wave propagation with plane
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waves at a rate of 12.5 kHz, placing a 7.6 MHz transducer in a plane per-
pendicular to the emitter. Displacement peaked in control group at around
10 µm, thus, a linear regime was assumed. In a recent study with a similar
configuration [33], the maximum acoustic intensity of TWE was estimated
at 5.3 mW/cm2, well below the spatial peak temporal-average intensity limit
of 17 mW/cm2 set by the FDA.

In the literature, there is a lack of corneal shear viscosity values for com-
parative purposes. In this work, and to shed some light on the viscoelastic
biomarkers, elasticity, and viscosity, a simple Kelvin Voigt model has been
used, which does the elasticity imaging community use as the most consen-
sual model. Different works used a modified KV model with an additional
spring (Kobayashi, glass) to separate the pure elastic and viscoelastic modes.
On the other hand, Maxwell‘s model is not preferable to be employed since
when a load is applied, it will continue to creep to infinity, and it also does
not entirely reform due to its viscous component. Other studies have tried
to associate corneal hysteresis with viscosity in air-puff applanation experi-
ments.

3.4.Safety of torsional waves

In a recent study with a similar configuration [33], the maximum acoustic
intensity of TWE was estimated at 5.3 mW/cm2, well below the spatial peak
temporal-average intensity limit of 17 mW/cm2 set by the FDA.

3.5.Validation of TWE

3.5.1.Against SWEI

The measured shear wave velocity (SWV) can be used to determine tissue
properties assuming a mechanical model of the tissue. For a linear, elastic,
isotropic, homogeneous, and unbounded material, the SWV can be expressed
in terms of the shear moduli µ and density ρ by the relation

SWV =
√
µ/ρ (3.5.1)

The density of soft tissue is typically assumed to be 1000 kg/m3 and the
SWV in units of m/s is equal to the square root of the shear moduli when it
is expressed in units of kilopascals. In contrast, for a viscoelastic material,
the shear moduli is a complex frequency-dependent quantity. Shear wave
propagation in a viscoelastic material exhibits dispersion with a frequency-
dependent phase velocity and shear attenuation [159].
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The shear wave velocity dispersion curve was extracted from the ARFI using
a phase difference method. First, the tissue velocity field was smoothed. This
operation does not modify the phase velocity, only the amplitude, and the
initial phase. The propagation of the plane wave in the sample along the
x-direction is described by a 2D velocity field v(x,t). The phase φ(x, ω) of
the wave at each frequency was obtained using a Fourier Transform of the
tissue velocity field v(x,t). For a monochromatic plane wave propagating in
the direction x, the phase can be written as:

φ(x, ω) = −Re[k(ω)]x (3.5.2)

where k(ω) is the complex wavenumber and ω is the frequency. Thus, the
shear wave phase velocity is:

cs =
ω

−Re[k(ω)]
(3.5.3)

and the real part Re[k(ω)] of the wave number can be estimated from a linear
fit of the phase φ(x, ω) along the propagation distance x [163, 164, 165].

Finally, dispersion curves are plots of shear wave velocity (SWV) as a func-
tion of angular frequency for ex vivo chicken liver samples and hydrogel phantoms.

Verasonics SWEI sequencing

Data processing: Tissue motion estimation

Tissue motion was determined using a phase-shift algorithm that operates
on IQ data (in-phase and quadrature data). In this study, Loupas 2D auto-
corrector algorithm was used to estimate the axial displacement caused by
the propagation of the shear waves. The Loupas algorithm is an extension
of the Kasai algorithm, which is used to post-process Verasonics data. It has
the advantage of generating more accurate displacement estimations because
it takes into account the center frequency [160, 166]. Figure 3.4 shows a flow
chart of how Verasonics generates SWEI and the steps needed to obtain the
IQ data from an ARFI sequence. In this work, post-processing of the IQ
data to obtain a displacement map was done using the Ultrasound Toolbox
(USTB) [167].
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B-mode

generate push

create displacement

induce shear waves

transmit waves according 
to the push sequence

plane wave

align samples and transducer

image shear wave propagation

track shear wave propagation

RF data to IQ data

post process using
Loupas 2D autocorrelator

post processing

Figure 3.4: Procedure for tissue motion estimation using Shear Wave
Elastography Imaging(SWEI) technique. Adapted from[2].

Group velocity estimation

3.5.2.Via mechanical tests

Uniaxial tensile tests were conducted to obtain the elasticity of porcine
corneas in the five studied groups. The device used was designed and cal-
ibrated in the ’Ultrasonics Lab’ of the University of Granada (Spain). It
comprised two clamps, one that was firmly anchored to the base and an-
other that could move in the vertical direction driven by three synchronized
motors. The clamps were printed in ABS (acrylonitrile butadiene styrene)
with specific surface roughness to avoid sample slippage. The upper clamp
was attached to a digital force gauge (ZTS-50N, Imada Co., Ltd) whose
maximum capacity was 50 N, with a resolution of 0.01 N. A high resolution
camera with a 4:3 ratio and 2560x1920 resolution (IPEVO Ziggi-HD 5MPix)
was synchronized with the displacement of the upper clamp. The monitor-
ing of tissue deformation and the loading steps were controlled by a Matlab
routine. All the samples were cut into vertical strips with the most unfa-
vorable part being the central cross-section of the sample. The width of the
NaOH-treated samples was reduced to avoid saturation of the force gauge.
The dimensions of the samples were measured using an electronic caliper
(Table 1). The samples were preconditioned with 10 loading cycles at 1 N
to resemble a mechanical state close to in-vivo IOP conditions. The tissues
underwent a quasi-static uniaxial tensile displacement to the rupture point
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at a rate of 0.2 mm/s. Acrylic black paint was sprayed over the sample for
speckle generation in the samples to improve deformation monitoring. The
corneal samples were kept continuously hydrated so as to prevent a severe
alteration of the mechanical properties during the experiment by spraying
them with PBS.

Although the stress-strain curve had a nonlinear behavior for the studied
deformations, the curve was analyzed in two linear regions [39], where linear
elasticity, homogeneity and isotropy were assumed, and viscosity ignored,
which allowed to compare the trends with the values obtained with TWE.
In the first region (toe region), the mechanical response was believed to
be dominated by non-collagen components of the stroma, since the collagen
fibrils were initially crimped and then were progressively uncoiling as the load
increased. In the second region, collagen fibrils were sufficiently elongated
to control the mechanical response (Figure 5). The stress-strain curve was
obtained by dividing the force measured in each increment of displacement
by the initial section in the most unfavorable area, and the deformation
by dividing the displacement by the initial length between clamps. This
initial length was set when the sample was stretched under a load of 0.01
N. The thickness of the samples was considered constant throughout the
test. For the calculation of the elasticity in the first region, a linear range of
deformation 0.02-0.04% was considered. For the calculation of the elasticity
in the second region (mechanical response governed the collagen fibrils),
a searching algorithm was implemented to detect the region of the curve
in which the minimal variation of the slope was found between successive
points.

Fig. 5. Tensile test setup and data analysis: a) front camera view, where
a sample was clamped and attached to the force gauge at the top; b) typ-
ical stress-strain curve of a control group sample, the regions selected to
estimate the elasticity modulus were a linear toe region K1 (non-collagenous
response), and a linear collagen response region K2.

Hysterectomy Specimens

A total of seven hysterectomy specimens from women with benign gyneco-
logical conditions were obtained from Health Campus Hospital in Granada
Table3.4). The study met the principles of the Declaration of Helsinki. Ap-
provals of the Ethical Committee in Human Research of the University of
Granada and Ethical Commission and Health Research of Health Campus
Hospital in Granada were achieved. All women enrolled in the evaluation
provided agreement by signing a written consent and reading the information
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of the patient report.

Table 3.4
Obstetric characteristics of the population in the study.

Patient Age Hysterectomy Indication

1 53 Vaginal prolapse
2 67 Subserous myoma
3 59 Vaginal prolapse
4 54 Cervical prolapse
5 50 Cervical prolapse
6 51 Cervical prolapse
7 71 Cervical prolapse

Mechanical Tests

All the mechanical tests were performed using the tensile-compression press
shown in Figure 3.5. The device was equipped with a 500 N force gauge
(IMADA ZTA-500N) fixed to a platform that is operated by three motors
with an accuracy of 0.3µm. The tolerance of the force gauge is 0.1 N. The cer-
vical tissue was fixed by two Acrylonitrile Butadiene Styrene (ABS) printed
gripper jaws, one was attached to the press and another linked to a fixed
support, that prevents the cervical tissue from undesired movements. Ac-
cording to the literature reviewed in soft tissue uniaxial tensile tests, the
load step was 0.2 mm, and the strain ramp rate used was 1%/s [168]. A
rule was used in the same plane in which the sample was contained for the
calculation of deformations. Finally, a conventional camera (IPEVO Ziggi-
HD High Definition USB CDVU-04IP model, 5 Mpix, 1280 × 720 resolu-
tion) was employed to acquire the image sequence at each loading step until
the sample breakdown (Figure3.6). The camera was synchronized with a
MATLAB®programming environment (Release 2018b, MathWorks, Natick,
MA , USA) at the beginning of the experimental test. The code implemented
in MATLAB®allowed controlling each increment of load through an Ardu-
ino microcontroller, at the same time that recorded at a rate of 1 frame per
load increment until the sample breakdown.

The sample preparation protocol consists of several steps:

1. All the seven cervical tissues were excised from the women and placed
in phosphate buffered saline (PBS) to avoid loss of hydration after
surgery. The connective layer was cut below the epithelial layer, and
at a sufficient distance from the cervical canal to ensure that the pre-
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ferred direction of the collagen fibers corresponds to the direction of
the uniaxial tensile test [135, 169]. The samples were tested in the
Ultrasonics Laboratory at the University of Granada. Two slices were
cut manually from each cervical sample, one from the epithelial layer
and another one from the connective layer. The epithelial layer was cut
carefully to obtain a thickness between 0.5 and 1 mm. The connective
layer was obtained below the epithelial layer. All the samples were cut
with the same mold (see Figure 3.7) to maintain the same geometry,
which is necessary to locate the most unfavorable section.

2. A random dot pattern was used in the cervix to improve deformation
monitoring carried out by a cross-correlation algorithm (PTVlab soft-
ware), see Figure 3.8. For the speckle generation, acrylic black paint
was used.

3. An optimal contrast obtained by a good illumination and a uniform
background help the tracking algorithm.

4. It is worth underlining that the cervical tissue samples were kept con-
tinuously hydrated so as not to alter the mechanical properties during
the experiment by spraying them with PBS.

5. All the samples were preconditioned with 10 cycles at 1 N before the
uniaxial tensile test.
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Figure 3.5: Experimental setup comprising a 500 N force gauge, grip-
per jaws for holding the sample attached and a conventional camera to

register the loading process. Adapted from[3].
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(a) Load = 2.8 N

(b) Load = 10.7 N

(c) Load = 0.3 N

Figure 3.6: Three different frames from a recording of a uniaxial tensile
test in a cervical tissue sample. The tissue is stretched in the direction

marked with a red arrow. Adapted from[3].
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10 mm

3 mm

8 mm

(a) (b)

Figure 3.7: (a) Mold printed with Acrylonitrile Butadiene Styrene
(ABS) to maintain the geometry of the samples. (b) Cervical tissue

sample geometry. Adapted from[3].

Figure 3.8: An illustrative example of cervical tissue attached to two
gripper jaws that fix it during the uniaxial tensile test. A dashed yellow
line was used to delimit the region of interest (ROI). The green arrows

represent the displacements. Adapted from[3].

PTVlab is free software that was developed by Dr. Wernher Brevis (mainly
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developed the mathematical algorithms) and Antoine Patalano (an adapta-
tion of the graphical user interface (GUI) in MATLAB and the development
of new functionalities) [170, 171]. The Large Scale Particle Tracking Veloci-
metry (LSPTV) method is employed by PTVlab and uses the binary correla-
tion, the Gaussian mask and the dynamic threshold binarization techniques
for the particle detection. A Gaussian mask with a correlation threshold
0.5 and a sigma of 3 px was used for particle tracking. The Particle Track-
ing Velocimetry (PTV) algorithm was cross-correlated by an interrogation
area of 10 px, a minimum correlation of 0.6 px, and a similarity neighbor
of 25%. The deformations were calculated in the most unfavorable area of
the cervical tissue, which according to the printed mold corresponds to the
central area.
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"Have no fear of perfection; you’ll never reach it."

Marie Curie
Chapter4

Quantification of the
mechanical biomarkers via

TWE

4.1.Estimating tissue viscoelasticity of:

4.1.1.Ex vivo chicken liver

The results of the scans are presented as mechanical biomarkers in terms of
shear wave velocity, shear moduli, and viscosity. A comparison of shear wave
velocity as a function of frequency for both TWE and SWEI techniques can
be found in Figure 4.1. The sub-figure on the top is for fresh ex vivo liver
samples and the one on the bottom is for hydrogel phantoms. Measurements
were done within the frequency range of 200–800 Hz. Solid lines are optimal
fits of a Kelvin–Voigt rheological model.
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Figure 4.1: Dispersion curve for the two types of samples measured,
square/circle marks are the values of shear wave velocity versus frequency
via shear wave elastography imaging (SWEI) and torsional wave elast-
ography (TWE) for ex vivo chicken liver samples (top) and hydrogel
phantoms (bottom). Kelvin–Voigt (KV) fit is shown with solid lines in
black color for SWEI and in red for TWE, and 95% confidence intervals

are displayed with dashed lines. Adapted from[2].

The results show shear wave velocities go from 1.15 to 2.25 m/s for SWEI
and from 1.3 to 2.03 m/s for TWE as mean values for the three liver samples.
In the case of hydrogel phantoms, SWV values vary from 0.76 to 1.09 m/s
for SWEI and from 0.79 to 0.93 m/s when scans were done via TWE. Both
techniques show the same trend. These values are mean velocities for the
two types of samples. ARFI based measurements were done three times in
different liver areas. The results show a clear viscous trend in the samples.
The results are in concordance with those presented in the literature [172,
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173, 174].

A Pearson correlation coefficient was calculated to observe the degree of
agreement between the reconstructed shear wave velocities obtained from
both techniques, TWE and SWEI. The results are shown in Figure 4.2.
A significant degree of agreement is observed, with a Pearson correlation
coefficient of 0.99767 for liver samples and 0.99838 for hydrogel phantoms.

Figure 4.2: Pearson’s correlation between shear wave velocities via
SWEI and TWE for both ex vivo liver samples (top) and hydrogel
phantoms (bottom) at a frequency range from 200 to 800 Hz. Pear-
son correlation coefficients are 0.99767 for liver samples and 0.99838 for

hydrogel phantoms. Adapted from[2].

Biomechanical elastic parameters obtained via TWE and SWEI in terms
of shear moduli, µ, for both ex vivo chicken liver samples and hydrogel
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phantoms are tabulated in Table 4.1. Scans were made under a range of
frequency from 200 to 800 Hz. Measurements were done in this range of fre-
quencies based on the power spectrum obtained from the shear wave tracked
by the Verasonics transducer for liver samples, as shown in Figure 4.3. It can
be observed that the energy concentration is within this range of frequencies
(200–800 Hz); frequencies above this range are considered noise.

Figure 4.3: The power spectrum of the shear wave tracked by the
7.8 Mhz (L11− 5v) transducer for the ex vivo liver sample using a Vera-

sonics vantage system. Adapted from[2].

Next, viscosity parameters for the same samples using two different rheolo-
gical adjustments, namely Kelvin–Voigt and Maxwell, were determined (see
Table 4.2). The results show the same trend; shear moduli are frequency
dependent and increases with increasing frequency.

Verasonics Vantage systems measure and report shear wave velocity; there-
fore, to obtain the mechanical biomarkers in kPa, SWV values were trans-
formed by Equation (3.5.1) to get shear moduli µ. In this study, it was
assumed that tissue density is 1000 kg/m3.
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Table 4.1
Shear moduli in kPa for both ex vivo liver samples and hydrogel
phantoms obtained from torsional wave elastography (TWE) and shear

wave elastography imaging (SWEI) techniques.

Elastic Parameter: Shear Moduli in kPa

Ex Vivo Liver Samples Hydrogel Phantoms

Frequency (Hz) µTWE µSWEI µTWE µSWEI

200 1.69± 0.78 1.32 0.62± 0.04 0.58

400 2.66± 0.23 2.82 0.68± 0.05 0.74

600 2.69± 0.47 3.69 0.78± 0.065 0.85

800 4.00± 0.42 4.84 0.86± 0.055 1.16
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Figure 4.4 shows particle displacement versus time profiles at 24 lateral po-
sitions for both an ex vivo liver sample and a hydrogel phantom.

Figure 4.4: Experimental particle displacement versus time profiles at
the focal depth resulting from the ARFI excitation. The ARFI moves the
tissue in the axial and lateral position. In this figure, each displacement
trace indicates a lateral position starting nearby the ARFI push focus
to 24 lateral positions. Each individual color curve indicates the lateral
position of a displacement trace for ex vivo liver sample II (left) and
hydrogel phantom II (right). The curves show that, at farther distances
(few milliseconds after the push), the particle displacement is reduced,

since the shear wave dissipates. Adapted from[2].

The axial displacement map obtained using the Loupas algorithm [166, 167]
after post-processing the IQ (in-phase and quadrature data) of ex vivo liver
sample I is shown in Figure 4.5. We can see the ARFI push and the shear
wave propagation. The y-axis represents the depth in mm of the scan,
and the x-axis the lateral distance of the wave propagation. The sequence
of the figure (from A to D) shows the localization of the ARF push and the
shear wave lateral propagation away from the focus. Loupas 2D autocor-
relator performs as the gold standard phase domain technique for motion
estimation[175, 176].
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Figure 4.5: A sequence of displacement map (displacements are in
meters) of ex vivo liver sample I due to ARFI excitation. The box
represents the ROI (Region of Interest) chosen. The sequence from A to
D show the push start (sub-figure A) and the shear wave propagation in
different frames (sub-figures A-D) till its dissipation. Adapted from[2].

4.1.2.Ex vivo human uterine cervix

En este último capítulo se resume el trabajo desarrollado en la elaboración
de esta Tesis y se enumeran las conclusiones más relevantes. Asimismo se
destacan las tareas realizadas que han constituido aportaciones originales e
innovadoras. Finalmente, se plantean posibles líneas de trabajo que podrían
completar y ampliar algunos aspectos de interés relativos al estudio de pro-
pagación de ondas en problemas 2.5D.
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Figure 4.6: Stiffness values obtained from measuring via TWE the
eight ex vivo human uterine cervix samples. Each sample was measured

several times at different locations.
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(a) (b)

(c)

Figure 4.7: Group velocity values obtained from measuring the eight
ex vivo human uterine cervix samples. Sub-figures a and b refer to
Group velocity of shear waves using SWEI, while sub-figure c displays
the same results via TWE. A) The total of the eight ex vivo samples is
represented, so one can observe that the cervical sample number 4 shows

anomaly velocity values (b) Is a zoom in from sub-figure a.
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4.2.Viscoelasticity of ex vivo porcine cornea samples

Figure 4.8: Experimental set-up for tissue characterization using Tor-
sional Wave Elastography (TWE).

Table 4.5
Mechanical biomarkers: shear wave velocity and Young modulus as mean

value of the five groups used in this study

Shear wave velocity cs
(m/s)

Stiffness E
(kPa)

Control 11.361±1.050 391.081±43.109
NH4OH @5min 12.216±0.388 448.944±27.899
NH4OH @1min 13.639±0.688 565.725±54.961
NaOH @5min 15.956±0.755 768.215±71.768
NaOH @1min 15.261±0.912 708.737±86.474

Table 4.6
Viscoelastic parameters for ex vivo porcine cornea samples using Kelvin

Voigt (KV) fit for the Torsional wave elastography results

Sample
Control Amonia solution (NH4OH) Sodionm hydroxide (NAOH)

Kelvin-Voigt fit 5min 1min 5min 1min
Elasticity µ(kPa) 5.112±0.413 5.573±0.637 5.611±1.151 6.611±0.628 6.080±1.002
Viscosity η(Pa.s) 2.835±0.228 3.091±0.353 3.112±0.638 3.666±0.3488 3.372±0.555
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4.3.Assessment of shear stiffness using anisotropic TWE
probe of:

4.3.1.Hydrogel phantoms

Table 4.7
Silicone phantom with aligned fibers measured by the different channels

Frequency (Hz) silicone phantom
with aligned fibers

Stiffness µ (kPa)
0◦ sensor 90◦ sensor 225◦ sensor

700 mean of 6 meassurements 179.549±6.306 84.342±3.445 123.771±3.886
1000 mean of 6 meassurements 207.560±6.193 90.452±4.585 144.424±4.126
1300 mean of 6 meassurements 229.926±3.977 106.715±4.958 177.075±5.856
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Table 4.9
Ex vivo chicken breast measured by the different channels

Frequency (Hz) Ex vivo
chicken breast

Stiffness µ (kPa)
0◦ sensor 90◦ sensor 225◦ sensor

700 mean of 3 meassurements 40.752±1.407 16.247±1.631 32.258±0.960
1000 mean of 3 meassurements 43.573±1.555 17.848±1.073 33.603±2.017
1300 mean of 3 meassurements 56.253±2.359 19.846±1.644 36.719±1.198

Table 4.10
Ex vivo human uterine cervix measured by the different channels

Frequency ex vivo human
uterine cervix

Stiffness µ (kPa)
0◦ sensor 90◦ sensor 225◦ sensor

700 1 18.879±1.022 25.350±0.798 12.960±1.630
900 1 20.492±1.461 25.251±1.457 12.854±1.423
700 2 10.703±0.203 13.421±0.898 7.125±0.584
1000 2 20.534±1.511 26.997±1.578 13.413±1.207
900 3 32.863±2.738 56.020±3.805 22.230±2.909
1000 3 40.251±2.763 63.390±3.045 22.214±2.613
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4.3.2.Ex vivo chicken breast samples

4.3.3.Ex vivo human uterine cervix

4.4.Nonlinearity of cervical tissue

4.4.1.Effect of applied pressure on the shear stiffness of ex vivo human
uterine samples

Figure 4.9: Effect of the applied pressure on the stiffness (a pressure
ranging from 25 to 150gr was exerted). Measurements were done via

TWE on ex vivo cervical samples.

4.4.2.Comparison between Hyperelastic Models

The experimental data of the uniaxial tensile tests for each of the cervical
tissue samples are represented as stress–strain curves (Figure 4.10). In these
curves, it can be appreciated the three zones that are explained in Figure
4.11: nonlinear, quasi-linear and rupture. The results of the fits of the
experimental data with the three hyperelastic models are shown in Tables
4.11–4.13. These fitted curves were performed with MATLAB ® (Release
2018b, MathWorks, Natick, United States) Curve Fitting Toolbox. The me-
dian and the confident intervals have been calculated for each parameter.
The relationship between woman’s age and the Third Order Elastic Con-
stant A from the proposed model, the infinitesimal shear modulus µr from
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the Ogden model, c1 parameter from the Mooney–Rivlin model, and c2 para-
meter from the Mooney–Rivlin model for the connective layer are shown in
Figures 4.12–4.15.

An illustrative example of the comparison of the hyperelastic theoretical
models with the experimental results obtained from the connective layer of
Cervix 2 is showed in Figure 4.16.

Figure 4.10: Experimental stress-strain relationship for cervical
samples tested under uniaxial tensile test. Solid black and discontinue
lines represent the connective and layer respectively. The stress is the

true stress. Adapted from[3].
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Figure 4.11: Representation of stress–strain behavior of soft tissues.
The curve is divided into three zones: nonlinear (A), quasi-linear (B)
and rupture (C). The state of elastin (black color) and collagen (green

color) is represented at the bottom of each zone. Adapted from[3].

Table 4.11
Results of the fits of experimental data with the proposed nonlinear
model. Shear modulus µ and TOEC A in MPa. IQR: Interquartile

Range.

Nonlinear Model

Epithelial Layer Connective Layer

Cervix µ A µ A

1 1.13 22.6 3.58 3.49
2 1.22 −6.08 4.72 −7.63
3 1.35 −3.06 2.64 −5.92
4 1.57 28.3 3.30 27.6
5 1.35 −2.35 3.51 73.6
6 1.13 2.32 3.49 70.1
7 1.27 30.72 3.96 25.7

Median (IQR) 1.27 (1.13 1.35) 2.32 (−3.06 28.3) 3.51 (3.30 3.96) 25 (−5.92 70.1)
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Table 4.12
Results of the fits of the experimental data with the Ogden model. The

infinitesimal shear modulus µr in MPa. IQR: Interquartile Range.

Ogden Model

Epithelial Layer Connective Layer

Cervix µr αr µr αr

1 0.41 7.94 0.941 6.01
2 1.01 1.62 1.16 5.63
3 0.42 4.54 0.97 4.13
4 0.35 9.94 0.85 11.1
5 0.47 4.31 0.82 10.25
6 0.39 5.27 0.57 11.54
7 0.40 9.05 1.29 6.40

Median (IQR) 0.41 (0.39 0.47) 5.27 (4.31 9.05) 0.94 (0.82 1.16) 6.40 (5.63 11.1)

Table 4.13
Results of the fits of the experimental data with the Mooney–Rivlin model. IQR:

Interquartile Range.

Mooney-Rivlin Model

Epithelial Layer Connective Layer

Cervix c1 c2 c1 c2

1 6.93 −6.73 5.87 −4.77
2 0.33 −0.08 4.7 −3.15
3 1.22 −0.78 2.51 −1.68
4 8.25 −7.84 59.9 −59.3
5 1.47 −1.05 20.56 −19.67
6 2.35 −2.06 15.7 −15.9
7 8.69 −8.44 12.1 −11.1

Median (IQR) 2.35 (1.22 8.25) −2.06 (−7.84 −0.78) 12.10 (4.70 20.56) −11.1 (−19.67 −3.15)
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Figure 4.12: Quadratic regression of the Third Order parameter A
of the connective layer against the woman’s age. R2 = 0.84. Adapted

from[3].
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Figure 4.13: Cubic regression of the infinitesimal shear modulus µr

of the connective layer from the Odgen model against the woman’s age.
R2 = 0.60. Adapted from[3].
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Figure 4.14: Cubic regression of the c1 parameter of the connective
layer from the Mooney–Rivlin model against the woman’s age. R2 =

0.24. Adapted from[3].
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Figure 4.15: Cubic regression of the c2 parameter of the connective
layer from the Mooney–Rivlin model against the woman’s age. R2 =

0.25. Adapted from[3].
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Figure 4.16: Comparison of the hyperelastic theoretical models with
the experimental results obtained from the connective layer of Cervix 2.
(a) The proposed nonlinear Fourth Order Elastic Constant (FOEC) non-
linear model; (b) Mooney–Rivlin and Ogden models. Adapted from[3].

4.4.3.Shear Modulus Estimation

The shear modulus can be obtained directly by means of the µ parameter
of the FOEC proposed model, through the slope of the stress–strain curve
in the linear region or also trough a combination of the two parameters
of the Ogden model, the infinitesimal shear modulus µr and the stiffening
parameter αr (see Equation (2.6.17)). Table 4.14 shows the values of the
shear modulus for each procedure and for each sample.
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Table 4.14
Shear modulus estimation for the proposed nonlinear model, the Ogden
model and the slope of the linear region of the stress–strain curve. The
mean and standard deviation of the values for the seven samples are

presented in MPa.

Shear Modulus

Epithelial Layer Connective Layer

Cervix Nonlinear Ogden Curve Nonlinear Ogden Curve

1 1.13 1.65 0.82 3.58 2.83 4.17
2 1.22 0.82 0.69 4.72 3.28 3.78
3 1.35 0.95 1.43 2.64 2.01 3.62
4 1.57 1.77 1.82 3.30 4.71 3.26
5 1.35 1.02 0.44 3.51 4.22 5.25
6 1.13 1.03 0.90 3.49 3.30 4.42
7 1.27 1.84 1.08 3.96 4.15 3.17

Mean ± Std 1.29 ± 0.15 1.30 ± 0.43 1.02 ± 0.46 3.60 ± 0.63 3.50 ± 0.92 3.95 ± 0.72

In order to study the differences between the obtained shear modulus with
the nonlinear model, Ogden model and the slope of the curve stress-strain
for each cervical layer, a Student’s t-test was used (see Figure 4.17).

Figure 4.17: Comparison between shear modulus of epithelial and con-
nective layers using the proposed nonlinear model, the Ogden model, and
the slope of the linear region of the stress-strain curve. The results are
presented as mean ± standard deviation. The light gray bars represent
the epithelial layer and the dark gray bars the connective layer. P-value
obtained from the Student’s t-test was the metric used for this compar-

ison. (* p-value < 0.001). Adapted from[3].

Another parameter that shows significant differences between the epithelial



4.4. NONLINEARITY OF CERVICAL TISSUE 73

and the connective layers is the infinitesimal shear modulus. Figure 4.18
shows the mean and deviation values of the infinitesimal stiffness modulus,
derived from the Ogden model, for the epithelial and connective layers. The
metric used for the comparison was the p-value obtained from the Student’s
T -test.
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Figure 4.18: Comparison between the infinitesimal shear modulus (µr)
of epithelial and connective layers using the Ogden model. The results
are presented as mean ± standard deviation. P-value obtained from the
Student’s T -test was the metric used. (* p-value = 0.0016). Adapted

from[3].
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I was taught that the way of progress is neither swift nor easy.

Marie Curie
Chapter5

Discussion and conclusions

Objective 1: Tissue viscoelasticity

The principal goal of this work was to be able to reliably quantify the mech-
anical properties of soft tissue using Torsional Wave Elastography (TWE).
A combination of information from different techniques is required in order
to improve our understanding of the tissue mechanical behavior. Knowing
cut off values of the different emerging technologies and comparing them with
technologies well known and working as the gold standard in the field of the
elastography would originate a strong impact on clinical diagnoses. It is an
ambitious goal, yet we have obtained promising results and the technique is
being validated through this work and recent work of the group. Torsional
wave elastography has been shown to be effective in obtaining biomechanical
biomarkers [104, 157, 158, 146, 145].

In this work, SWEI was used to validate TWE, since it is the gold standard
and one of the most important noninvasive techniques in quantifying the
viscoelastic parameters [177, 178]. A significant number of studies reinforce
this decision; for instance, Kyoung et al. [179] showed that SWE is a good
method to evaluate the usefulness of the stability index (SI) in liver stiff-
ness measurements, demonstrating that this reduces the variability and in-
creases the reliability in both free-breathing and breath-holding conditions.
Samir et al. [180] estimated liver stiffness using SWE. The results obtained
from the right upper lobe gave the best correlation with liver fibrosis severity
and can potentially be used as a noninvasive test to differentiate intermediate
degrees of liver fibrosis in patients with liver disease.

A validation study of five elastography techniques available commercially us-
ing individual tissue-mimicking liver fibrosis phantoms with different known
Young’s moduli was performed by Mulabecirovic et al. [181]. They concluded
that the SWE systems have very good repeatability and interobserver agree-
ment. Dietrich et al. [182] presented guidelines and recommendations on
the clinical use of liver ultrasound elastography; in their work, they firmly
recommend comparison studies of all the technologies available to improve
our knowledge on cut-off values for each system. Another comparison among
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commercially available techniques using SWE for the assessment of chronic
liver diseases was presented by Friedrich-Rust et al. [183].

The reproducibility of the TWE technique was evaluated and found con-
sistent with previous studies. The first validation of TWE was made by
Callejas et al. [104] using a classical rheometer (limited to 50 Hz), which is
a quasi-static regime; the limitation of the previous work is that the meas-
urements to obtain the shear moduli were made at frequencies well below
the measurements made by TWE (300 Hz to 2 kHz). Therefore, in this work
presented herein, the Verasonics Vantage system was used as the source to
generate shear waves, allowing a comparison between the two methods in
the same frequency range. The results are shown in Figure 4.1. The dis-
persion curves for the two types of samples measured, ex vivo liver samples
and two tissue mimicking hydrogel phantoms, show the viscous response of
the tissue. Each sample was measured several times by both techniques in
different positions and under different pressures. Biological variability in the
samples cannot be neglected; indeed, we observed different zones of rigidity
in the same sample, which is true for all samples. Significant variability
was found when different zones of the same sample were scanned by the
same technique.

The values of shear wave velocities, from 1.15 to 2.25 m/s for SWEI and from
1.3 to 2.03 m/s for TWE as mean values for the three liver samples, agree
with other results obtained from the literature [172, 173, 174]. However,
the same figure shows that the curves representing TWE and SWEI results
are spaced at high frequencies (>800 Hz). This is probably because the
attenuation is too high and the signal is dissipated. A similar observation was
obtained from the hydrogel phantoms results. Pearson correlation coefficient
shows good agreement between shear wave velocity (SWV) via TWE and
SWEI, with values of 0.99767 for liver samples and 0.99838 for hydrogel
phantoms, as reported in Figure 4.2.

Elastic biomarkers in terms of shear moduli in kPa under the frequency range
of 200 to 800 Hz show a good match between the techniques and report a
similar tendency as SWV and therefore shear moduli are frequency depend-
ent; increasing the frequency increases shear moduli values (Table 4.1).

One of the advantages of elasticity based images is that many soft tissues
may share a similar capacity to reflect ultrasonic waves, but they may have
different mechanical properties that can be used to visualize normal anatomy
and trace pathological lesions more clearly. The liver is a viscoelastic struc-
ture, which is why changes in its viscosity would be closely related to liver
diseases. Several authors suggest that changes in the transmission rate of
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mechanical vibration depend on the frequency [184, 185, 186]. Hence, SWE
has some advantages over Transient Elastography (TE) [187, 188]. Since
Shear wave velocity is frequency dependent, it is possible to quantify the
tissue viscosity from the shear wave dispersion curves [189, 190, 191, 192].
In this study, viscoelastic biomarkers were obtained by fitting the model to
the measured frequency. The results, as listed in Table 4.2, present signific-
ant differences between the two rheological models proposed, Kelvin–Voigt
(KV) and Maxwell. The goodness of the adjustment shows that, in this case,
KV model characterizes better both tissue samples and hydrogel phantoms.
This opens up the debate to the elastography scientific community to present
guidelines on which rheological model can express in the most concise way
the characterization of soft tissue. Hydrogel phantoms show slightly bet-
ter results than ex vivo liver samples, possibly for being more homogenous.
Table 4.2 shows the parameters related to all the frequencies in the range
of 200–800 Hz, where the maximum energy is concentrated, and not all the
frequencies shown in Figure 4.3. Frequencies above 800 Hz are assumed to
be noise.

TWE technique presents some advantages that make it interesting. First,
it can reduce and isolate the spurious waves contamination (P-waves) [157,
146]. Another advantage is its ability to accurately interrogate soft tissue
mechanical functionality in cylindrical geometries. Dealing with this type of
geometry is a challenge for current elastography approaches in small organs
such as the uterine cervix, where SWE would generate bounces on the tissue
walls and mask the signal received by the receiver. However, TWE technique
generates less energy that does not generate rebounds [158]. Torsional waves
propagate both radially and in depth, which is very advantageous in the case
of multilayer tissue. The technique is able to characterize the different layers
of the tissue when there is a clear difference between the stiffness of both,
since shear waves propagate more quickly in stiffer media. The path of
torsional waves from the transmitter to the receiver depends on the tissue
scanned; the methodology for the characterization of bilayer tissue mimicking
phantoms using TWE can be found in the work of Callejas et al. [147].

Finally, TWE technique deposits extremely low energy in the tissue, which
makes it exceptionally safe. When the acoustic waves are used for fetal
imaging, three parameters should be evaluated for safety considerations.
These mechanical and thermal index parameters and their values for TWE
can be found in the work of Callejas [193]. TWE technique has already
been successfully applied in vivo in a recent work by Massó et al. [145] to
determine uterine cervix elasticity in pregnant women.
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In this work, the tissue was assumed to be isotropic, but when highly an-
isotropic tissue is scanned the assumptions made are not precise. Taking
into account the fiber orientation, the anisotropy of the soft tissue is still a
pending subject of commercial elastographic techniques, including TWE.

Future directions should include a study of the attenuation versus distance,
as well as exploring different soft tissues and more complicated rheological
models for more robust and accurate estimations of viscosity. Additionally,
in vivo scans should continue to validate the TWE technique in organs where
it presents an advantage over SWE. In summary, this work demonstrates that
the proposed TWE technique has enough potential in the determination of
mechanical properties of soft tissues. Preliminary results of ongoing work
in vivo are encouraging.
In this work, the authors present a Torsional Wave Elastography (TWE)
technique developed by part of our group to determine the mechanical prop-
erties of soft tissue. The results were compared with the ones obtained from
a commercial SWEI alternative. A programmable SWE-system for ex vivo
samples was implemented and evaluated. The results of shear wave velocities
and shear moduli for both ex vivo and hydrogel phantoms are in concord-
ance with the literature. At the moment, we strongly believe that these
results are promising and can be considered as a baseline for future stud-
ies on TWE. The objective was reached and TWE has been shown to be
able to capture the tissue variability with respect to the frequency with a
tendency close enough to the gold standard in elastography. Exploring the
TWE technique in other soft tissues will be interesting future work, as will
the study of attenuation versus time in in vivo measurements.

Objective 2: TWE in bounded media

In this study, the technical/practical capabilities of TWE were evaluated on
a geometry as specific as that of the cornea. Unlike other organs such as
the cervix [33] or liver [37], the translation to measure corneal elasticity was
governed by the complex propagation of guided waves. A simple calculation
of the group speed assuming pure elasticity might lead to significant bias
[40], since generated waves are very dispersive, thus depending on the fre-
quency range. In our case, the A0 mode was assumed to be the dominant
mode at the response frequencies, for which an experimental expression had
already been derived. Therefore, one small source of error was expected
as the contribution of other guided wave modes was ignored, but possibly
captured in the standard deviation of the estimation. Comparison between
TWE and tensile test methods showed that calculated elasticities were co-
herent, registering higher values in the treatment groups with respect to the
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control group. The large difference between methods could be justified by
experimental conditions inherent to destructive evaluation. The geometrical
constraints imposed, such as clamping and the edges, and loss of curvature
due to stretching, directly affected the microstructure. The tensile strain rate
also played a role, due to viscoelasticity, since it was observed that higher
rates resulted in higher elasticity [41]; yet it could be considered a convenient
technique for comparative studies. In the literature, very mixed results were
found, which are a consequence of the different time- and length-scales used,
wave models, as well as experimental conditions, reaching ambiguous conclu-
sions. Still, the elasticity values presented here were consistent with previous
studies, ranging from 160 to 890 kPa under different setups and treatments
[23], [24], [42], [43]. Experimental variations include IOP, a factor that was
found to be positively correlated with elasticity [26], [44]. Increasing IOP
stretches the cornea, introducing nonlinear elastic effects and affecting wave
propagation [42]. However, very recently, Ramier et. al [43] found no correl-
ation between these magnitudes, possibly due to a convenient distribution
of stress in the human cornea in vivo. Another factor, essential during ex
vivo experiments, is hydration. It is known to be a confounding factor due
to corneal dehydration (no renovation of aqueous humor), resulting in tissue
thinning and increased elasticity [2], [45]. Thus, thickness can be considered
a surrogate of hydration in equation X, where higher elasticity was expected
in thinner corneas. Interestingly, the difference in thickness between samples
treated for one minute and the control was nearly significant, which may ex-
plain why 1 minute groups exhibited slightly higher shear elasticity. As the
chemical treatment was more aggressive, a higher elasticity was recorded,
for which it is hypothesized that instead of a weakening of the interlamellar
integrity, at first, the alkali burn rearranged the components of the stroma
through melting, whereupon the proteoglycan matrix would contribute by
resisting higher deformation. Another possible explanation, was suggested
by Nguyen et. al [46], where the removal of epithelium after treatment in-
creased elasticity, probably due to dehydration and water regulation in ex
vivo conditions.

The values presented by TWE were an average of global mechanical prop-
erties that translated into a fast reconstruction method, taking less than 7
seconds to calculate the group speed. In contrast to other techniques, where
a map was reconstructed, no analysis artifacts were detected, such as diffrac-
tion or attenuation. However, some limitations of the current method need
to be detailed. Only TOF algorithms are feasible to obtain the group speed,
and then using expressions such as equation X, the significant dispersion and
phase speed of waves are not considered. Boundary conditions like stress dis-
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tribution generated by IOP confers a preload state, which could be modified
if there is direct contact, biasing the results. It is likely that TWE missed
focal abnormalities since no 2D image was obtained. The in vivo implement-
ation of acoustic or optic-based techniques should improve the management
of current applications, such as early detection of ectasia, corneal treatment
customization, the role of IOP in pathologies such as glaucoma or the as-
sessment of artificial corneas, just to name a few. Regular monitoring may
indicate signs of corneal aging or degeneration, which should be taken into
account for correcting measures such as tonometry. TWE has the potential
to be integrated into conventional examination procedures, but there are a
number of points that need to be further studied. Although there is direct
contact, it is not a methodology unfamiliar with routine protocols such as
tonometry, and therefore there is the possibility of using drops of topical
anesthetic before contacting. Besides, a stable excitation is achieved in this
modality, and by changing the diameter of the emitting disk, the exploit-
able frequency bandwidth of the response is expected to increase. To be
on the side of safety, in the future the effect of the pressure exerted when
measuring will be studied, both to assure an efficient propagation of tor-
sional waves, confirming that local induced stresses do not severely affect
wave propagation, and to avoid patient discomfort. On the other hand, this
applied pressure could become an opportunity to obtain nonlinear elasticity
parameters, as in acoustoelasticity, whose relevance could be substantial [34],
[47]. Since it is difficult for patients to maintain a fixed position or avoid in-
voluntary movements, the short times required to take measurements are an
additional benefit that helps reduce motion artifacts. As recently reported
[40], the use of Lamb wave models is required for a more accurate descrip-
tion of the viscoelasticity of the cornea, its feasibility with TWE should be
studied. The measurement of corneal thickness here was done manually after
removing it for tensile testing, but it can be done in vivo with pachymetry.
Some studies suggested that the cornea is an anisotropic tissue with an ac-
centuated mechanical heterogeneity, but when IOP was under 10 mmHg no
dependency was found in the measured direction [23]. In the future, an an-
isotropic device will be developed to assess this aspect. In summary, corneal
geometry, anisotropy, contact conditions and boundary conditions stand as
relevant factors for a reliable mechanical quantification of the cornea.
This study used for the first time torsional waves as the source of excitation
for elastography measurements in thin-layer corneal tissue. Corneas were
subjected to chemical treatment to modify their mechanical behavior. An
empirical expression was used to calculate the phase speed of A0 Lamb waves
from the estimated group speed, through which the modulus of elasticity was
obtained, and the dispersion curve was fitted to a Kelvin-Voigt rheological
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model. The trends of measured elasticity values were in agreement with
tensile test results and literature reports, being TWE able to differentiate
substantial changes, i.e., from 391.08 ± 66.03 kPa in control group, to 738.47
± 132.21 kPa in NaOH-treated group. Shear elasticity was within the range
of thin-layer tissues, whereas shear viscosity has not been reported after the
used empirical Lamb wave expression. The management of corneal surgery
and treatments should not solely depend on complex models of geometry and
topographical parameters, but also rely on quantifiable mechanical paramet-
ers that improve diagnostic sensitivity, changing from generalized empirical-
based models to customized approaches. Futures studies should implement
a suitable Lamb wave model, and prove the feasibility of using TWE with
in vivo animal studies in combination with standard equipment.

Objective 3: TWE for anisotropic media

The preliminary results are promising; the transducer can capture the bio-
mechanical properties in different tissue areas. Some of the results are shown
in Tables 1 and 2. From tables 1 and 2, one can observe the difference in the
stiffness values obtained from the three sectors of the torsional wave probe.
In table 1, the probe sector at 0º, that is, parallel to the fiber orientation of
the breast fibers returns higher values of stiffness as expected. Results are
encouraging; the anisotropic probe has been shown to be able to capture the
tissue variability respect to the fiber orientation and frequency with a tend-
ency close enough to the gold standard in elastography. This new technology
can be considered as a baseline for future studies on TWE.

Objective 4: Non-linear shear elasticity

In this work, as a first contribution, we proposed a new hyperelastic model
(nonlinear model) based on the Fourth Order Elastic Constants (FOECs)
in the sense of Landau’s theory to reconstruct the nonlinear parameters in
cervical tissue by fitting the experimental data with this model. The ex-
perimetal data were also fitted by the most used hyperelastic models in the
literature, Mooney–Rivlin, and Ogden. The nonlinear parameter A from
the proposed model could be an important biomarker in connective cervical
tissue diagnosis. As a second contribution, a comparison of the shear mod-
ulus, extracted from three different procedures, between the epithelial and
connective layers of ex vivo cervical tissue was performed. The conclusion
is that shear modulus was dependent on anatomical location of the cervical
tissue. Despite the difficulties encountered in the characterization of the hy-
perelastic behaviour of cervical tissue, the proposed nonlinear model should
be considered as the basis of more complex constitutive equations. Never-
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theless, the nonlinear FOEC model should remain as the starting point in
the hyperelastic characterization of the cervical tissue in future studies.
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"One never notices what has been done; one can only see what
remains to be done."

Marie Curie

Chapter6

Limitations and directions
for the future

Future short-term work will explore new corneal and anisotropy sensor designs,
with dimensions adapted to different types of samples. The ethical commit-
tee has been requested to perform in vivo measurements on the corneas of
sedated animals. With these tests, we will explore the viability of the an-
isotropic sensor in vivo. Another of the lines started is to investigate the
non-linearity of the cervix more deeply by sampling at different amplitudes
and cycles and locating the harmonics and the adjustment with a numerical
model. I will explore the possible relationship between the fractional alpha of
fractional viscoelastic models and tissue vascularization (or fractality) within
the coming months.
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