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Summary

The main objective of this thesis is to evaluate the viability of torsional waves to recon-
struct mechanical parameters, elasticity, viscosity and open the way to nonlinearity, mea-
suring in a human cervix in-vivo and enabling the technology as a diagnosis of preterm
birth and other gestational disorders.

According to World Health Organization, 15 million babies are born preterm per year,
this is, more than 1 in 10 newborns, and this number is rising in both developing countries
and Europe. Worldwide, complications of preterm birth are the main cause of child mortal-
ity under five years of age. Prematurity often leads to long-term disabilities such as learning,
visual, respiratory and hearing problems. On the opposite case, induction of labour is the
main cause of fetal suffering. It happens in approximately 23.8% of cases worldwide, whilst
the cesarean has to be carried out in 35.3% of the cases when the induction fails. Post-term
pregnancy has associated maternal and perinatal complications. So far, no reliable clinical
tool is available for quantitative and objective evaluation of cervical maturation. Current
models based on cervical length, obstetric history, digital vaginal examination and echogra-
phy of the cervix are not able to accurately predict a preterm birth with sufficient anticipa-
tion or the successful induction of labour. Even though there is an agreement that cervical
ripening plays a fundamental role during pregnancy, histological changes and biomechani-
cal properties of the cervix are not entirely characterized. The current lack of a clinical tool
for the quantitative evaluation of the biomechanical parameters of the cervix is probably a
barrier to advance in preventing spontaneous preterm birth and assessing the likelihood of
successful induction of labour. Since 2012, the World Health Organization is encouraging to
accelerate research into the causality of preterm birth, and to test effective approaches that
would lead to save babies. Recently, elastography techniques are being put forward in the
literature to assess quantitatively the stiffness of the cervix as a promising tool to estimate
preterm birth risk, as well as to predict the success of induction of labour. However, impor-
tant information about tissue state may be lost due to the neglect of viscosity because recent
studies suggest that viscosity is another useful index of tissue health. Hence, deeper knowl-
edge about the characterization of the viscoelastic behavior of cervical tissue could unleash
its potential for additional clinical diagnostic information.

In this thesis, the emerging torsional wave elastography (TWE) technique, an alterna-

tive technique to dynamics methods, is proposed to provide a connection between torsional



waves and cervical viscoelasticity, facing towards the gestational assessment. In particular,
we explore the robustness of the new proposed technique through a sensor sensitivity study
involving two variables, the applied pressure and the angle of incidence sensor-phantom.
This study falls into a preliminary analysis of the intra-operator dependency of the method.
After the positive outcomes of the sensitivity analysis, a series of experiments were per-
formed on ex-vivo human cervical tissue. The experiments aimed to combine information
from rheometry and TWE providing two sources of data to find the most suitable rheolog-
ical model that fits the cervical tissue behavior. Time-of-flight technique was employed to
measure the shear wave group velocity, which is dependent on the envelope of the prop-
agating wave. This study manifests that Kelvin-Voigt and its fractional derivative version
models best describe torsional wave-interactions, demonstrating the dispersive nature of
cervical tissue, in agreement with a common belief in literature.

On the one hand, a numerical approach was presented, whose purpose was to under-
stand the torsional wave-tissue interactions, which may determine the optimal rheological
model (elastic, Kelvin-Voigt or Maxwell models) that best describes the cervical tissue be-
haviour. The anatomy of the cervix has been taken into account in the models, considering
epithelial and connective layers. The TWE probe transmits and receives a torsional wave
that not only propagates along the surface of the cervix but also in-depth. Therefore, the
wave not only interacts with the most superficial layer, the epithelium, but also with the im-
mediately below layer made of connective tissue. Additionally, the boundary conditions of
the numerical models implemented were determined via high-speed camera tests. A Prob-
abilistic Inverse Problem (PIP) was described for ranking the most plausible model by com-
paring the in-vivo measurements in cervical tissues obtained from the TWE technique, with
the synthetic signals from the 2D Finite Difference Time Domain (FDTD) wave propagation
models. The results coincide with those obtained in the first contribution of this thesis, a
Kelvin-Voigt model best describes torsional waves-tissue interactions. Once the viscoelastic
model was selected, the parameters related to the model were reconstructed from 18 ex-
perimental measurements in pregnant women. The model parameters are epithelium shear
modulus, epithelium viscosity, epithelium thickness, connective layer shear modulus and
connective layer viscosity.

On the other hand, an experimental validation of the method proposed based on PIP ap-
proach to infer the KV viscoelastic properties from TWE technique was presented. In order
to test the new reconstruction method, five ad-hoc oil-in-gelatine phantoms were fabricated
with different gelatine batches, simulating the anatomy of the cervical tissue. The valida-
tion of the method was carried out by comparing the Kelvin-Voigt parameters reconstructed
with the PIP in the five samples, with those inferred with the Shear Wave Elastography
(SWE) technique (the gold standard in elastography) in each of the manufactured batched.
In general, by the obtained results, it can be concluded that the viscoelastic parameters re-
constructed by both procedures are similar, and therefore, this new method is validated

for its use in the TWE technique. This work provides a valuable method that will allow a



better understanding of the changes in cervix viscoelasticity and lead to better methods of
diagnosis of preterm birth and successful induction of labour.

The next contribution of this thesis is to propose a hyperelastic model based on Fourth
Order Elastic Constants (FOEC) in the sense of Landau’s theory to characterize the nonlin-
earity of cervical tissue and a validation of the mechanical parameters inferred in pregnant
women. In particular, the nonlinear elastic properties of ex-vivo cervical tissue have been
obtained for the first time by uniaxial tensile tests. The results of the proposed hyperelastic
model were in good agreement with the results of the most used hyperelastic models in the
literature, Mooney-Rivlin and Odgen models. Finally, the values of the shear modulus were
extracted in the epithelial and connective layers directly by means of the FOEC proposed
model, through the slope of the stress-strain curve in the linear region and through a com-
bination of the two parameters of the Odgen model. The shear modulus was dependent on
anatomical location of the cervical tissue. Variations of the same order of magnitude were
obtained in the epithelial and connective layer after the reconstruction of the shear modulus
with numerical models through the PIP procedure.

The last contribution of this thesis is to evaluate the feasibility and reliability of TWE
technique to provide consistent data on the changes of the cervical tissue stiffness during
pregnancy. The observed data support, firstly the hypothesis that torsional wave technique
has the capacity to quantify cervical stiffness defined by its elastic modulus, and secondly,
that shear stiffness decreases during pregnancy. The results showed, for the first time in-
vivo, the viability of torsional waves to objectively measure cervical elasticity in pregnant
women. Besides, the experimental results show that TWE technique is safe to be used in
pregnant women. All the values obtained were far below the thresholds according to Food
and Drug Administration guidelines reference parameters in Fetal Imaging and Other. The
TWE technique might provide clinically relevant data on the cervical ripening in addition

to that obtained from digital exploration and standard sonography.






Resumen

El principal objetivo de esta tesis es evaluar la viabilidad de las ondas de torsién para
reconstruir pardmetros mecanicos, elasticidad, viscosidad y abrir la puerta a la no linealidad,
midiendo en cervix humano in-vivo y habilitando la tecnologia como diagnéstico de parto
prematuro y otros trastornos gestacionales.

Segtin la Organizaciéon Mundial de la Salud, 15 millones de bebés nacen prematuros al
afno, esto es, mas de 1 de cada 10 recién nacidos, y este nimero estd aumentando en Eu-
ropa y en paises en desarrollo. A nivel mundial, las complicaciones de parto prematuro
son la principal causa de mortalidad infantil en menores de cinco afios. La prematuridad a
menudo conduce a discapacidades a largo plazo como el aprendizaje, problemas visuales,
respiratorios y auditivos. En el caso opuesto, la induccién del parto es la principal causa de
sufrimiento fetal. Ocurre en aproximadamente el 23.8% de los casos en todo el mundo, mien-
tras que la cesdrea debe realizarse en el 35.3% de los casos en los que falla la induccién. El
embarazo postérmino tiene asociadas complicaciones maternas y perinatales. Hasta ahora,
no hay una herramienta clinica disponible que sea fiable para la evaluacién cuantitativa y
objetiva de la maduracién cervical. Los modelos actuales basados en la medida de la lon-
gitud cervical, historia obstétrica, el examen vaginal digital y la ecografia del cuello uterino
no son capaces de predecir con precision y suficiente anticipacién el parto prematuro o
el éxito de la induccién. Aunque existe un consenso acerca de que la maduracién cervi-
cal desempefia un papel fundamental durante el embarazo, los cambios histolégicos y las
propiedades biomecanicas del cervix no se han caracterizado completamente. La falta actual
de una herramienta clinica para la evaluacién cuantitativa de los parametros biomecénicos
del cuello uterino es probablemente una barrera para avanzar en la prevencién del parto
prematuro y evaluar la probabilidad de éxito de la induccién del parto. Desde 2012, la Or-
ganizaciéon Mundial de la Salud esta fomentando la aceleracién de la investigacién sobre
la causalidad del parto prematuro y probando enfoques efectivos que conduzcan a salvar
bebés. Recientemente, en la literatura se han presentado técnicas elastograficas para evaluar
la rigidez del cervix cuantitativamente como una herramienta prometedora para estimar el
riesgo de parto prematuro, asi como para predecir el éxito de la induccién del parto. Sin
embargo, se puede perder informacién importante sobre el estado del tejido debido a la no

consideracion de la viscosidad, ya que estudios recientes sugieren que la viscosidad es otro



biomarcador de la salud del tejido. Por lo tanto, un conocimiento mas profundo sobre la car-
acterizacién del comportamiento viscoeldstico del tejido cervical podria liberar su potencial
para obtener informacién adicional de diagnéstico clinico.

En esta tesis doctoral, la técnica emergente de elastografia de ondas de torsién (TWE),
una técnica alternativa a los métodos dindmicos, es propuesta para proporcionar una
conexion entre las ondas de torsion y la viscoelasticidad cervical. En particular, exploramos
la robustez de la nueva técnica propuesta a través de un estudio de sensibilidad del sensor de
ondas de torsién que involucra dos variables, la presién aplicada y el dngulo de incidencia
sensor-muestra. Este es un estudio preliminar para evaluar la dependencia intraoperadora
del método. Después de los resultados positivos del anélisis de sensibilidad, se realizaron
una serie de experimentos en tejido cervical humano ex-vivo. Los experimentos tuvieron
como objetivo combinar informacién de reometria y TWE, proporcionando dos fuentes de
datos para encontrar el modelo reolégico més adecuado que se ajuste al comportamiento
del tejido cervical. Se emple6 la técnica de tiempo de vuelo para medir la velocidad de
grupo de las ondas de cizalla, la cual depende de la envolvente de la onda propagada. Este
estudio manifiesta que los modelos viscoeldsticos Kelvin-Voigt y su versién de derivada
fraccional son los que mejor describen las interacciones de las ondas de torsién con el tejido,
demostrando la naturaleza dispersiva del cervix, coincidiendo con las evidencias presentes
en la literatura.

Por un lado, se presenté un enfoque numeérico, cuyo propdsito era comprender las inter-
acciones de las ondas de torsién con el tejido, lo que determina el modelo reolégico 6ptimo
(modelos eléstico, Kelvin-Voigt o Maxwell) que mejor describe el comportamiento del tejido
cervical. La anatomia del cuello uterino se ha tenido en cuenta en los modelos, considerando
las capas epitelial y conectiva. La sonda TWE transmite y recibe ondas de torsién que no
solo se propagan a lo largo de la superficie del cuello uterino, sino también en profundi-
dad. Por lo tanto, la onda no solo interacttia con la capa epitelial, sino también con la capa
inmediatamente inferior, la capa conectiva. Ademads, las condiciones de contorno de los
modelos numéricos implementados se determinaron mediante ensayos con cdmara de alta
velocidad. Se describié un problema inverso probabilista (PIP) para seleccionar el mod-
elo més plausible al comparar las mediciones in-vivo en tejido cervical obtenidas con TWE,
con las sefiales sintéticas de los modelos de propagacién 2D implementados en diferencias
finitas en el dominio del tiempo. Los resultados coinciden con los obtenidos en la primera
contribucién de esta tesis, el modelo Kelvin-Voigt es el que describe mejor las interacciones
entre el tejido y las ondas de torsién. Una vez seleccionado el modelo viscoelastico, los
pardmetros relacionados con el modelo se reconstruyeron a partir de 18 mediciones experi-
mentales en mujeres embarazadas. Los pardmetros del modelo son el médulo de cizalla del
epitelio, la viscosidad y el espesor de la capa epitelial y, el médulo de cizalla y la viscosidad
de la capa conectiva.

Por otro lado, se present6 una validacién experimental del método propuesto basado

en el enfoque PIP para inferir las propiedades viscoelasticas Kelvin-Voigt usando la técnica



TWE. Para testear el nuevo método de reconstruccidn, se fabricaron cinco muestras com-
binando diferentes lotes de gelatinas, para simular la anatomia del tejido cervical. La vali-
dacién del método se realizé comparando los pardmetros Kelvin-Voigt reconstruidos con el
PIP en las cinco muestras, con los inferidos con la técnica de elastografia de ondas de ciza-
lla (gold standard en elastografia) en cada uno de los lotes fabricados. En general, segtin los
resultados obtenidos, se puede concluir que los pardmetros viscoeldsticos reconstruidos por
ambos procedimientos son similares y, por lo tanto, este nuevo método estd validado para
su uso con la técnica TWE. Este trabajo proporciona un método valioso que permitird una
mejor comprension de los cambios en la viscoelasticidad del cuello uterino durante el em-
barazo y conducird a mejores métodos de diagnodstico para el parto prematuro y la induccién
del parto.

La siguiente contribucién de esta tesis consiste en proponer un modelo hipereléstico
basado en las constantes elasticas de cuarto orden (FOEC) en el sentido de la teoria de
Landau para caracterizar la no linealidad del tejido cervical y para validar los pardmetros
mecénicos inferidos en mujeres embarazadas. En particular, las propiedades elasticas no lin-
eales del tejido cervical ex-vivo se obtuvieron por primera vez mediante pruebas de tracciéon
uniaxiales. Los resultados del modelo hipereléstico propuesto eran similares a los resulta-
dos obtenidos con los modelos hiperelasticos méas utilizados en la literatura, los modelos
Mooney-Rivlin y Odgen. Finalmente, los valores del médulo de cizalla se obtuvieron en
las capas epitelial y conectiva mediante el modelo FOEC propuesto, a través de la pendi-
ente de la curva tensién-deformacién en la regién lineal y mediante una combinacién de los
pardmetros del modelo Odgen. El médulo de cizalla dependia de la ubicacién anatémica
en el tejido cervical. Se obtuvieron variaciones del mismo orden de magnitud en las ca-
pas epitelial y conectiva después de la reconstrucciéon del médulo de corte con modelos
numéricos a través del procedimiento de PIP.

La dltima contribucién de esta tesis es la evaluacion de la viabilidad y fiabilidad de la
técnica TWE para proporcionar datos consistentes sobre los cambios en la rigidez del tejido
cervical durante el embarazo. Los datos observados soportan, en primer lugar, la hipétesis
de que la técnica TWE tiene la capacidad para cuantificar la rigidez cervical definida por
su moédulo eléstico, y en segundo lugar, que la rigidez de cizalla disminuye durante el
embarazo. Los resultados mostraron, por primera vez in-vivo, la viabilidad de las on-
das de torsién para medir objetivamente la elasticidad cervical en mujeres embarazadas.
Ademés, los resultados experimentales muestran que la técnica es segura para usarse en la
préctica clinica. Todos los valores obtenidos estaban muy por debajo de los umbrales de
los pardmetros de referencia de la guia de la Administracion de Alimentos y Medicamen-
tos. La técnica TWE podria proporcionar datos clinicamente relevantes sobre la maduraciéon

cervical ademas de los obtenidos con la exploracién digital y la ecografia estandar.
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INTRODUCTION






Context and motivation

The Sustainable Development Goals (SDGs), based on the achievements of the Millennium
Development Goals (MDG), are an universal call for the adoption of measures by all coun-
tries to improve life for future generation [8, 9]. The reduction of preterm delivery was an
urgent priority according to MDG 4, notwithstanding, only a few countries have achieved
the goal, reducing child deaths by two thirds [10]. Despite the small progress, by 2030 the
third SDG, “Good Health and Well-Being”, is to reduce global maternal mortality rate to less
than 70 per 100000, the neonatal mortality to at least 12 per 1000 births and the mortality of
children under 5 years to 25 per 1000 live births [11].

Worldwide, according World Health Organization (WHO), 15 million babies are born
preterm per year, this is, more than 1 in 10 newborns, and this number is rising in both
developing countries and Europe [12]. Preterm birth, also known as premature birth, is the
birth of a baby that occurs at a gestational age of less than 37 weeks, unlike the normal about
37-40 weeks. Complications of preterm birth are the main cause of child mortality under five
years of age, dying a million children every year [13]. Prematurity often leads to long-term
disabilities as learning, respiratory distress syndrome, visual and hearing problems. Clin-
ical and social risk factors of preterm birth have been identified to develop feasible and
cost-effective care measures to save children [12]. Nonetheless, a high proportion of spon-
taneous preterm birth remains unpredictable. Despite there is an agreement that cervical
ripening plays a fundamental role during pregnancy, histological changes and biomechan-
ical properties of the cervix are not entirely characterized. A better understanding of these
causes would offer effective interventions to prevent premature birth, and consequently, the

reduction of infant mortality and morbidity [14].



On the opposite case, post-term pregnancy is a singleton pregnancy that occurs at a ges-
tational age of more than 42 weeks. Associated complications are divided into perinatal and
maternal. Relative to the first, intrauterine infection, macrosomia, meconium staining of
the amniotic fluid and high perinatal mortality rated compared with term pregnancies [15].
Maternal complications include perineal injury, labor dystocia and cesarean delivery. There
are two actions to manage post-term pregnancy: expectant management with serial fetal
monitoring and elective induction of labour [16]. Compared with expectant management,
induction of labour is associated with reduced perinatal deaths and no increase in the rate of
cesarean section [16, 17]. Induction of labour is the treatment or process to start labour. Ac-
cording to the recommendations of the WHO, pregnancy is induced by manually rupturing
the amniotic membranes or by administering drugs that contain oxytocin or prostaglandins
to the woman [18]. Nowadays, this happens in approximately 23.8% of cases worldwide,
whilst the cesarean has to be carried out in 35.3% of the cases when the induction fails, in-
creasing the risk in future pregnancies [19, 20]. Induction of labour is the main cause of fetal
suffering, and is hypothesized to be conditioned to the elastic feasibility of the cervical tis-
sue. A functional anticipation (even of a few days) diagnostic tool would open the door to a
new generation of preventive screenings and personalized interventions.

The understanding of changes in the biomechanical state of the cervix during the gesta-
tion process is a challenging problem apart from being a pressing need for obstetricians as
a potential preterm birth and induction of labour prevention tool [21]. Bishop’s score is the
current standard method to assess the odds of spontaneous preterm delivery and the success
of the induction. This procedure consists in subjective palpation of the cervix by the practi-
tioner, and is therefore a highly subjective and unreliable method [22, 23]. Measurement of
cervical length by transvaginal ultrasonography at approximately 18 weeks of gestation is
currently used to predict the risk of preterm labor. A short cervix identified at this time point
is associated with a significantly elevated risk of preterm delivery. Numerous studies have
shown an inverse relation between cervical length measured by transvaginal ultrasonogra-
phy and frequency of preterm birth [24, 25]. Notwithstanding, this method yields an unsat-
isfactory percentage of accurate predictions around 60%, and some patients whose cervical
length is short do not have a preterm delivery. Nonetheless, Bishop’s score has proven to
be more reliable than echographic assessment of cervical length at term in predicting the
success of labour induction [26]. Current models based on cervical length, obstetric history,
digital vaginal examination and echography of the cervix are not able to accurately predict a
preterm birth with sufficient anticipation, and there is a lack of evidence on how to prevent
preterm delivery [27, 28]. Despite there is an agreement that cervical ripening plays a fun-
damental role during pregnancy, histological changes and biomechanical properties of the
cervix are not entirely characterized. The current lack of a clinical tool for the quantitative

evaluation of the biomechanical parameters of the cervix is probably a barrier to advance in



preventing spontaneous preterm birth [29]. Since 2012, the WHO is encouraging to acceler-
ate research into the causality of preterm birth, and to test effective approaches that would
lead to save babies.

Recently, elastography techniques are being put forward in literature to assess quantita-
tively the stiffness of the cervix as a promising tool to estimate preterm birth risk, as well
as to predict the success of labor induction [30, 31, 32, 33, 34]. Strain elastography or quasi-
static elastography is a technique for imaging of strain and elastic modulus changes in soft
tissues. The tissue is manually compressed with the probe and the strain is quantified as
the ratio of the anterior-posterior distance, before (reference configuration) and after com-
pression application. Finally, by measuring the stress applied on the tissue and performing
corrections due to the nonuniform stress field, an elastic modulus profile is reconstructed
through a cross-correlation algorithm [35, 36]. Despite the simplicity and compatibility of
the technique with standard equipment, it presents unclear results regarding reproducibility
and associations between stiffness and gestational age [37, 38, 39]. The main drawbacks are
the high dependence of the applied pressure by the practitioner and the difficulty to deform
deep organs due to the compression is manually generated [40, 41].

In contrast, dynamic elastography techniques have the strength to provide the absolute
quantitative values of stiffness as an objective criterion to evaluate the process of cervical
ripening [42, 43]. This technology relies on shear ultrasonic waves that travel through the
soft tissue. Under the assumptions of homogeneity, non viscosity, isotropy, and semi-infinite
medium, the measurement of shear wave propagation speed allows characterizing shear
stiffness [44]. Although these techniques have been successfully applied in other soft tis-
sues such as liver or breast as diagnostic tool [45, 46], its potential application to cervical
tissue still remains unclear. In fact, cervical tissue is heterogeneous, anisotropic and viscous,
composed of active cells embedded in an extracellular matrix in which approximately 80% is
water and 20 % dry tissue [47, 48]. In contrast to compressional waves, which are mostly sen-
sitive to the fluid phase, shear waves are mostly sensitive to the solid phase, especially the
extracellular matrix and collagen architecture. Fibrillar collagen is the main constituent in
dry tissue, responsible for the elasticity, which determines a cross-linked network enclosed
by a ground substance of viscous proteoglycans and glycosaminoglycans [49, 50]. However,
viscoelastic parameters of cervical tissue have scarcely been studied so far in medical di-
agnosis [51, 52], but the few references present in the literature, none in tests in pregnant
women in-vivo, suggest that viscoelastic properties are particularly sensitive to the gestation
process [53, 54, 55, 56, 57, 58]. Therefore, a deeper knowledge about the characterization
of the viscoelastic behavior of cervical tissue could soon unleash its potential for additional
clinical diagnostic information.

An alternative technique to dynamics methods is the emerging torsional wave elastog-
raphy technique that uses a torsional wave sensor for the viscoelastic characterization of
cervical tissue [59, 60]. Torsional waves are shear elastic waves that propagate soft tissue

radially and in-depth generating a pseudo-spherical propagation pattern. A mathematical



result by Reissner and Sagoci in 1944 [61] renders the torsional wave formulation seed that
will be elaborated. One of the advantages of this technique, in contrast to commercial shear
transducers, is that significant limitations caused by the difficulty of the separation between
longitudinal and shear waves are overcome. The sensor can isolate a pure shear wave,
avoiding the possibility of multiple reflections in small organs, as is the case of cervical tis-
sue. The other advantages are the low energy deposited in the medium compared to ARF-
based techniques, the wide range of frequencies analyzed, including frequencies higher than
the range used by ARFI techniques (i.e. 200-1500 Hz vs 300-600 Hz), and the frequency of
data acquisition (above 1.5 kHz). Application of torsional waves to sense soft tissue archi-
tecture could enable a new class of biomarkers that quantify the mechanical functionality of
cervical tissue. We aim at linking variations at the macroscopic scale that characterize cervi-
cal ripening with mechanical properties assessed by torsional waves, to finally evaluate the
feasibility of torsional wave elastography to be a complementary diagnostic tool for preterm

birth and labour induction success.



Objectives

The need to characterize changes in cervical tissue during pregnancy impels us to unify
viscoelasticity and different methods that could be useful as medical diagnostic tools. So
far, no reliable clinical tool is available for quantitative and objective evaluation of cervical
maturation [62]. Current models based on cervical length, obstetric history, digital vagi-
nal examination and echography of the cervix are not able to accurately predict a preterm
birth with sufficient anticipation or the successful induction of labour [24, 25, 26, 27, 28].
Even though there is an agreement that cervical ripening plays a fundamental role during
pregnancy, histological changes and biomechanical properties of the cervix are not entirely
characterized. Recently, elastography techniques are being put forward in the literature,
however, important information about the cervical tissue state may be lost due to the ne-
glect of viscosity and nonlinearity [30, 31, 32, 33, 34].

To this end, this thesis aims at evaluating the viability of torsional waves to reconstruct
mechanical parameters, elasticity, viscosity and open the way to nonlinearity, measuring
in a human cervix in-vivo and enabling the technology as a diagnosis of preterm birth and
the success of induction of labour. To reach this target, the following research steps are

considered, in basis of hypothesis:

1. The novel technique based on the propagation of torsional waves through the tissue
carries the necessary information to interrogate the mechanical properties of soft tis-
sues. By contrast, quantitative elastography presents relevant limitations related to
the pressure applied during the measurement, the separation of shear waves and lon-
gitudinal waves and multiple reflections and diffraction of shear waves in complex
structures [63, 34].



Hypothesis 1: Changes in the consistency of the soft tissues can be evaluated by

torsional waves through the quantification of mechanical properties.

Research objective 1: To propose and evaluate the feasibility of a novel Torsional
Wave Elastography technique to objectively quantify the viscoelastic properties

of soft tissues, and specifically the cervix 1

2. The quantification of changes in the biomechanical state of the cervix during the ges-
tation process is a challenging problem. The preterm birth is the main cause of in-
fant mortality and morbidity and evaluating the viscoelastic mechanical parameter
changes during pregnancy is a pressing need for obstetricians as a potential preterm
birth prevention tool [64, 12].

Hypothesis 2: Understanding the interaction of torsional waves with the histology
of cervical tissue is a key to the reconstruction of viscoelastic properties through a
inverse problem methodology. An appropriate rheological model helps to recon-
struct the mechanical properties in the epithelial and connective layers of cervical

tissue from torsional wave propagation.

Research objective 2: To rank the most plausible rheological model to infer the vis-
coelastic behavior of cervical tissue in different layers using a probabilistic inverse
procedure and explore the possibility of quantifying both elasticity and viscosity

from the selected rheological model.

3. Validation is a crucial step when using numerical models for simulating physical phe-
nomena, such is the propagation of torsional waves in this case [65]. Validation can be
achieved by different means, for instance by comparing the observations from exper-
imental work against a computational model. The model is validated when a certain

level of agreement is reached.

Hypothesis 3: An appropriate method based on a PIP procedure to infer the Kelvin-
Voigt (KV) properties in cervical tissue from TWE may provide information on

how the viscoelastic parameters change during the gestational period.

Research objective 3: Propose and experimentally validate a method based on PIP
approach to infer the KV viscoelastic properties in cervical tissue from TWE tech-

nique 2.

4. The theory of linear elasticity is often employed to interpret results of the mechanical
tests on soft tissues with the objective of characterizing the mechanical behavior of
analyzed samples and to simulate these tissue behavior [66, 67]. Notwithstanding, in

linear elasticity small deformations are considered, while as most of the soft biological

1Research objective corresponding to the contribution: A. Callejas, A. Gomez, ]. Melchor, M. Riveiro, P.
Massé, J. Torres, M. Lopez-Lépez and G. Rus. Performance study of a torsional wave sensor and cervical tissue
characterization. Sensors, 17(9), 2017.

2Research objective corresponding to the contribution: A. Callejas, A. Gomez, I. H. Faris, ]. Melchor and
G. Rus. Kelvin-Voigt parameters reconstruction of cervical tissue-mimicking phantoms using torsional wave
elastography. Sensors, 19(15), 2019.



tissues, the mechanical behavior of the cervix is nonlinear under large deformations
[68]. The accurate description of soft tissues involves more sophisticated, accurate and

reliable theories.

Hypothesis 4: A new hyperelastic model, based on the Landau’s theory, used to fit
the experimental data from an uniaxial tensile test in cervix, could explain the

nonlinear behavior of cervical tissue under large deformations.

Research objective 4: To propose a hyperelastic model based on Fourth Order Elastic
Constants in the sense of Landau’s theory to characterize the nonlinearity of cer-
vical tissue and validate the mechanical parameters inferred in Research objective
2.

5. Elastography, which maps tissue mechanical properties, provides an additional and
clinically relevant information related to changes in tissue consistency. Quasi-static
elastography methods have shown unclear results regarding reproducibility and as-
sociations between stiffness and gestational age, due to the dependence on user inter-
action [37, 38, 39, 69]. In contrast, dynamic elastography techniques, which relies on
shear ultrasonic waves that travel through the soft tissue, have the strength to pro-
vide the absolute quantitative values of stiffness as an objective criterion to evaluate
the process of cervical ripening [42, 70, 43]. An alternative dynamic technique allows
the precise interrogation of soft tissue mechanical functionality in cylindrical geome-
tries, as is the case of cervix, that are challenged by current elastography approaches

in small organs.
Hypothesis 5: Torsional Wave Elastography may objectively quantify the decrease of
cervical stiffness related to gestational age.
Research objective 5: Evaluate the feasibility and reliability of Torsional Wave Elas-

tography technique to provide consistent data on the changes of the cervical tis-

sue stiffness during pregnancy 3.

3Research objective corresponding to the contribution: P. Massé, A. Callejas, J. Melchor, E. S. Molina and G.
Rus. In-vivo measurement of cervical elasticity on pregnant women by torsional wave technique: a preliminary
study. Sensors, 19(15), 2019.






The cervical tissue

The purpose of this chapter is to provide, from a global point of view, knowledge of the
structure, behavior and functions of cervical tissue. A literature review is shown in this
chapter, highlighting the anatomy, histology, components of the extracellular matrix (ECM)
and changes in those components during cervical ripening. This microstructural knowledge
of the tissue will be fundamental to understand the changes from the macrostructural point

of view studied in this thesis.

3.1 Anatomy and histology

The cervix or the uterine cervix is a cylindrical and fibrous connective tissue located at the
lower part of the uterus, connecting the uterus with the vagina (see Figure 3.1) [71]. The
uterine cervix is about 3 cm long and 2 cm in diameter (see Figure 3.2) [72]. Uterosacral and
cardinal ligaments keep it in place and during pregnancy fetal membranes are attached to
it [73]. The uterine cavity connects to the cervix through the internal os, whilst the cervix
connects to the vagina through the external os. The endocervix is the portion of cervix that is
located immediately after the external cervical os. The cervical tissue plays a crucial role dur-
ing the gestation, acting as a gatekeeper supporting the fetus inside the uterus and keeping
it safe from external hazard [74, 50, 75]. It suffers a drastic maturation that is carried out

over the course of pregnancy [75, 76, 77].

3.1.1 The extracellular matrix

Histologically the cervical tissue is composed of active cells, basically smooth muscle cells
(SMC) and fibroblast, embedded in an ECM [47, 48]. The ECM ensures the strength and
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Figure 3.1: Female reproductive organs and supportive connective tissues. Source: [1].

Figure 3.2: Normal cervix nulliparous. Source: adapted from [2].
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integrity of the cervix, resisting shear deformation, through a fibrous scaffold [78]. This ma-
trix presents a composition with two main parts: extracellular fluid with a content around
75-80 %, and dry tissue 20-25 % (see Figure 3.3). Fibrillar collagen is the main constituent
in dry tissue, which determines a cross-linked network interlaced with the elastin protein,
enclosed by a ground substance of viscous proteoglycans and glycosaminoglycans [49, 50].
This behavior of the ECM constituents suggests the study of the cervical tissue from the
viscoelastic point of view, poorly studied to date [53].

Collagen fiber — PGS i Epithelium

== Elastin fiber = Basement membrane e Fibroblast
=== Hyaluronic acid © Matricellular protein === Muscle cell

Figure 3.3: Histological components of the extracellular matrix of cervical tissue. Compari-
son between constituents in non-pregnant woman (left image) and close to childbirth (right
image). The constituents are described in the lower legend. PGs: proteoglycans.

The collagen present in the cervix, which represents the 85 % of dry tissue, is divided
into two types, I (67 %) and III (33%), a content that does not change throughout pregnancy
[79, 80, 81]. The cervical tissue also has a type IV collagen content that can be considered neg-
ligible. The structure of collagen fibers is hierarchical, composed by molecules with a triplet
amino acid sequence, forming a helical structure (tropocollagen) [82]. Hydroxyproline pro-
vided the stability of tropocollagen. Afterwards, the cross-link formation is determined by
the hydroxylation, providing the union of fibrils [83, 84]. Fibrils joined in parallel form the
collagen fibers, which measure between 1 and 20 um [85, 86]. Crimping, the diameter and
interfibrillar space define the morphology of the collagen [87, 88, 89, 90, 91]. Collagen is the
main responsible for the resistance of the ECM under the stresses that it undergoes during
pregnancy [49, 92, 93]. Aspden studied the different prevalent directions that the collagen
fibers follow within the tissue by X-ray [94]. Three preferred directions were found, the
outermost and innermost zones of the cervix with the fibers preferentially aligned in the
longitudinal direction (to resist tensile loads), and the middle zone with the fibers following
a circumferential direction (to resist loads due to dilatation). More recent studies corroborate
the preferred distribution of collagen fibers in the three indicated areas [95, 96].

Another of the components that grants elasticity to the ECM is elastin. This component
presents a small composition (0.9 % - 2.9 %) [97, 98], therefore, compared to collagen, it does

not contribute significantly to the mechanical strength of the cervix. The elastic modulus
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for elastin reported by the literature is 1 MPa [99, 100] versus that of collagen 400 MPa
[101, 102, 103]. Its distribution is centered near the external os, reducing when approaching
the internal os, where the amount of smooth muscle increases. Several studies concluded
that apart from supporting the collagen network, they influence the mechanical response of
the cervix [104, 105]. In conclusion, elastin complements collagen in the structural behavior
of tissue, returning cervical tissue to its shape after delivery [98].

Glycosaminoglycans (GAGs) and proteoglycans (PGs) represent 0.2 % - 1.5 % of dry
tissue. Proteoglycans and water with proteins form the ground material of the gelatinous
matrix. A core protein that covalently bonds with GAGs composes PGs [106, 107]. It is worth
pointing out that, one of the properties that hyaluronic acid has, a fundamental component
of the GAGs, is the behavior as a lubricants or mechanical damping force to support the
loads to which the tissue is subjected, providing it a viscous character [108, 109, 88, 54].

3.1.2 The epithelial layer

The study of the superficial layer of the cervix, the epithelial layer, has special interest in this
thesis due to the elastography technique proposed for the mechanical characterization of the
tissue. The innovative technique, Torsional Wave Elastography, is based on the propagation
of torsional waves through the surface of the cervical tissue, as well as in-depth, interacting
with the different layers of which the tissue is composed.

The epithelium has a merely protective function against infections and mechanical ag-
gressions [72] (Figure 3.6). It is a tissue formed by intimately linked, flat or prismatic cells,
whose collagen content is minimal, according to the literature <1% of type-IV was reported
by [110].

Squamous Columnar

/ ﬂlithc]iyv epithelium

Figure 3.4: Squamous and columnar epithelium. Source: adapted from [3].

The leap of layers between the endocervix and ectocervix is an area called squamocolum-
nar junction (SCJ), which separates the squamous epithelium from the columnar epithelium
(see Figure 3.4) [78]. The SCJ is usually located at the beginning of the cervical canal, al-
though it varies with age, pregnancy and the menstrual cycle. It is worth pointing out that
the epithelium undergoes many structural transformations during its life. The essential
change is due to the development of a new squamous epithelium within the columnar ep-
ithelium that lines the cervical canal and the ectocervix, a process known as metaplasia (see
Figure 3.5) [78, 4].
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Figure 3.6: Cervical tissue micrograph. Upper layer: epithelium. Bottom layer: connective
layer.

Figure 3.5: Metaplasia, development of a new squamous epithelium within the columnar
epithelium that lines the cervical canal and the ectocervix. [4].

A basement membrane separates the squamous epithelium from the fibrous stroma. The
hormonal state of the subject is one of the factors that determines the thickness of the epithe-
lium. The epithelium is not stimulated in young girls and elderly women. However, this
tissue layer responds to hormonal stimulation by producing proliferation during the sexu-
ally mature period. During this phase, progesterone acts on the intermediate layer causing
thickening [111]. One of the few studies about the epithelial tissue morphology in preg-
nant women was carried out by Danforth in 1950 [112]. The results showed a thickness of
the squamous epithelium around 0.45-0.5 mm, while the thickness of the squamocolumnar
junction was 0.35-0.4 mm. A later study evaluated the effect of pregnancy on the cervical
squamocolumnar junction [113]. In this work it was concluded that the more weeks of ges-
tation, the greater the probability that part of the columnar epithelium was found in the

ectocervix.

3.2 Changes in cervical tissue during pregnancy

The remodeling process during pregnancy that cervix undergoes depends on each patient

[114, 115, 116] and is due to numerous interactions at the biochemical level between the
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constituents of the extracellular matrix. Four are the phases that govern this remodeling
process: softening, ripening, dilation and postpartum [76].

The softening occurs in the first month and is the longest and first phase of remodeling.
The result is the reduction in resistance motivated by a disorganization of collagen structure,
increase in water content and proteoglycans [117]. In spite of that, tissue integrity is main-
tained. Additionally, the epithelium secretes mucus to protect the cervix against possible
infections.

Few weeks before parturition the cervical ripening phase begins. Rapid changes char-
acterize this process, in which the tensile strength or integrity decreases until delivery.
Hyaluronic acid (HA) unbalances the collagen network, decreasing its mechanical resistance
due to the increase in tissue hydration and, consequently, collagen solubility [109, 118].

In the final phase of pregnancy, dilatation occurs in order to allow passage of fetus. Be-
fore that, a new regulation of hormones and myometrium contractions produces biochem-
ical changes [75, 119]. The mechanical resistance is lost by breaking the hyaluronic acid
bonds to trigger a short duration of labor [120].

In the postpartum phase, the tensile strength is recovered to avoid infections and to
prepare for possible future pregnancies. The water content decreases and there is an upreg-
ulation of synthesis of ECM constituents to return the cervix to the original state [121].

The main components of cervical tissue that govern remodeling are water content, col-
lagen, and proteoglycans and glycosaminoglycans. It is well know by the scientific commu-
nity that the water content increases by approximately 5 % [88, 122, 123]. A study carried
out by Myers et al. confirmed that the increase of water content in the tissue decreases the
mechanical capacity of the cervix [124]. The main responsible for the change in the resis-
tance of the cervix is the collagen. During the maturation, there is a disorganization in the
collagen network that entails cervical insufficiency. An increase in solubility occurs during
pregnancy, going from 37 % to 80 % in the third trimester [88]. It has been shown that this
increase produces a reduction in cervical stiffness in both humans and animals [125, 124].
However, there is no consensus on the variation of collagen content during pregnancy. Some
authors maintain that there is an increase of 40 % [123, 126], while others are not in favor of
decreasing during the remodeling [88, 98]. Regarding the morphology of collagen, the di-
ameter and pores between fibers increase form early to late pregnancy, due to the weakening
of collagen cross-linking [54]. At the end of gestation, a noticeable decrease (between 40-50
%) occurs in the content of PGs, that produces dispersion in the collagen network. Finally,
changes in the content of GAGs has been reported by several authors during pregnancy
[88, 123, 109]. Before delivery, dermatan sulfate reduces its content by 15 % [109, 127]. On
the other hand, the increase of HA, favors collagen disorganization, hydration and cervical
distensibility [128].
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3.3 Methods to obtain cervical elasticity

The need to relate the cervical remodeling with changes that occur in the consistency of
the cervix has led to the emergence of methods that quantify it. The two most prominent

methods for evaluating cervical tissue elasticity are presented briefly in this section.

3.3.1 Elastography methods
The purpose of elastography methods is to map the elasticity of the tissue through the in-

duction of displacements in the same. Strain, displacements or shear wave speed are the
parameters inferred from the tissue motion. One of the oldest techniques is static elastog-
raphy, that consists of applying an external compression to the tissue and comparing the
images obtained before and after that deformation [35, 36]. The aforementioned technique
presents a series of limitations that have been reported by several studies [38, 69]. In con-
trast, dynamic elastography techniques appear with the objective of solving the limitations
presented by static elastography, specially to obtain quantitative elasticity maps. The phys-
ical principle on which they are based is the propagation of shear waves through the tissue.
Chapter 4 briefly describes the elastography techniques that have been used for the mechan-

ical characterization of cervical tissue.

3.3.2 Aspiration technique

The aspiration technique is one of the few quantitative in situ and in vivo methods to obtain
the biomechanical properties of cervical tissue. The method consists of measuring the pres-
sure necessary to displace the cervical tissue 4 millimeters. After that, the strain-stress curve
of the tissue is estimated using a camera and a mirror housed in the sensor. The pressure
needed to deform the tissue is a measure of its stiffness. Mazza et al. [129] carried out an ex
vivo and in vivo study in non pregnant cervices. The results obtained were not as promising
as it was expected due to the variability between patients. Nevertheless, posterior studies
showed consistent results with the cervical remodeling process [130, 74]. The stiffness of
the cervical tissue in pregnant women decreases with respect to non pregnant women. In
the same way, the stiffness during the gestational age decreases, recovering the initial value
(non pregnant woman) at 6 weeks after delivery. The main disadvantage of this technique
is that it only obtains information from a specific area of the cervical tissue, not inferring

information about its heterogeneity.
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Elastography methods: principles and

techniques

In this chapter, the different elastography techniques are described in detail. We focus on
two main methods that have been employed in clinical practice, quasi-static and dynamic
elastography [70]. It is worth pointing out the dynamics methods, and specifically Torsional
Wave Elastography, which is the core of this thesis. Finally, the state of the art of elastogra-

phy applications for cervical tissue is presented at the end of this chapter.

4.1 Background

The ancient technique of palpation is the origin of elastography, used for the detection of
cancerous tumors [131]. The technique consists of evaluating hardness of patient’s tissue
by a manual inspection. Nowadays, it is still used in clinical practice, i.e., Bishop’s test that
assesses the cervix hardness in labor and helps to predict whether induction of labor will be
required. The main disadvantage is that it is a subjective technique, besides being a method
that can only be employed in organs accessible by the practitioner’s hand.

Elastography has become a technique applied in clinical practice since 80’s [132]. All the
elastography techniques are based on the same principle: generation of motion on the tissue
and the mechanical characterization of the same is performed through the post-processing of
the displacements. The mechanical excitations employed by different techniques are static
compression, monochromatic or transient vibration. Strain, displacements or shear wave

speed are the parameters inferred from the tissue motion.
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Attending to the elasticity of soft tissues, two parameters are used frequently, Young’s
modulus (E) and shear modulus (i). In the current elastographic techniques, these param-
eters are obtained by carrying out the following two procedures: (i) using the Hooke’s law
to reconstruct E; (ii) tracking the shear wave speed to calulate E or p. In ultrasonic imaging
[133, 134, 135, 136] longitudinal waves travel through the tissue generating an image that
is representative of the echoes, produced by variations in p (tissue density) or K (the bulk
modulus of elasticity). Its speed is very quickly in soft biological tissues (around 1540m/s).
However, shear waves travel (around 1 — 10m/s) much slower than longitudinal waves.

The relationship between shear modulus and shear wave speed is as follows,

T
Cs = \/; 4.1)

The shear modulus is related to the Young’s modulus through the equation p = 5.

Compared to longitudinal waves, shear waves are rapidly attenuated in soft tissues. The
shear modulus u varies by a factor of more than 105, while the bulk modulus K varies no
more than 12% over the whole range of soft tissues, which means that shear waves are more
sensitive to changes in the consistency of tissues than longitudinal waves. Assuming the
hypothesis of quasi-incompressibility of soft tissues (v ~ 0.5) due to the high water content
they have, homogeneity, isotropy and non-viscosity, the Young’s modulus is approximated
as: E = 3u. Although these hypotheses are usually considered by some of the commer-
cial dynamic techniques, soft tissues have a non-homogeneous, anisotropic and viscoelastic
behavior. Specifically, due to viscoelasticity, the speed of the shear waves depend on the
frequency. The evaluation of viscoelasticity, although according to the literature is poorly

studied in cervical tissue to date, is one of the cores of this dissertation.

4.2 Quasi-static techniques

Strain Elastography (SE) or quasi-static elastography is a technique for imaging of strain
and elastic modulus changes in soft tissues. This was introduced by Ophir et al. [137] in
1991 for the first time. The Hooke’s law is the basis of this method, 0 = Ee, which relates
the stress, o, to strain, ¢, through an elastic constant that is the Young’s modulus. The tis-
sue is manually compressed with the probe as it can be seen in Figure 4.1. Then, the tissue
strain is quantified as the ratio of the anterior-posterior distance, before (reference configu-
ration) and after compression application [35]. The strain profile along the transducer axis is
reconstructed through a cross-correlation algorithm [36]. Then, by measuring the stress ap-
plied on the tissue and performing corrections due to the nonuniform stress field, an elastic
modulus profile is obtained.

Despite the simplicity and compatibility of the technique with standard equipment, it
presents the following drawbacks [42, 138, 139]. The difficulty to deform deep organs due
to the compression is manually generated; the reconstructed deformation gradient map does

not consider the boundary conditions [40, 140, 141]; for the correct interpretation of images,
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Figure 4.1: Schematic representation of the principle of strain elastography. Tissue deforma-
tion is induced by the probe.

uniform compression should be applied by the practitioner; measurements are highly de-
pendent on the pressure applied [30, 41, 142, 143, 144, 145] and, therefore, the local Young’s
modulus can not be quantitatively estimated; the fluid can be displaced, producing a time-
dependent reduction in the strain in nearby tissue [141].

The disadvantage of not being able to transmit the deformation to deep tissues can be
solved by cardiovascular pulsation or respiration [146]. Although this alternative can be
used for evaluating disease progression in chronic liver disease [147], the other drawbacks
have to be taken into consideration. Despite its limitations, SE has been efficiently applied

to breast lesion characterization and widely validated by many authors [148, 149].

4.3 Dynamic techniques

Dynamic elastography (DE) techniques appear with the objective of solving the limitations
presented by SE, specially to obtain quantitative elasticity maps. The physical principle on
which they are based is the propagation of shear waves through the tissue, which can be
generated by a vibrating force in sonoelastography [150], a given frequency shift in vibroa-
coustography [151], in transient elastography [152] is a short impulse or acoustic radiation
force in ARFI, SWE and Supersonic Imagine (SSI) [153, 154].

4.3.1 Transient elastography

The term “transient elastography” refers to transient elasticity methods in which the tran-
sient shear waves are generated mechanically and then measured. This technique appeared
in the late 1990s [155, 156, 157] to overcome the drawbacks of sonoelastography [158, 159]
and magnetic resonance elastography [160]. In dynamic elastography methods, when stim-
ulated with a continuous vibration, interference nodes caused by reflections at boundaries
are presented. The transient excitation allows separation between shear waves and lon-
gitudinal waves without taking into account the boundary conditions, avoiding the inter-

ference nodes within the sample. To clarify the terminology used in this thesis, the term
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transient elastography (TE) refers to methods that use a vibrating external push to induce
shear waves.

The TE technique consist of a mechanical actuator and a single ultrasound transducer,
both are placed on the same axis. A transient impulse is generated on the sample and the
shear wave induced that travels through the tissue is recorded [152, 156]. A cross-correlation
algorithms are used to track the displacements generated by the shear wave propagation.
These algorithms are applied to the raw ultrasound A-lines which are divided into seg-
ments as a function of depth [157]. In order to follow the displacements generated by the
shear wave propagation, frame rates of several thousand per second are obtained. Using
the equation i = pc?, the shear modulus value is obtained from the shear wave speed [152].

The device manufactured by Echosens (commercially known as FibroScan ®) allows the
characterization of the mechanical properties of the liver fibrotic state. It permits a reduction
of 50% of liver biopsies in the evaluation of chronic liver illnesses [161, 162]. The system is
not an ultrasound scanner and no elastograms or ultrasound images are provided.

The two-dimensional transient elastography appeared with the development of ultrafast
imaging based on ultrasound plane wave emission [163]. The new technique provides a 2D
elasticity modulus map of the tissue [164]. The ultrasound imaging array was fixed to a
vibrator which induces a quasi-plane shear wave. The drawbacks of this device were that it

was heavy, difficult to use in practice and bulky [165].

4.3.2 Acoustic radiation force impulse

Acoustic Radiation Force Impulse (ARFI) imaging emerged in 2001 by Nightingale et al.
[166]. The basis of the ARFI imaging technique is ARF excitation force, generated by a fo-
cused ultrasound pulse with longer length and/or higher power than conventional B-mode
imaging pulses [167, 168]. The acoustic radiation force is proportional to tissue absorption
(a¢), main cause of attenuation [169], and the spatial peak temporal average intensity (I),

and inversely proportional to the speed of the sound in the tissue (c), as shown in [167],
F = 2ol (4.2)

c

The technique generates localized displacements in the range 1 to 10um employing a
focused ultrasound beam [170, 171]. The values usually adopted of the duration acous-
tic pulses in diagnostic ultrasound are below 0.02 ms, however, the use of longer pulses
(0.05 — 1 ms) generate deformations of the order of microns. ARFI generates displace-
ments in the location of force application, region of interest (ROI), and then are tracked
with correlation-based time delay estimators [170]. The resulting tissue displacement, mon-
itored by the same transducer that induces movement, is obtained using RF-echo tracking,
and shown as a qualitative elastogram within a small ROI [172]. Obtaining a qualitative
map of tissue stiffness is not possible since ARF amplitude is tissue dependent and usually

unknown, therefore, similar results are obtained compared to the images generated in SE.
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In contrast, quantitative elasticity maps can be reconstructed by analyzing ARFI-induced
shear wave propagation [153, 173, 174], as with shear wave elasticity imaging [174].

Several studies have confirmed the feasibility of this technique, specifically in breast
[175] and prostate [176]. The commercial elastography system is developed by Siemens and
known as VirtualTouch Imaging ™. Compared to SE, this technique is less user-dependent,
shows better SNR at depth, and can be used almost everywhere, in all the places where the
energy coming from the transducer can be focused [43, 171].

The shear wave can be generated with ARFI, and its arrival time at nearby A-lines is
tracked to get the average shear wave speed in a region of interest (ROI) [177]. This pro-
cedure is known as point shear wave elastography (pSWE) [43]. A great advantage is the
penetration that this technique has, being able to reach depths larger than 8 cm [178]. One

of the most important applications is the quantification of diffuse liver disease.

4.3.3 Shear Wave elastography

Shear wave elastography (SWE) is a technique that consists of inducing displacements that
generate shear waves using ARF. The difference with pSWE is that SWE generates a tissue
elastogram in real time. SuperSonic Imagine is one of these techniques [153, 179]. The proce-
dure carried out by this technique to calculate speed maps is divided in three steps: acoustic

radiation force excitation, ultrafast imaging acquisition and generation of speed maps [180].

¢ Excitation by ARF. The idea of SSI is to focus the ultrasound beams successively at
different depths to create quasi plane shear wave [181]. A Mach-cone is created since
the speed of the shear wave source moved in depth is higher than the shear wave
speed of the tissue [182]. This is the effect that gives the method its name, supersonic
shear imaging.

 Acquisition by ultrafast imaging. The shear waves induced are imaged at a rate of 5000
frames per second. This allows averaging the acquired images to obtain a better image
quality [165].

* Calculation of speed maps. The shear wave speed map is reconstructed using a time-of-
flight algorithm. Usually, three Mach cones are used in order to solve the drawback
that in the push zone no elasticity values can be obtained. Finally, the three maps are
combined with a quality criterion such as a local weighting in order to reconstruct the

entire image of the medium [183].

Tissues subjected to radiation pressure may suffer heating and cavitation [184]. There-
fore, it is important to follow the specifications described in the Food and Drug Administra-
tion (FDA) to insure that these two effects remain below damaging thresholds [185]. There
are three parameters that should be evaluated according to the acoustic output: the me-
chanical index (MI), the spatial peak pulse average intensity (ISPPA), and the spatial peak
temporal average intensity (ISPTA).
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Figure 4.2: Representation of the principle of torsional wave elastography for the character-
ization of cervical tissue. Tissue deformation is induced by the electromechanical actuator
located in the center. The signal is received by a receiver ring circumferentially aligned with
the electromechanical actuator.

4.3.4 Torsional Wave elastography

The origin of torsional waves lies in the mathematical formulation proposed by Reissner and
Sagoci in 1944 [61]. Then, a new family of sensors based on torsional waves was patented,
such as the US 5321333 A [63], which belonged to the field of low frequency sensors for
the generation or reception of torsional shear waves in a substantially solid medium. This
technique solved the problem of the strong attenuation of induced shear waves, providing
anew way for the development of new noninvasive tissue characterization techniques [186,
187]. However, these new techniques presented disadvantages such as the frequency of
propagation generated, the range of frequencies studied or the volume and weight of the
devices used.

Torsional waves are shear elastic waves that propagate through soft tissue radially and
in-depth generating a pseudo-spherical propagation pattern (Figure 4.2). 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 soft tissue [186]. The proposed tor-
sional wave elastography (TWE) technique is an emerging technique that uses a torsional
wave sensor for the viscoelastic characterization of cervical tissue [60, 59]. The basic princi-
ple is the generation of torsional waves and the reception of them after traveling through the
tissue. The sensor comprises a rotational electromechanical actuator and a receiver ring cir-
cumferentially aligned (a detailed description of the probe can be found in Chapter 6). One
of the advantages of this technique, in contrast to commercial shear transducers, is that sig-
nificant limitations caused by the difficulty of the separation between longitudinal and shear
waves are overcome. The sensor can isolate a pure shear wave, avoiding the possibility of
multiple reflections in small organs, as is the case of cervical tissue. The other advantages
are the low energy deposited in the medium compared to ARF-based techniques, the wide
range of frequencies analyzed, including frequencies higher than the range used by ARFI
techniques (i.e. 200-1500 Hz vs 300-600 Hz), and the frequency of data acquisition (above
1.5 kHz).
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Some other elastography techniques based on specific applications have also been de-
veloped. A new transurethral elastography technique, named Transurethral Shear Wave
Elastography (TU-SWE), has been in silico tested for the diagnosis of prostate cancer and
the focal thermal ablation monitoring of such tumours [65]. The principles are the same as
those on which the previous probe is based, transmission of torsional waves into the prostate
by applying oscillatory rotational forces on the urethral wall. Imaging is based on the recep-
tion of shear wave echoes generated by changes in the shear modulus distribution of the
prostatic tissue, which can be associated with the presence of a lesion, as either a prostate
tumor or a thermal lesion.

According to the authors, some claimed advantages of this technique over other elas-
tography techniques for prostate are [65, 188]: compatibility with monitoring transrectal
therapies since the access channel is the urethra; shorter distance, and therefore better acces-
sibility, between the source and the anterior zone of the prostate compared with transrectal
elastography techniques; the possibility of using frequencies higher than the usual range
of ARF-based techniques, i.e. above 400-500 Hz, due to the use of mechanical actuators as
an excitation source; capacity of scanned the whole gland volume simultaneously; low de-
formation of the gland since the probe can be fabricated flexible; and finally lower expected
levels of energy and therefore, a lower thermal index compared with ARF-based techniques.
Nonetheless, some possible drawbacks can be also encountered: increase in the risk of uri-
nary infection if the probe is not properly sterilised; patients resistance to the transurethral
insertion as it can be seen as a more invasive way of access compared with the rectal passage;
slipping or incomplete mechanical contact between emitters and receivers and the prostate
which would impede the correct transmission and detection of shear waves.

Torsional wave elastography has shown in vitro the potential of quantifying viscosity,
from the wave attenuation and frequency dispersion curve [60], as well as the elastic non-
linearity, by adapting the ultrasonic harmonic generation technique [189]. In this disserta-
tion, we propose the novel TWE technique to evaluate the feasibility in the quantification of

viscoelastic properties of soft tissues, and specifically the cervical tissue.

4.4 Elastography applications for cervical tissue

Characterizing the viscoelastic properties of cervical tissue could be a key in the prediction
of preterm birth or successful induction of labor. The cervical insufficiency is intimately
related to the mechanical properties of the cervix, which are sensitive to the changes in
collagen organization. Notwithstanding, to date, most studies rely on changes in stiffness
during cervical remodeling, rather than considering the interactions between the fluid and
solid phase of the tissue, responsible for viscoelasticity.

The SE method has been the most applied technique in the characterization of the me-
chanical state of the cervix. The first study that identified typical changes in cervical tissue
elasticity correlated with the week of gestation or the age of the pregnant woman was carried

out by Thomas [190]. The results found showed age-related differences in cervical elasticity.
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Different authors later studied the reliability of employing quasi-static methods to quantify
the cervical elastography during pregnancy [38, 69]. Molina et al. [38] studied the inter-intra
operator repeatability in measurements in four areas in a total of 112 singleton pregnancies.
No statistically significant differences were found in measurements, except in the zone in
which the force of the probe is received directly. These measurement obtained could be a
mere reflection of the displacement applied by the probe. Hernandez-Andrade et al. [69]
analysed the associations between cervical strain and cervical length and gestational age in
two different areas and in 262 pregnant women. Spatial variability was found in the stiffness
and a strong correlation between cervical length and cervical strain, however, there was no
significant correlation between gestational age and cervical strain. One of the challenges
of SE is a standardization of the pressure applied during measuring. Several studies were
carried out in order to discuss about this problem [191, 138, 139]. Alternative procedures to
evaluate the tissue strain have been motivated by challenge of standardization. The afore-
mentioned methods are often named quantitative elastography despite using quasi-static
techniques to obtain the elasticity of the tissue [35, 39, 192]. The aim of these methods is to
obtain the maximum deformability of the cervical tissue and measure the ratio of the antero-
posterior cervical diameter compressed and uncompressed through the cervical consistency
index (CCI). The results of these works showed repeatability in measurements and correla-
tions between cervical length and gestational age with tissue strain. Despite this, there is no
consensus that solves the main limitation of SE technique, the unknown applied pressure
induced by tissue deformation, both in the prediction of premature birth [138, 193, 194] and
in the success of the induction of labor [31, 195, 35, 196, 32].

Dynamic elastography techniques, providing a quantitative description of tissue stiff-
ness through shear wave propagation analysis, are the alternative to quasi-static meth-
ods. Shear Wave Elasticity Imaging (SWEI) is one of the most used methods. This
technique has been widely employed for the quantification of changes in cervical tissue
[44, 197, 198, 199, 200]. Carlson et al. measured shear wave speed in human hysterectomy
samples. The aim of this study was to distinguish between ripened and unripened cer-
vices and detect the variability in different zones of the cervix. The promising results found
with SWE showed sensitivity to differentiate between ripened and unripened state and con-
firmed spatial variability in the cervical tissue. In the previous study, only an average value
of the shear wave speed was provided in a particular ROI. Feltovich et al. [42] proposed
the elastic modulus as a potential biomarker for the detection of preterm birth. The range of
SWE values varies from 1.2 to 5.5 m/s whilst the elastic modulus varies more than 80kPa.

Peralta et al. [34] explored, for the first time, the feasibility of SWE to evaluate cervical
ripening during pregnancy. The cervical stiffness was measured in four different anatomical
regions in 42 women between 17 and 43 years of age and at 6-41 weeks of gestation. Results
showed significant associations between shear stiffness with the gestational age and the
remaining time for delivery. Moreover, the variability of shear stiffness within the cervix

was confirmed.
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Significant differences were found between the external and internal os and superior and
inferior portions of the cervix. Internal os and inferior cervix showed high values of elastic-
ity compared to external os and superior portions of the cervix [38, 41, 201]. Focusing on the
internal os, under small strain values it is unlikely to experience spontaneous preterm birth
[41]. Similar results were obtained in the study carried out by Muller et al. [33] in which val-
ues of the shear wave speed in pregnant women were compared to a control group. In the
work performed by Carlson et al. [198], cervical ripening was induced through the appli-
cation of prostaglandin and shear wave speed was quantified before and after maturation.
Results showed a decrease in the shear wave speed 4 hours after prostaglandin application
(2.53 + 0.75 m/s before and 1.54 +£0.31 m/s after application). A comparison of shear wave
speed (SWS) measurements between pregnant women in first trimester and third trimester
was performed, providing results of 4.42 + 0.32 m/s and 2.13 £ 0.66 m/s respectively.

More recently, several studies have been carried out about the use of shear wave elas-
tography to assess the cervical ripening [55, 202, 200, 56]. Hernandez et al. studied the
risk of spontaneous preterm delivery (sPTD) with SWE in pregnant women between 18 and
24 weeks of gestation [55]. They concluded that a soft cervix, defined as an SWS < 25th
percentile for gestational age at 18-24 weeks of gestation, increases the risk of sPTD, inde-
pendently of cervical length and a history of previous preterm deliveries. Subsequently, a
study with the same range of gestational ages (18 to 24 weeks) was carried out by Suthas-
malee et al. [202]. Unlike the previous study, there was no significant association between
cervical stiffness and gestational age. In addition, cervical shear wave elasticity in preterm
and term groups was not significantly different. Carlson et at. used an ultrasound sys-
tem equipped with a prototype catheter transducer to detect changes in cervical softness
employing SWEI in early versus late pregnancy [200]. Their results suggested that SWEI
techniques could be promising for detecting changes in cervical ripening. The calculated
SWS were 4.42 4+ 0.32 m /s for the first trimester and 2.13 4- 0.66 m /s for the third trimester.
A study performed by Rosado-Mendez et al. investigated the ability of SWEI to characterize
cervical ripening in the pregnant and nonpregnant Rhesus macaque [56]. The cervix was ex-
plored transabdominally with a typical array abdominal transducer and transrectally with a
prototype intracavitary linear array transducer. Significant reductions of shear wave speed
versus gestational age were showed with both techniques. A more recent study evaluated
cervical softening during pregnancy with the SWEI technique [203]. This was the first time
a longitudinal study of cervix stiffness was conducted in pregnant women. A constant frac-
tional reduction (about 4% per week) in shear wave speed with increasing gestational age
was found. The study also demonstrated changes in shear wave speed along the length of
the cervix (softest at the distal end). It is necessary to standardize the SWEI technique for its
use in clinical practice by using SWS as a biomarker in detecting changes in cervical tissue
consistency.

SWEI technique in cervical tissue presents some limitations: first, the shear wave is

highly attenuating due to the microstructure of the cervix and secondly, the difficulty of
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producing adequate shear waves in cervical tissue boundaries. An alternative dynamic tech-
nique, called Torsional Wave Elastography technique, has recently been proposed [60, 59].
This is based on the propagation of shear waves through the cervical tissue not only in-
depth but also radially, which makes the technique suitable for applications such as the
cervix, due to its curved geometry. Axis-symmetric waves allows the precise interrogation
of soft tissue mechanical functionality in cylindrical geometries, that are challenged by cur-
rent elastography approaches in small organs. Another advantage of this technique is the
energy deposited on the tissue during the measurement compared to SWEI, in addition to
avoid the multiple reflections and dispersion of shear waves in small organs. Torsional wave
elastography has shown in vitro the potential of quantifying viscosity, from the wave atten-
uation and frequency dispersion curve [60]. All the details of this contribution are shown in
Chapters 6 and 11.

It is well known that viscosity, present in most soft biological tissues, has important
effects on wave propagation, increasing attenuation and generating frequency dispersion.
MacFarlin et al. investigated the changes in ultrasonic attenuation in the evaluation of spon-
taneous preterm birth (SPTB). Two groups were evaluated, one between 17-21 weeks of ges-
tation and another at full term birth. They concluded that attenuation decreases during
pregnancy, and this could be a potential biomarker to identify women at risk for SPTB [57].
Shear wave dispersion characterization has been gaining interest in the medical community
for the evaluation of the changes in the consistency in cervical tissue. As an example of this,
the study carried out by Rosado-Mendez et al. quantified the viscosity of 14 unripened and
13 ripened cervix specimens from Rhesus macaques by the slope of the phase velocity vs.
frequency, using SWEI [53]. The results of the study suggest that cervix requires considera-
tion of structural heterogeneity and viscosity.

A study carried out by Jiang et al. applied 3D multifrequency MR elastography
(3BDMMRE) for viscoelastic characterization of the uterine tissue in healthy volunteers [52].
Two independent parameters were reconstructed, the magnitude (responsible for the elas-
ticity) and the phase angle of the complex shear modulus (responsible for the viscosity). As
a result, the uterine corpus showed higher elasticity, but similar viscosity compared with
the cervix.

Yao et al. measured the compressive viscoelastic mechanical parameters of human cer-
vical tissue from hysterectomies using a indentation technique [58, 201]. The viscoelastic
parameters were reconstructed by fitting the stress-relaxation response of the samples using
an inverse finite element analysis (IFEA). The time-dependent behavior of the cervix (con-
sidering small deformations, 25%) can be modeled by the parameters reconstructed in this

study.
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Theoretical background

This chapter is aimed to briefly outline the mechanical equations of wave propagation,
together with the equations of hyperelasticity that govern the behavior of cervical tissue.
5.1 Mechanical wave equations in soft tissue

It is well known the equations that govern the propagation of mechanical waves through a

medium. Considering an isotropic elastic medium, the classical Navier equation is [204],

82
pa—t‘; = A+ w)V(V-u)+pViu+f (5.1)

where u is the vector of displacements, f the body force vector, p the density of the
medium and A and p Lame’s parameters.

Equation 5.1 is the result of the combination of the following three equations:

¢ Dynamic equilibrium equation,

?u; 00y
P35 %, + fi (5.2)
¢ Kinematic equation,
1 aM] ou;
= — 53
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¢ Constitutive equation for an elastic medium,

Oij = A‘Sijgkk + 2}161‘]' (5.4)
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where o and ¢ are the stress and strain tensor respectively, and é the Kronecker delta.

To simulate the behavior of soft tissues, it is common and useful in practice the division
of tensors into volumetric and deviatoric components. In this thesis, this is the formulation
adopted for the deduction of the equations that govern the propagation of torsional waves

through cervical tissue.

1

o= byt i, P = 30 655)
volumetric  deviatoric
1
€j= —06j + dj /0=~ 3k (5.6)

e’ N~

volumetric  deviatoric
where p is the hydrostatic pressure, v the volumetric strain, 7;; the deviatoric stress tensor
and d;; the deviatoric strain tensor.
The equations presented above are based on the assumption that the medium is isotropic
and elastic, notwithstanding, soft tissues are viscoelastic media, therefore, a different law is
required. Following the references found in the literature [65, 205, 206, 207], the linear and

viscous terms are adopted for the 3D Kelvin-Voigt model,

p= &Ko +3n7% (5.7)
linear elastic  piscous

= 2udy o+ 2ndy (5.8)
linear elastic ~ viscous

where K is the compressional modulus, and 1 and n° are the shear and volumetric vis-
cosity respectively.

Special attention deserve two of the most viscoelastic models contrasted in the litera-
ture, these are the Kelvin-Voigt and Maxwell models. For the case of Kelvin-Voigt, the total
stress is the sum of the elastic and viscous terms (see Figure 5.1 b). Besides, the shear wave
propagation produces stress components of the same nature, therefore only deviatoric com-

ponents are adopted (p = v = 0).

0jj = Tjj = Zudi]' + anij = 2[161']' + 21‘[6'1‘]‘ (5.9)

On the other hand, considering Equation 5.9 and assuming absence of compressional
waves in the propagation, only elastic and viscous components of the deviatoric term of the

strain tensor are adopted,

di= S0 g~ T (5.10)
J 2u Y 2n
~—~— S~
elastic viscous
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Figure 5.1: Viscoelastic models. (a) the elastic model; (b) the Kelvin-Voigt model; (c) the
Maxwell model.

The constitutive equation for the 3D Maxwell model is obtained by adding the elastic
and viscous terms presented in Equation 5.10 (see Figure 5.1 c). The same simplification as
in the Kelvin-Voigt case is adopted in this case (p = v = 0).

dij — 4 + )

11
TR (5.11)

5.2 Theory of hyperelastic models

This section shows the theoretical relationship between stress and strain for a proposed
hyperelastic model based on the Fourth Order Elastic Constants in the sense of Landau’s
theory, Mooney-Rivlin and Odgen models.

5.2.1 Proposed Fourth Order Elastic Constants nonlinear model

Nonlinear Fourth Order Elastic Constants (FOEC) are defined in the sense of Landau’s the-
ory [208] to establish a strain energy function, considering the medium incompressible valid

for hyperelastic regime as defined Hamilton [209] as,

1
W =ub+ AL+ DI? (5.12)

where I} = tre, I, = tre? and I3 = tre? are the classical invariant of deformation defined by
Cemal et al. [210], ¢ is the Green strain tensor, u 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,

g W

= 3 (5.13)

where ¢ is the Green-Cauchy strain tensor defined in terms of displacement field u =
x — X as the difference between actual and initial position respectively. This strain tensor is

defined, according to the large deformation theory, as,
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1
€ij = 5 (i j i + ity ) (5.14)

Under the hypothesis of a tensile test setup, the initial conditions are described in Figure
5.2.

A

3,7 ff

¥

Figure 5.2: Left: scheme of the uniaxial tensile test. Right: zoom of a differential element of
the sample.

where the displacements are defined in three directions as,

U1 = axq
up = —bxy (5.15)
Uz = —bX3

In this case the Green-Cauchy strain tensor defined in equation 5.14 may be described in

matrix form as,

a+ ya? 0 0
81']' = 0 —-b+ %bz 0 (516)
0 0 —b+ 3b?

To describe the Second Piola-Kirchoff stress tensor in nonlinear regime, it is necessary to

determine the invariant I3 in terms of strains.

Iy =, + &3+ €3

32, 0 0

93 _ 2

e 0 32, 0
0 0 3

(5.17)

The constitutive law for tensile test case in direction 1 is deduced by the expression,
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S =2ua+ (u+ A)a® + (A+4D)a’ (5.18)

The relationship between the Cauchy stress tensor and the Second Piola-Kirchoff stress

tensor is defined as,

oij = J ' F;SijF} (5.19)

where F is the deformation gradient tensor and | = det(F).
The derivation of Cauchy stress tensor in the context of weakly nonlinear elasticity [211]

yields the constitutive law defined in high order as follows,

5 5
o11 = 2ua+ (5u+ A)a* + (7u+3A +4D)a® + <2u +3A+ 8D> a* + S(A+ 4D)a® (5.20)

5.2.2 Mooney-Rivlin model

The Mooney-Rivlin model, originally derived by Mooney in 1940 [212] was formulated in
terms of the Cauchy-Green deformation tensor invariants by Rivlin [213].

Y —

O

¢i (Ii = 3) (5.21)

i=1

where c; and c; are the material parameters, I; and I, the first and second strain invari-
ants respectively and ¥ the strain energy function.

In the case of an uniaxial tension (o = 01, 0o = 03 = 0) the Cauchy stress as a function

(e L\ (oY 19¥
a—2<)\ ) Gr 3o (5.22)

where A = A; (A; is the principal stretch in 1 direction) and the invariants from the

of the strain invariants is

Cauchy-Green tensor for an incompressible hyperelastic material subjected to an uniaxial

tension are defined as [214],

2
Il:A2+X

1 5.23
b=2A+ (5.23)
L=1

For the Mooney-Rivlin model, the Cauchy stress obtained employing 5.22 and using two

parameters (c; and cy) is,

1 1
O Mooney = 2 ()\2 — A) <c1 + cz/\> (5.24)
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5.2.3 Odgen model
The strain energy function in the Odgen model, developed in 1972 [215], is described by,

N
}:Agf (A% 4 A% 4 A% — 3) (5.25)

r=1 Xy

where 1, (infinitesimal shear modulus) and «, (stiffening parameter) are material con-
stants, and A1, A2 and A3z are the principal stretches. Taking into account that for an incom-
pressible material, Ay = Aand A, = A3 =1/ VA, equation 5.25 is simplified into [214],

N u 1 Xy
_ Am+2<> _3} 5.26
; o [ VA (5.26)
The Cauchy stress tensor as a function of the principal stretches for an incompressible

material is,

v, av
oA PoAs

Finally, using the equation 5.27, the Cauchy stress using two parameters (i, and «;) is

01 = A] (527)

obtained as follows,
Godgen = Hr (A% = A~/12) (5.28)
The shear modulus p in the Odgen model results from the expression,

Hr Xy
2

y= (5.29)
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Feasibility of a novel Torsional Wave

Elastography technique

This chapter aims to present the novel technique, Torsional Wave Elastography (TWE)
technique, and evaluate the feasibility, sensitivity and capability to objectively quantify the
viscoelastic properties of cervical tissue 1. One contribution was a sensitivity study in tissue
mimicking phantoms to evaluate the robustness of the new proposed TWE technique for its
use in clinical practice. The variables object of the study were both, the applied pressure
and the angle of incidence sensor-sample. The second contribution was a cervical tissue
characterization by fitting the experimental data with four rheological models.

Section 6.1 outlines the structure of the torsional wave sensor with an optimal design
necessary to avoid the resonant frequency in the emitter and the receiver (Section 6.2). Then,
the experimental setup and protocol are presented in Sections 6.3 and 6.4. The signal pro-
cessing procedure to reconstruct viscoelastic properties is widely explained in Sections 6.5
and 6.6. In Section 6.7, four rheological models are presented to understand the dispersive
behavior of cervical tissues under shear wave propagation. Finally, the rheometry experi-
ments and the viscoelastic parameters reconstruction procedure are shown in Sections 6.8

and 6.9 respectively.

1Contribution: A. Callejas, A. Gomez, J. Melchor, M. Riveiro, P. Mass6, J. Torres, M. Lépez-Lépez and G. Rus.
Performance study of a torsional wave sensor and cervical tissue characterization. Sensors, 17(9), 2017.
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6.1 Structure of the sensor

The torsional device is composed of an emitter, a receiver and a casing that holds both.
The emitter, responsible for the transmission of the wave which travels through the phan-
tom, consists of a PLA (polylactic acid) disk, printed in 3D, whose rotational movement is
due to an electromechanical actuator (see Figure 6.1b). This actuator is covered by a Fara-
day’s cage of aluminum paper to nullify any effect of external electromagnetic fields. To
improve the attachment between the aluminum and the actuator, a silver conductive epoxy,
used as adhesive that increases the conductivity, is used. The actuator is excited electri-

cally by a wave generator, where some parameters like frequency, voltage or working cycle
are controlled.

.~ Emitter

.~ Electromechanical actuator
.- Wave generator

- PLArings

- Piezoelectric elements

.- Specimen

.~ Contact surface

.- Casing
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Figure 6.1: Schematic view of the sensor elements. (a) the receiver; (b) the emitter; (c) contact
sensor—phantom.

The receiver, showed in Figure 6.1a, is formed by two PLA rings with four slots in the in-
ner face of the ring, where the four ceramic piezoelectric elements, whose material is NCE51,
are fitted. The rings mentioned above provide the inertia to reduce the resonant frequency
and the stiffness to reduce dilatational waves. The array of transversely-polarized piezo-
ceramic elements is connected to the ring by silver conductive epoxy. The piezoceramic
elements are responsible for transforming the mechanical movement into an electric signal.

Thus, each piezoelectric element is in contact with two electrodes of different charges.
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The third part is a casing with geometrical and material selection to control the mechan-
ical cross-talk and hold the emitter and the receiver (see Figure 6.1c). This configuration
eliminates the masking p-waves that systematically arises at the boundaries of the regular

contact or comb transducers [216].

6.2 Simplified analytical model

To respond to the principles of an optimal design of a torsional wave sensor considering the
extraction of biomechanical properties, it is necessary to compute Finite Element Models
(FEM) as a first step [217, 216, 218]. Thus, the resonant frequency can be determined for
torsional waves for the emitter and the receiver using Finite Element Analysis Program
(FEAP) software [219]. Therefore, a simplified model with a disk as a transmitter and a ring
as a receiver (to facilitate the accessibility of experimental measurements) was developed to
validate the output of resonant frequency of FEM.

The fundamentals of a simplified analytical model for an oscillatory movement of a tor-
sional sensor are shown as follows. Consequently, the piezoelectricity coupling is intro-
duced as a strain law uniformly distributed and directly proportional to the electrical field
[220].

A single degree of freedom system is established, where the eigenproblem is reduced
to a single frequency and a single mode. The movement is assumed to be subjected to the
torsion rotation © in radians. In addition, the dynamic equilibrium of torsional moment is

defined as:
vo _
ar

where K is the stiffness coefficient measured in [Nm/rad] and I is the inertia moment. The

KO +1 0, (6.1)

steady-state solution has the following expression:
0 = @°sin (wt), (6.2)

where w is the natural frequency valid for the equilibrium Equation (6.1).
Considering the subsystem eigenfrequency in the case of cylinder mass and analyzing
the relationship between the equations of equilibrium and the moment of inertia for a cylin-

der, the frequency obtained is derived as

1 nabd?u
f_zﬁﬁﬁ%%. 6.3)

Subsequently, in the case of ring mass, analyzing the subsystem eigenfrequency with the

same equilibrium equation and the moment of inertia of a ring shape, we extract the next
1 nabd?u

=) 6.4

f 27 \| 27lethmr3p (6.4)
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where 1 is the number of piezoelectric elements, a and b are the plane dimensions of the
piezoelectric ceramic, d the distance from the center of rotation, 1 the shear modulus, ! eff the
effective length between piezoelectric ceramics, i the height of the cylinder or the ring, r the
radius of the cylinder or the ring, m the thickness of the ring in the radial direction and p the
density of the mass blocks.

The sensor is designed with a cylinder mass and a ring mass for each inertia subsystems
of emission and reception. Then, their eigenfrequencies are fitted to optimize the resonant
amplification.

Finally, the frequency of resonance obtained from FEM simulation is analyzed measur-
ing the time between peaks of cycles. The result coincides with the resonance frequencies of

the transducer described in the Table 6.1 with a percentage of error below 1% in each case.

Disc Frequency [Hz] 2.80 x 10*

Ring Frequency [Hz] 2.82 x 10*

FEM Frequency [Hz] 2.82 x 10*
Error 1 (%) 0.68
Error 2 (%) 0.04

Table 6.1: Results of the validation analytic design versus Finite Element Analysis Program.
Percentage of error for the frequencies of the disc and ring.

6.3 Experimental setup

The gelatine gels and cervical tissues were excited by a low-frequency sine-burst at different
frequencies (from 300 Hz to 1000 Hz). Excitation signals were generated by an arbitrary
wave generator (Agilent 33220A, Santa Clara, CA, United States) and amplified (Radio Fre-
quency Power Amplifier 150 A, 150 W, 100 MHz) before reaching the disk emitter. Measure-
ments were acquired for 16 V mechanical actuator voltage amplitude that provides particle
displacements at the emitter surface. The transmitted shear wave motion was propagated
across the homogeneous phantoms and recorded by the receiver. Pre-amplification of re-
ceived signal (Olympus, 576, 172 x 42.5 dB, Waltham, MA, United States) and low-pass
filtering is necessary for recording a signal of greater amplitude than the signal noise level.
The wave generator is synchronized with the oscilloscope (HDO 4034, 350 MHz, 2.5 GS/s,
Santa Clara, CA, United States) to record the start of the signal. As a final step, a Matlab
(Release 2014b, MathWorks, Natick, United States) optimization algorithm yields the shear

wave speed. The experimental setup of the specimens is shown in Figure 6.2.
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Figure 6.2: Experimental configuration of the excitation—propagation measurement system.

6.4 Specimens and experimental protocols
6.4.1 Sensitivity study

Gelatine samples from porcine skin (Type A, 300 Bloom, G2500, Sigma-Aldrich, St. Louis,
MO, USA) were constructed to test the sensor sensitivity under different applied pressures,
sensor—specimens and different angles of incidence. Six homogeneous phantoms with 8%
and 10% (w/w) gelatine concentrations were tested. Gelatine powder and purified water
at 90 °C were stirred for 10 min to ensure gelatine dissolution. Molten gelatine was cast in
cylindrical molds (6.8 cm diameter, 1.35 cm height) and kept at room temperature for 2 h
before being stored in the refrigerator at 5 °C. The phantoms were taken out one day after
being stored in the fridge and were tested when they reached the laboratory temperature
(22+1°C).

All measurements were carried out with the same experimental protocol. A counter-
weight device was specifically designed to control the applied pressure and the angle of in-
cidence phantom surface-sensor (see Figure 6.3). The phantoms were excited with a range
of frequencies from 300 to 1000 Hz to avoid resonance phenomena in the rings. The phan-
toms were positioned at the balance to quantify the applied force during the measurement.
Measurements from four applied pressures (from 4.81 to 24.06 kPa) and two angles of inci-
dence phantom surface-sensor (0 and 7.5°) were performed. The material density used was
1000 kg/m°.
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Figure 6.3: A counterweight device to control the applied pressure (phantom positioned on
a balance) and the angle of incidence phantom-sensor. (a) angle of incidence 0°; (b) angle of
incidence 7.5°.

6.4.2 Cervical tissue characterization

To obtain the viscoelastic properties, an ex-vivo test on human cervical tissue samples from
3 healthy women aged from 55 to 74 years old were carried out using TWE and rheome-
try techniques (see Figure 6.4). Patient consent (the study was conducted according to the
Declaration of Helsinki Principles and the agreement of the ethical committees of the Uni-
versity of Granada and the Universitary Hospital Complex of Granada) was obtained before
carrying out the measurements. All patients were diagnosed with uterine prolapse (II and
III grade) that required a partial or complete hysterectomy. The surgical procedures were
performed at the San Cecilio University Hospital, Granada (Spain). The organs were placed
in Phosphate Buffered Saline (PBS) and transferred to the Pathological Anatomy Laboratory
in a refrigerator. The specimens were tested with the torsional wave sensor before being
excised for rheometry experiments. Two pins were placed along the contours to prevent
distortion of the tissue, and the cervix was placed on top of a rectangular piece of sound-
absorbing rubber. Both measurements were performed at room temperature and typically
within 2.5 h after being transferred to the laboratory, measuring three times each sample to
obtain the mean and standard deviation. Given the independence of the applied pressure
and the angle of incidence sensor-specimen in the sensitivity study, the cervical tissue sam-
ples were tested with the torsional wave sensor using the same range of frequencies (from
300 to 1000 Hz). After that experiment, circumferential samples were cut by a pathologist

for rheometry experiments, 20 mm in diameter and 3-5 mm thick.
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Figure 6.4: (a) Measurement with the torsional wave sensor of a cervical tissue sample; (b)
cervical tissue sample.

6.5 Time of flight-signal processing

Time of flight calculation is conceptually simple, although it is necessary to introduce simpli-
fying hypotheses. Physically, S-type waves are originated by the actuator and are transmit-
ted through the specimen to the piezoelectric sensor, where they produce the deformation
thereof and, consequently, an electric potential capturable by an oscilloscope.

In a purely theoretical approach, the signal in the sensor channel has null amplitude until
the shear wave reaches the sensor producing a non-zero amplitude response. In practice, the
presence of undesired interference signals from multiple sources requires a measurement
and processing protocol to improve the quality of the resultant signal.

The signal processing includes the average of multiple measurements to decrease noise.
Thereby, multiple identical measurements spaced by a relaxation time to completely dissi-
pate previous waves were used. In addition, a low-pass filter in frequency domain with a
cutoff frequency of 8000 Hz was applied to eliminate distortions generated from the elec-
tronics that controls the equipment.

Averaging and filters did not completely eliminate the electromagnetic coupling be-
tween emission and reception channels. This situation means that the received signal had
an instant response time. Several tests suggest that the electromagnetic coupling compo-
nent depends, on first approximation, only on the emitted signal power and in certain cases
on external environmental components, like a remarkable increase of the humidity. In this
work, the “calibration” measurement (without contact with the specimen) and the measure-
ment of the specimen had the same coupling component. Thus, subtracting the calibration
measurement from the measured signal, this effect can be eliminated.

The analysis of the resultant signal allows obtaining a first time of flight time measure-
ment as the difference between the starting time of the received signal and the starting time
of the excitation signal. Certain simplifications must be assumed for this analysis since
there are phenomena such as imperfect centering of the transmitter with respect to the four
piezoelectric receivers and transient effects associated with the engine start, high frequencies

transmission and other effects whose quantification are beyond the scope of this work.
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6.6 Shear speed from time of flight

Ideally, the shear velocity can be calculated directly from the time of flight

Distance
Time of flight

Velocity = (6.5)

However, the time of flight measured directly from the sensor signal is not the correct
wave time of flight time because there is a delay associated with multiple effects (transmis-
sion in the PLA, delays related to electronics and piezoelectric devices...). These types of

effects can be combined into a single delay time factor, so the Equation (6.5) results in

Distance
Time of flight — delay’

Velocity = (6.6)

This internal delay is characteristic of the measurement configuration and must be esti-
mated previously. Assuming that the internal delay depends only on the material and the
frequency excitation, time of flight of measurements at different distance emitter-receiver
can be extended to zero distance obtaining a non-zero value of time that is the delay

searched.

6.7 Rheological models

Similarly to many soft tissues, the behavior of cervical tissue can be modeled as linear
viscoelastic media and several models have been already studied [7, 221, 222]. Here, we
propose the Kelvin-Voigt, Kelvin—Voigt Fractional Derivative, Maxwell and Zener models,

which are the most widely used (see Figure 6.5).

n
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Figure 6.5: Rheological models. (a) the Kelvin—Voigt model; (b) the Kelvin—Voigt Fractional
Derivative model; (c) the Maxwell model; (d) the Zener model.

The viscoelastic modulus (G*) (Equation (6.7)), which is composed of a real part (G),
elastic or storage modulus and an imaginary part (G"), viscous or loss modulus, character-

izes the viscoelasticity of the material [223]:
G* =G (w) +iG (w). 6.7)
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The following rheological models relate the elasticity and viscosity by the complex shear
modulus.
The Maxwell model (M) can be represented by a spring and a dashpot in series, as shown

in the Figure 6.5. The complex shear modulus for this model is,

2 2
unw . rnw
GM(w) = . 6.8
(@) u2+w2n2+lu2+w2n2 (6:8)

The Kelvin—Voigt (KV) rheological model is characterized by elastic 1 and viscous 1 coef-
ficients. This rheological model consists of a spring and a dashpot placed in parallel, which
describes tissues as solids that can creep but show little stress relaxation. The corresponding

complex shear modulus for the KV model is,
GV (w) = 1 +iwn, (6.9)

where 1 is the shear elasticity (in Pa) and 7 is the shear viscosity (in Pa - s).

The Kelvin—Voigt Fractional Derivative model (KVFD), obtained by a generalization of
the Kelvin—Voigt model, is a three-parameter fractional-order model. The first derivative
in time in the KV model is replaced by a fractional-order derivative of order « [224]. The
complex shear modulus for the KVFD model is [225, 226]

GRVIP (@) = 1 + nawcos( %) + inasin( %), (6.10)

where « is the fractional derivative power (0 < o < 1).
The Zener model (Z) expresses both the stress relaxation and the creep in linear vis-
coelastic polymeric solids [227]. The complex shear modulus for the Zener model in the

frequency response is given by [228]

G (w) = g + 't ) e

, 6.11
13 + a?n? u3 + w?n? (6.11)

where 111 and py are the elasticities (in Pa) and 7 is the shear viscosity (in Pa - s).
Dispersion curves are plots of shear wave speed (cs) as a function of angular frequency

w. For mass density p, the relationship between cs and the complex shear modulus is well

known to be [229]
cs(w) = \/ : 2(G2 +G™) (6.12)
Je)

G ++G? + G'?) )
6.8 Rheometry experiments

Rheometry is a technique that studies the relationship between stress—strain in materials
that are capable of flowing, thus allowing to get mechanical properties related to elasticity
and viscosity, which usually leads to the development of a constitutive relation. In this work,

these properties were evaluated under shear stress with a controlled-rate magnetorheometer
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(MCR 300 Physica-Anton Paar, Graz, Austria) (see Figures 6.6 and 6.7). As inertia of the
sample was negligible in oscillatory shear deformation, it required that a small phantom
thickness compared with the wavelength of shear waves propagated through the medium
at the frequency of oscillation [230]. The measuring system geometry was a 20 mm diameter

parallel plate set for a gap width dependent on the sample thickness, as a rule 3-5 mm.

(b)

Figure 6.6: Viscoelastic characterization of gelatine samples. (a) Front view of rheometer (b)

Lateral view of rheometer.

« @
Specimen ——» S

(b)

Figure 6.7: (a) A controlled-rate magnetorheometer MCR 300 Physica-Anton Paar, Graz,
Austria. Pink matter corresponds to the cervical tissue sample. (b) Schematic view of the
rheometer.

All measurements were conducted at room temperature to avoid loss of consistency.
The experiment started with a squeezing compression of the rotor plate, no less than 0.2 N,
for preventing slippery conditions. To ensure the reproducibility of the measurements, a
pre-shear (10 cycles at 1 Hz) was applied with a waiting time of 10 s before measuring. The
samples were subjected to a sinusoidal shear stress and the corresponding shear strain was

measured, according to the constitutive equation for linear viscoelastic materials where

o = ope' @t (6.13)
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v = ype (@0 (6.14)

are, respectively, the shear stress and strain, oy is the stress amplitude, ¥y the strain ampli-
tude, w the angular frequency, and 4 the stress—strain phase lag. Two oscillatory tests were
planned to obtain the viscoelastic modulus (G*).

The experiments were [231, 232]: (i) amplitude sweep: frequency was kept constant at
1, 2, 5, 10 and 20 Hz, and shear amplitude was varied up to values in which nonlinear
behavior was reached. Nonlinearity was developed and was clearly distinguishable when
G’ and G were not only functions of w but also strongly depended on yy. The frequency
range was not higher owing to the linearity of oscillations that can not be ensured when
the rotor (upper plate) and the sample inertia effects become significant at high frequencies
[230]; and (ii) frequency sweep: shear amplitude was kept constant into the viscoelastic limit
region, determined by the previous test and the frequency was swept from 0.5 Hz to 100 Hz

logarithmically to obtain the oscillograms (G and G as a function of w).

6.9 Viscoelastic parameters reconstruction

The characteristic parameters of a viscoelastic material were obtained fitting the experimen-
tal results with the rheological models indicated in the previous section. Two different tech-
niques (theometry and TWE) were used in each sample of cervical tissue. For each sample
and methodology, velocities at several frequencies were calculated and the mean of the ve-
locities over all the measurements were used for further analysis.

In the rheometry study, the real and the imaginary parts of the viscoelastic modulus
were obtained from the rheometer and the shear wave speed was calculated directly using
Equations (6.7) and (6.12). For the torsional wave sensor, the shear wave speeds were ob-
tained following the approach depicted in Section 6.5. The high differences on the frequency
ranges of the two techniques should be noted.

Every set of measurements was fitted to the models to obtain the parameter values.
This adjustment was made by means of an inverse problem using a combination of genetic
algorithms and quasi-Newton type optimization algorithms.

Three approaches were used and represented varying the fitted data using
(a) shear wave speeds exclusively from rheometry, (b) speeds exclusively from the torsional
sensor, and (c) all of the available data. The fitting procedure was applied to each tissue sam-
ple to obtain the average adjustment curves (including standard deviations). Two options
were available: using the average values of the parameters to generate average curves or
directly averaging the values of the curves. It should be highlighted that these adjustments

are not equal since the models were nonlinear. The first approach was used in this work.
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Viscoelastic model class selection for cervical

tissue

This chapter aims at providing a method for ranking the most plausible rheological model
with the purpose of understanding the interaction of torsional waves with the anatomy of
cervical tissue. The final aim of this study is to reconstruct the viscoelastic parameters with
the selected rheological model. A Probabilistic Inverse Problem (PIP) was employed for
ranking the most plausible model by comparing the in-vivo measurements in cervical tissue
obtained from the TWE technique with the synthetic signals from the 2D Finite Differente
Time Domain (FDTD) wave propagation models.

Section 7.1 shows the three bilayer viscoelastic models considered with the purpose of
understanding the interaction of torsional waves with the histology of tissue. In Section 7.2,
the three proposed models of torsional wave propagation are implemented in cylindrical co-
ordinates using 2D FDTD method. Section 7.3 outlines a cross-sectional study in pregnant
women to obtain in-vivo experimental signals from cervical tissue using TWE technique. Fi-
nally, a PIP, based on information theory, for ranking the viscoelastic model that best explain

the cervical tissue behavior under torsional wave propagation is presented in Section 7 .4.

7.1 Rheological models

The increasing interest in elastography techniques for measuring viscoelastic parameters in
cervical tissue is demanding appropriate viscoelastic models (micro-structural, rheological
and continuum). The rheological models explain the gross tissue mechanical parameters in
the simplest possible terms [233]. A study that explores the importance of the heterogeneous

multi-scale nature of cervical tissue for quantifying both the elasticity and viscosity from
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Viscoelastic Models Epithelial layer Connective Layer

Elastic model W th il
Kelvin-Voigt model wthn un
Maxwell model wthn wn

Table 7.1: This table summarizes the parameters used for the epithelial and connective layer
and for the three models. Shear stiffness 11, shear viscosity 11 and epithelium thickness th.

shear waves was carried out by Peralta et al. [234]. The work demonstrated that, among the
models studied, the best rheological model to describe cervical tissue is Maxwell’s law. In
contrast, Callejas et al. [60] characterized the viscoelastic properties of cervix hysterectomies
by fitting the experimental data obtained with torsional wave elastography with four dif-
ferent viscoelastic models (Kelvin-Voigt, Kelvin-Voigt Fractional Derivative, Maxwell and
Zener model). Notwithstanding, the work concluded that the Kelvin-Voigt model and its
fractional derivative version fit the cervix experimental data successfully. The Kelvin-Voigt
model was the simplest model that best fit the stress-strain relationship of the ex-vivo human
cervical tissue.

According to the previous experiences, the experimental system was idealized by a set
of three simplified viscoelastic models in which the transmitted torsional waves propagate
and interact with cervical tissue until they were received by the probe. The three viscoelastic
models tested were: 1. Elastic bilayer, 2. Kelvin-Voigt bilayer, and 3. Maxwell bilayer.

There is a need for understanding cervical tissue behavior considering multilayer mod-
els, since torsional waves propagate through the surface and in-depth tissue. The elastic
model is defined in terms of the stiffness (1) for the epithelium and connective layer. The
Kelvin-Voigt and Maxwell models are not only defined in terms of the shear stiffness for
each layer and epithelium thickness (th) but also in terms of shear viscosity (1) of the ep-
ithelium and connective layer.

The three models are summarized in Table 7.1.

7.2 Finite difference time-domain method

Wave propagation equations are usually solved by numerical methods when they are either
impossible to obtain or impractical. Nowadays, the most employed methods to simulate
physical phenomena are the Finite Element method (FEM) and the Finite Difference method.
The advantages of FDTD versus FEM are the reduction in computing time and the less stor-
age space needed [235]. The drawback is that it is necessary to perform the discretization of
the equations. FDTD method is a finite difference method in the time domain. This method
was selected due to its flexibility, speed and simplicity for implementing rheological models

like the ones that will be presented below. The first to introduce this method was Yee in 1996
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[236] to replace Maxwell’s equations by a set of finite difference equations. Madariaga [237]
was the first that applied the algorithm to elastic equations.

In this section, an FDTD method is developed, adapted from a previous work by Virieux
[238], to model the propagation of torsional waves in three two-dimensional models of cer-
vical tissue. Since torsional waves propagate with axial symmetry from the center of the
probe, where the mechanical actuator is placed, the formulation is developed in cylindrical
coordinates [60]. According to the histology of the cervix, two layers have been taken into
account (Figure 7.1). Three different viscoelastic models have been compared. In the follow-
ing subsections, we will deduce the equations that govern the torsional wave propagation

for each viscoelastic model.

Cervix Micrography 2D FDTD Scheme

— EXC —RX » 7
Z g

Epithelial Layer

p th n
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Y,

Figure 7.1: Cervix micrography versus two dimensional finite difference time domain
scheme. Source: adapted from [2].

7.2.1 Elastic model

The dynamic equilibrium equation independent of the coordinate system is as follows:
Vo + F = pii (7.1)

where p denotes the tissue density, o the stress tensor, u particle displacement and F is
the volume force density.

Taking into account cylindrical coordinates, the equations for each component are [239]:

. Lo laUre 907, 1

i, = = (0 — F
pPuy 3 + - 90 3z + r(Urr oge) + F
. doy 10dogg 2 dop;
_ 1 2 7.2
pilg = ==+ ==+ 00+ ==+ F (7.2)
.o ao_rz 1 ao@z 1 aO—zz
= Ty ae Tyt TE
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The relation between the stress and the strain tensors is established with the following

constitutive equation:

where A and p are the Lamé constants and e is the strain tensor.

0ij = Aeidij + 2uejj

(7.3)

Finally, the displacement field u is related to the strain tensor € according to the kinematic

relation as follows:

€= % [Vu + (Vu)T}

(7.4)

The components of the gradient of a displacement field in cylindrical coordinates are:

ou, 1ou, ug OJu,

or 100 9z
a&; {aug IL aﬁ%

- - + -
0 a0 0

u. | Tow, | du,
or r 00 0z

(7.5)

As discussed above, when considering axial symmetry in the problem, the derivatives

with respect the angle 0 (% = 0) are neglected. Besides, only displacements in the 8 compo-

nent are considered (u, = u, = 0) due to the nature of torsional waves.

The remaining equations in cylindrical coordinates for the elastic model after simplifying

the problem, as well as transformations to remove one-time derivative (iig = vy, 0g is the

derivative of the velocity with respect the 6 component), are:

7.2.2 Kelvin-Voigt model

. aoﬂ?+_go_ +_aobz
or rore 0z
809 Og
Go=k|5 7
9ve
“az

(7.6)

Taking into account the dynamic equilibrium equation (Equation 7.2), the kinematic rela-

tion (Equation 7.4) and the constitutive equation (Equation 5.9), the remaining equations in

cylindrical coordinates for the Kelvin-Voigt model after simplifying the problem (consider-

ing axial symmetry), as well as transformations to remove one time derivative (iig = 7p)

are:
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7.2.3 Maxwell model

Considering the dynamic equilibrium equation (Equation 7.2), the kinematic relation (Equa-
tion 7.4) and the constitutive equation (Equation 5.11), the remaining equations in cylindri-
cal coordinates for the Maxwell model after simplifying the problem, as well as transforma-

tions to remove one time derivative (iiy = 0y) are:

a0, 2 o
pog = =10 + S0y + —
or r 0z
v, v
@@-FIL%9==H [9'_6} (7.8)
U ar r
) 00
OPz+'ZOHz::n7%?

7.2.4 Space-time grid discretization

The classical time-staggering approach used in FDTD literature consist of calculating stress
and strain components in a half-step time instant from the corresponding time instant of the
displacements [238]. However, in this work, all stress, strain and displacement components
are computed at the same time interval, according to Orescanin et al. [206]. Uniform time
intervals have been sampled via t = nAt for an integer n and a time step At.
Spatial discretization was employed using the staggered grid showed in Figure 7.2. The
stress components are placed at grid positions that are offset by a half-step from the cor-
responding velocity component. Space was uniformly sampled, with a = iAr/2 and
b = jAz/2 for integers a, b and space step of discretization Ar and Az.

Model parameters, such as shear stiffness and viscosity, have been introduced into the
model by setting their values at the grid points of the discretized space domain for each

viscoelastic model.
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Figure 7.2: Staggered grid discretization illustrating the locations of variables. Velocity (vy),
and stresses (0;¢,00;).

7.2.5 Approximation of derivatives

The equations of the wave propagation (systems of equations 7.6, 7.7 and 7.8) for each of
the viscoelastic models presented in previous sections have been discretized according to
Taylor series expansions [240].

A first-order accurate centered scheme finite difference discretization has been employed

for derivatives with respect to one of the spatial variables (r or z):

_ f<xi+%'t”>A_xf (xif%'t”) +0(A%) (7.9)

af (x,t)
ox

Xitn
where f is an arbitrary function within the domain of interest, x one of the spatial vari-
ables r and z, t represents time, and Ax is the spatial step for each variable.

For first order time derivative, the backward finite difference scheme was chosen:

af(x,t) |  f(xitagr) = f(xita)
at Xitnt1 o At

The derivation of the discrete systems of equations (7.6, 7.7 and 7.8) for each viscoelastic

+ O(At) (7.10)

model is described in the following equations (Equations 7.11 to 7.19).

1. Elastic model discretization:

ven+lzven+<m+m>aren +<_N+N>Uren .
a, ab pAr  rp a+1p pAr  rp a—1b (7.11)
At n At n
* EO-QZ ab+3 B EO'QZ ab—1
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u u u u
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o0 a—1b or a—1p * ( Ar 2r > oo ab * ( Ar 2r > a-1b (7.12)
n+1 n At ntl At n+l
u u
oy = 0 +—0 ——0 7.13
0z a,b—i—% 0z a,b—&-% Az 0 a,b+1 Az 0 a,b ( )
2. Kelvin-Voigt model discretization:
n+1 n n At +At> n +< At +At>0 n n
v =7 S o —_t —
0 ab 0 ab pAr  rp 6 a+3ib pAr  rp 6 a-1b (7.14)
n At - n At - n ’
pAz" % ab+l  pAz 0z ab—1
n—+1 n ,LLAt ,LLAt n n " 1’l+1+
0, = O, e - — =
6 af%,b 16 uf%,b Ar 2r Ar 0 a,b
uUAt  uAt  n n+1 (7.15)
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a,b+5 a,b+5 Az Az a,b+1 Az Az a,b (7 16)
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3. Maxwell model discretization:
n+1 n n At +At n N At +At>0 n n
v =0 —+ — ) o —_t —
Olap b oAr " rp ) Plariy pAr - rp ) lasip 7.17)
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7.2.6 Boundary conditions

The boundary conditions of the problem are the excitation source at the surface of the cer-
vical tissue (Equation 7.20), the absence of the shear stress (Equation 7.21) and the absence
of the velocity (Equation 7.22) on the same interface and the absorbing boundary conditions
(ABC) (see Figure 7.3).

¢ For the excitation signal, the values have been set for each time step n at the grid points
that represent the contact between the emitter and the cervical tissue (more details in
High-Speed Camera Measurements subsection).

¢ The grid points on the reception place have been simulated by the absence of velocity
due to the pressure that the receiver exerts on the cervical tissue. The average stress
0p; Was obtained on the reception place. The stress on the piezoelectric element is
approximately the stress on the tissue by a correction factor a.. The calculation of
that factor is detailed in the following subsection Transmission coefficient. Finally, the
stresses received by the piezoelectric element were transformed into voltage terms
using the constitutive equations of piezoelectricity (see Appendix E).

¢ The grid points on the surface cervix-vagina that were not used for the above bound-
ary condition, are set with the absence of stress (0p, = 0).

¢ Finally, in order to model the infinite half-space, all waves that are reaching the two
remaining outer grid edges must be transmitted and absorbed. The ABC consist in
a set of absorbing elements whose attenuation factor is leaded by an exponential law
[234, 241]. The attenuation law ensures the reduction of reflections, thus simulating an

infinite boundary condition.

O (rexcitation/ Or tn) = U9 excitation (tn) (7-20)
09z(1,0,t,) =0 (7.21)
Ue(rreception/ 0, tn) =0 (722)
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Figure 7.3: Spatial distribution of the boundary conditions of the model. 2D domain sur-
rounded by absorbing boundary conditions, excitation, reception (vg = 0) and free surface
conditions (og, = 0).

Transmission coefficient
Knowing the different layers of the receiver, cervical tissue - PLA ring - piezoelectric element
(Figure 7.5), the stress on the piezoelectric element (NCE51) is approximately the stress on

the tissue by a correction factor «,,

NCE51
062

tissue
G@z

= o, = ¢, - transmission Tissue-PLA - transmission PLA-NCE51 (7.23)

where ¢, >~ 10% is a factor of efficiency in the transmission of the wave by PLA [189].

The transmission coefficient between cervical tissue and PLA is calculated through the
shear impedance of both media (see Table 7.2),

2-Zpra
Trissue—pLA = T Zoin 1.98 (7.24)

where Z = c - p is the shear impedance, ¢ the torsional wave speed and p the density of
the medium.

The transmission coefficient in terms of stresses between PLA and NCE51 is taken from

literature [189] (see Appendix E).

High-speed camera measurements - experimental setup

High-speed camera measurements were carried out in order to establish the boundary con-

ditions of the numerical model through the measurement of the displacement of particles
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Figure 7.4: From the 3D model to a 2D model in cylindrical coordinates. 2D section contour
in red line.

Medium plkg/m®) c(m/s) Z(kg/(m?s))
Cervical tissue 1000 2 2000

PLA 1180 200 236000

Table 7.2: Acoustic impedance for cervical tissue and PLA. Density p, torsional speed ¢ and
acoustic impedance Z of each medium.
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within a tissue-mimicking phantom resulting from the excitation of the electromechanical
sensor actuator. A plane of basalt microparticles, embedded in the surface of the phantom
(see Figure 7.7b), has been used to reconstruct the excitation in displacement after using a
custom particle tracking algorithm, see subsection Particle tracking procedure and Appendix
A. The reconstructed excitation signal was introduced in each of the FDTD viscoelastic mod-
els as a boundary condition.

Experimental tests were performed at the University of Jaén (Spain). The experimental
setup is shown in Figure 7.7a. The electromechanical actuator was in contact with the tissue
mimicking phantom, placed on an elevated platform. The procedure to make the phantoms
takes into account the steps detailed by Dunmire et al.[242] (more details can be found in
section 8.1). Two different phantoms were fabricated, the first one contains 7.5% gelatine
and 5% oil, and the second one 10% gelatine and 5% oil. A high-speed camera (Fast-cam
SA1, Photron Inc., San Diego, California, USA) with a zoom objective (VZM 450i, Zoom
Imaging Lens, Edmund Optics Inc., Barrington, USA) was pointing towards a 45° mirror
placed below the platform (Figures 7.7 and 7.8).

The pressure applied between the phantom and the probe was studied in order to con-
trol the slippery conditions. A wide range of pressures ranging from 30 to 150 grams was

established according to the results of the study carried out by Callejas et al. [60]. To do
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this, first, a balance was placed in the place where the phantom was going to be placed, the
desired pressure was applied, then, the balance was removed and the phantom was placed
in the same position so that the pressure measured was correct. Finally, the raw recording
was made and the process was repeated for each pressure increase. To control the slippery
conditions, a pattern was drawn on the disk emitter. Visually, it was analyzed if there was
sliding between the disk and the phantom by comparing the reference pattern of the disk
with the plane of basalt microparticles.

The excitation signal was a low-frequency sine-burst with a range of frequencies from
300 to 1200 Hz. Excitation signals were generated by an arbitrary wave generator (Agilent
33220A, Santa Clara, CA, United States) and amplified (Radio Frequency Power Amplifier
150 A, 150 W, 100 MHz) before reaching the disk emitter. Measurements were acquired for 16
V mechanical actuator voltage amplitude that provides particle displacements at the emitter
surface. All the recordings were carried out checking the laboratory temperature, it was 20
£ 1°C. Changes in the behavior of the gelatine phantoms could be produced with variation
in the temperature of few degrees. To prevent that change in the mechanical properties, the
ingredients of the gelatine include formalin. This component increases the melting point of
the phantom (approximately 32°C) and maintains the mechanical properties with temper-
ature variations. This increase in temperature is due to the light source necessary to make
the recording, therefore the exposure time of the phantom was the lowest possible, i.e. 0.9 s.
The distance between the light source KL-2500-LCD (Schott North America Inc., NY, USA,
a 250 W cold halogen lamp) and the gelatine was about 10 cm. According to the manufac-
turer, the luminous flux at the tip of the fibre optic bundle was around 1300 Im. During
the recording, the temperature of the gelatine was not measured due to limitations in the
laboratory equipment. However, the experimental setup was chosen to reduce the temper-
ature increases and consider that this increase was negligible, i.e. the use of formalin in the
mixture, no variations of laboratory temperature, the large distance between the phantom

and the light source, the short exposure time to the light.

Particle tracking procedure

A particle tracking code was developed and implemented in MATLAB © (Release 2018b,
MathWorks, Natick, United States) for obtaining the displacements in the phantom from the
optical experiments described in subsection High Speed Camera Measurements. More details
about the algorithm are shown in Appendix A. In order to improving the frames quality,
image processing treatments were carried out.

The procedure to track the displacements of the basalt microparticles is explained as
follows (see Figure 7.6).

The raw recordings were obtained at 10,000 fps in order to get a time step between frames
(768x768 resolution) of 0.1 milliseconds. Then, they were decomposed into a sequence of
frames that depend on time. After that, the appearance of the frames was improved in
order to obtain a better contrast between the basalt microparticles and the background. In

the Figure 7.7b is can be appreciated the resulting image after improving the contrast.
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Figure 7.6: Flowchart summarizing the algorithm of cross-correlation to reconstruct the
emitter signal.
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Figure 7.7: Optical test using a high-speed camera. (a) Experimental setup; (b) Frame from
a high-speed camera recording on a plane of basalt microparticles. The contour of the disk
emitter is marked in yellow dashed line and the contour of the receiver in blue. Red arrows
are pointing to the basalt microparticles.

Cross-correlation procedure was implemented for the particle tracking method. The first
step is to select a reference frame from the decomposed images before the emitter started the
rotation. Second, the center of the disk emitter was calculated. Third, the analysis area was
selected by means of a square containing the emitting disk, being tangent to it. Then a
circumference of the diameter of the disk emitter was generated and centered on the pre-
viously calculated point. Using this circumference, the image was cropped, leaving only
only the area of the disk emitter. After the preprocessing of the frames, one by one were
cross-correlated with their rotated versions from the reference image, until the whole area
was swept. The reference image was rotated with an angle increment of 0.1 sexagesimal
degrees in order to obtain a reconstructed emitted signal of considerable precision. The cal-
culated center of the disk emitter was employed for the rotation. The angular displacement
of each frame was found by calculating the angle that yielded the maximum coefficient of
correlation.

Finally, the linear displacement was obtained by transforming the angular displacement,

thus getting a time-space plot of the reconstructed emitted signal.

7.2.7 Stability conditions

A balance between accuracy and computational cost may be considered when modeling
with FDTD methods. In this sense, two types of numerical errors can appear in the simula-
tions [243].

One group of errors is the phase errors. Because the models used are viscoelastic in nature,

dispersion effects have to be studied. Although lower rates can be found in the literature
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Light source

Zoom objective

Figure 7.8: Experimental configuration of the optical test using a high-speed camera. Gela-
tine phantom on top of the transparent platform. Light source and high-speed camera (zoom
objective) pointing towards the phantom and the mirror respectively. The probe was in con-
tact with the gelatine phantom.

[206, 244], numerical simulations were carried out with a minimum rate of 28 spatial in-
tervals per wavelength A in order to reduce numerical dispersion. Spatial steps (Ar or Az)
must be less than the wavelength divided by 28 (Equation 7.25). A verification test for nu-
merical dispersion errors was performed (see Convergence study of viscoelastic models, 12.2

subsection).

28 - max(Ar, Az) < Amin (7.25)

The second group of errors is the amplitude errors. In order not to obtain a scheme
unstable and not to obtain an exponential growth of amplitudes, the time step must be
chosen small enough. The stability criterion to obtain the maximum At is a function of the

geometrical, material and space discretization parameters [244, 245, 246].

Nl—

1 1\

where max(cs) is the maximum torsional wave velocity of the expected wave propaga-

tion.
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Parameter Description Value

Ar r spatial step 75 um
Az z spatial step 75 pm
At time interval 1 us
tr total time of simulation 12 ms
NABC number of ABC elements 100

Table 7.3: Values of the employed parameters for all the simulations by using the FDTD
model.

The selected values of the parameters used for all the numerical FDTD simulations are

summarized in Table 7.3.

7.3 Experimental measurements

A cross-sectional study in pregnant women was carried out to obtain experimental signals
from cervical tissue using the torsional wave probe presented in [60, 247].

The test was performed at Complejo Hospitalario Universitario de Granada. Declaration
of Helsinki was taking into account in the study. Approvals of the Ethical Committee in
Human Research of University of Granada and Ethical Commission and Health Research of
San Cecilio University Hospital in Granada were achieved.

A total of 18 healthy women were recruited in the study. All had uncomplicated single-
ton pregnancies at a median of 26.4 (from 16wk to 35wk+5d) weeks of gestation, see Table
7.4. The subjects enrolled in the test provided an agreement by previously signing the writ-
ten consent and reading the patient’s information sheet.

For the exploration with TWE, the pregnant were asked to pour their bladder and were
placed in the dorsal lithotomy position. The gynecologist employed a speculum for the
repositioning of the cervix and placed the probe in the desired position. The intravaginal
probe was allocated in contact with the center of the cervical external OS. Proper placement

of the probe for measurement is essential to consider the hypothesis of axial symmetry.

7.4 Probabilistic inverse problem

We propose the technique based on Probabilistic Inverse Problem with logical inference
framework to evaluate the most plausibility of the physical modelization for the particular
case of characterizing a viscoelastic material [248]. The proposed framework is based on a
new metric of information density that does not take into account Cox’s normalization to get

a more simplified formulation. The idea is to combine two information density functions
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Characteristics Value

Total population (N) 18
Gestational age at elastography test (weeks) 26.4 (16w - 35w+5d)
Nulliparous (N) 2 (11 %)

Cervical length (mm) 33 (10 - 49)

Table 7.4: Quantified parameters of the study. Dataset is shown as median (range) or n (%).

from different sources: (i) experimental observations and (ii) mathematical models. The

Figure 7.11 shows the details of the procedure to solve the problem.

7.4.1 Definition of basic variables

According to the two sources mentioned above, the observations O are signals vectors 0;(t),
although may also be single signal. The space of observations ® from the experimental
signals is defined as O° = {0¢(t)}, and from the model signals as O™ = {0"(t)}. In this
thesis, the experimental signals were obtained using the torsional sensor and the model
signals were synthetic signals that come from the numerical models.

The model parameters M are set of physical parameters that define a manifold §). The
physical parameters employed were shear stiffness 11, shear viscosity n and the thickness of
the epithelial layer. These parameters are the input of the numerical models that simulate
the cervical tissue behavior under torsional wave propagation. The output is the signal

received by the model.

7.4.2 Definition of information density

Information densities are defined to describe the observations © and model parameters M
instead of univocal values due to the uncertainty of the data. The conception of Cox [249] to
define the information density was adopted. Therefore, the probabilities that are established
as a consequence of this logical framework are objective and the logical relations in that
axiomatization [250, 251, 252].

Particularly, the information density f(x) is defined by an event or value x as a nonneg-
ative real f(x) € R™* whose value is zero when the event is impossible and the larger the
more plausible.

According to the normalization requirement of Kolmogorov axioms or Cox’s postulates,

the probability P of any events A, B satisfy [253],
1. Non-negativity: P(A) > 0.

2.  Finite additivity: P(AUB) = P(A) + P(B)V A,B|JANB = (.
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3. Normalization: P(Q) = 1.

Specifically, not considering the normalization axiom in the definition of the information
density f, the formulation is simplified by comparing it with the Bayesian inverse problem
or the theory of Tarantola.

The conditional probability of Bayesian statistics requires an implication due to a cause-
effect between the model parameters and the outputs provided by the model. One uses
probability as logic, and the alternative one interprets it as information content. In the in-

verse problem framework proposed by Rus et al. [248], this implication is not necessary.

7.4.3 Information theory inverse problem

As shown in the flow chart Figure 7.11, we introduce two sources of information, i) a source
from the experimental observations of the system f°, and ii) a source from the numerical
model of the system f"'. The probabilistic logic conjunction operator consists of considering

both propositions simultaneously, { f° and f™}, as,

fOOMH) = {f°(O,M,H)and f"(O, M, H)}
= f°(OMH)f"(O,M,H) (7.27)

where H are the hypotheses on the models considered, in this case, elastic, KV and
Maxwell models.
Generalizing, the information state for multiple models providing information can be

expressed as,

fIOM,H) = {fand f™ and f" and ...} (7.28)
= fU>O,MH)f™M(O,M,H)f"(O,M,H)...

The independence of of the experimental measurements coming from the sensor with
the techniques to reconstruct experimental information on model parameters yields that
the joint density can be split as the product f°(O, M, H) = f°(O)f°(M)f°(H). The term
f°(M) = 1 is the noninformative density function or constant. For the model information,
f™, this is not true due to the relationship between observations and model.

The joint probability is employed in order to reconstruct the probability for the model
parameters M after fixing the model hypothesis H ;, by obtaining the marginal probability
(see Figure 7.11) for the observations O € O and provided the model hypothesis H; € § is
assumed to be true (f°(H = Hy) = 1),

FM)lygy, = 1 [ O MO, M, H)dO 7.29)
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where the removed model hypothesis probability is replaced by the normalization
constant ki that can be dropped due to f is unscaled. The noninformative distribution
f°(M) = 1 represents the absence of prior information about the model parameters, yield-
ing,

FM) |y = /D F(O) (O, M, H)dO (7.30)

Model parametrization
Considering the presented inverse problem, the model parameters used must be Jeffrey’s
type, with the particularity of being positive and as popular as their inverses [254]. The
formulation presented is similar to the Bayesian framework if parameters are of Jeffrey’s
type except for a constant. Therefore, the advantages are that all noninformative densities
are constant and dropped from the formulation.

For the use of Jeffrey’s parameters, it is necessary to map the parameter space with a
logarithmic change of variable [217, 218]. The change of variable is performed through a
mapping from 7i1; € [0,1] to a predefined range of parameter values that have physical
sup

inf m.

sense m; € [m™, m;

|, in order to improve numerical stability,

L mG)

1 (mSUP
m; = m; = mitfe  \m (7.31)

— sup i i
ln (miinf )
m;
Discrete observations with Gaussian uncertainties
It is considered that the observations follow a Gaussian distribution O ~ N (E[O°],C°),
with mean O° and C° the covariance matrix that represent the error noise [255, 256, 257]. It

is also assumed that the data of the models follow a Gaussian distribution O ~ N (O™, C™).

On the one hand, according to laboratory experience, covariance for observations was con-

sidered constant, 2 x 10~%. On the other hand, for the calculation of the covariance from
the models, the following procedure was carried out (see Scheme 7.10). First, 2000 random
signals were generated considering the range of parameters of each model. Second, for each
of these signals, 48 signals with 10% noise were generated in terms of the value of the pa-
rameters. Then, the mean and standard deviation were calculated at each of the points of
the 48 signals. Finally, the mean and standard deviation of each of the 2000 subgroups were
combined and the covariance of the final group, which represents all the subgroups, was
calculated. In Figure 7.9, the sum of the covariance of the observations and the Kelvin-Voigt
model can be observed. It can be observed that, for this model, Kelvin-Voigt, as well as for
the other models (elastic and Maxwell), the numerical errors are negligible compared to the
experimental ones.

Recall that the observations that come from the torsional sensor measurements and from
the numerical models O, are signals vectors O = {o;}, i € [1...N;], and supposing that exist
independence of information and the product is equal to a sum within the exponential and

the Gaussian distribution that allows an explicit expression of probability densities,
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Figure 7.9: Covariance signal for the Kelvin-Voigt model, also considering the covariance
for observations, 2 x 10~*. Each point of the signal is the combined covariance of the 2000
subgroups randomly simulated.
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Figure 7.10: Scheme to calculate the covariance of viscoelastic models.
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LY -
Fo) = kexpqy 20uF 0 (7.32)
() (o) —o5t)) at
1N
—— 0i(t) —o;(t, M, Hy)
f™(oi(t), M, Hy) = kszexp 2'/1',]‘2_:1(1 ) (7.33)
(cr;) (0(£) — 0;(t, M, Hy)) dt
—J(M,Hy)
LY (ot M) —ai(0)
—= 0;\t, s k) — 0;
= fM)],y, = kexpl 2705 1 (7.34)
(c;’j+ c;';) (o]-(t,./\/l,’Hk) - og(t)) dt

J(M, Hy) represents a function that relates observations of the system and observations
of the models.
FM)]g, gy = kae T (7.35)

The information-theoretic inverse problem framework is applied, describing the process
of parametrization, the operation with discrete observation data of signals, and two key
extensions: to hypothesis testing Hy and to parameter optimization M.

To derive the effectiveness of the PIP method, the following inverse problem is solved.
The outcomes are the constitutive viscoelastic mechanical parameters of the cervical tissue
evaluated. However, the extended formulation allows the ranking of the plausibility of three
several models detailed below,

The three hypothesis considered are:

Hi: Linear elasticity that additively combines the shear modulus of epithelial and connec-
tive tissue, ufpith i and pE - respectively, and thickness of the propagation gov-
erned by the law described in Equation 7.6.

H>: Kelvin-Voigt linear viscoelastic model, with shear stiffness and shear viscosity param-
eters for epithelial and connective layers respectively, ()0 i Mopishetiatr Heomnectiver
nfo‘gn ective INtroduced in Equation 7.7, taking into account the thickness of the epithelial
tissue th.

Hsz: Maxwell linear viscoelastic model, with parameters, ué\gﬁh elial” ”é\gz‘th olial’ ué\gn nectiver
M etive ad the thickness of the epithelial layer th as in Kelvin-Voigt hypothesis but

derived in terms of Equation 7.8.

The values of the search range of the parameters have been taken according to scientific
evidence, see Table 7.5.
To solve how much reliability is there in the assumed mechanical among a set of can-

didates, or which model complexity is best by assuming known or unknown viscoelastic
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Figure 7.11: Flowchart of the complete information theoretic probabilistic inverse problem.
The abbreviation “inf. dens.” is referred to information density.
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Viscoelastic Model Parameter Search Range

“fpithelml 0-20 kPa
Elastic [7, 6] th 0-2000 um
“Eonnective 0-50 kPa
ﬂé‘éhglial 0-20 kPa
th 0-2000 um
Kelvin-Voigt [7, 6] nf;gh olial 0-5Pa-s
“5)‘Vinective 0-50 kPa
n?oinective 0-5Pa-s
”elz\]z/:[ithelial 0-20 kPa
th 0-2000 um
Maxwell [7, 6] né\;{ithelial 0-30 Pa - s
“(I:\gnnective 0-50 kPa
né\gnnective 0-30Pa-s

Table 7.5: Search range of the parameters for the three FDTD models.

constants, the model hypothesis raking of the three hypothesis described previously is com-

puted using,

F(H) = KFO(H) /szn FM)]yy dM = KT (7.36)

where M are the model parameters, f° is a source from experimental observations of the
system and the normalization constant k’ can be solved from the theorem of total probability
over all hypothesis ) = {#,} in order to obtain probabilities, Y. p(H;) = 1 [258].

To clarify the degrees of hypothesis reliability are presented in % by rescaling the infor-

mation density from,

(7.37)

1
_ _ k/// 7](M,Hk)d , K =
p(H = Hy) ot M i Jon e TR IM
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where | corresponds to a misfit function between model and observations. The integral in

the next equation,

_ 1
/f' Mppp dM =1 =K, I:Z;emMmMN1:¢ k=< (7.38)

is approximated computationally by a standard Quasi-Monte Carlo sampling being
)| HeH, the classical probability densities, which approximates the integral of any inte-
grand f(x) that depends on the parameters x over a parameter subspace Q using,

N
/f NZ (xi) (7.39)

where the integrand f(x) is assessed at N random points x; € Q called samples. The accu-
rate of the algorithm is defined by the number of samples, they have been chosen as N = 21
points. This integral is uniquely calculated at the computation of the model class selection.

The fitting is quantified by its plausibility shown in the ranking in Figure 12.5.
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Validation of the KV reconstruction parameters

method in cervical tissue-mimicking phantoms

This chapter describes a new method to reconstruct the Kelvin-Voigt viscoelastic parame-
ters of cervical tissue-mimicking phantoms by TWE technique 1. The reconstruction method,
based on the PIP approach shown in Chapter 7, is presented and experimentally validated
against SWE, the gold standard technique in elastography [259]. Particular emphasis is
given to the ability of modeling bilayer phantoms that mimic the histological structure of
the cervical tissue. The main goal of this study was to validate the new proposed method
to reconstruct the viscoelastic parameters with the aim of using it in the characterization of
cervical tissue in clinical practice.

Section 8.1 details the fabrication procedure of tissue-mimicking phantoms according to
previous references found in literature. In sections 8.2 and 8.3, it is shown the experimental
setup and protocol to characterize the phantoms with Shear Wave Elastography and Tor-
sional Wave Elastography respectively. The 2D FDTD Kelvin-Voigt propagation model is
presented in Section 8.4. Section 8.5 outlines the procedure to fit the dispersion shear wave
speed curve obtained after analyzing SWE measurements. Finally, a PIP similar to the one
explained in Chapter 7 is presented in Section 8.6. The cited procedure is performed to re-
construct the phantom viscoelastic parameters by comparing the experimental signals using
the TWE technique and the synthetic signals from the FDTD KV model.

IContribution: A. Callejas, A. Gomez, I. H. Faris, ]. Melchor and G. Rus. Kelvin-Voigt parameters reconstruc-
tion of cervical tissue-mimicking phantoms using torsional wave elastography. Sensors, 19(15), 2019.
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Figure 8.1: Schematic flowchart used for validating the KV viscoelastic model.

8.1 Tissue-mimicking phantom fabrication

The viscoelastic characterization of the cervical tissue requires the use of a model that sim-
ulates the torsional wave propagation. According to the results of the work carried out by
Callejas et al. [60], the KV model is the simplest model that best fit the ex-vivo cervical tissue
experimental results. The next step after selecting the model is its validation, which con-
sists of measuring tissue-mimicking phantoms with TWE technique and comparing against
SWE, a well-known technique by the scientific community.

Fabrication of tissue-mimicking phantoms is straightforward in general and has been de-
scribed by taking into account characteristics from the recipe by [242]. After studying differ-
ent ingredients and fabrication methods, the ingredients found in Table 8.1 were proposed.
Potassium sorbate was included to keep the phantom from early decay due to bacterial and
fungal activity. The formalin ingredient was used to raise the melting point of the gelatine,
stabilizing the response of the phantom properties to room temperature variations and as
a cross-linking agent. Finally, sodium dodecyl sulfate (surfactant) was added for a better
mixture of oil with water. Phantoms contain different concentrations of gelatine and oil to
mimic the elastic and viscous parameters of cervical tissue. In addition, the constituent oil
generates scattering for the visualization of the shear wave propagation through the phan-
tom with SWE technique. Three different gelatine percentages were considered (7.5, 10 and

15 %) as well as two percentages of oil (5 and 10 %).

Taking into account the nature of the cervical tissue, composed of epithelial and connec-
tive layers, the phantoms were fabricated considering two layers. The specific percentages of
gelatine, oil and the thickness of the first layer (simulating the epithelial layer of the cervix)

have been chosen to simulate the viscoelastic properties of the cervical tissue according to
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Tissue-mimicking phantom constituents
Ingredient Supplier, type
Gelatine Fisher Chemical, Gelatine General purpose grade
Formalin (0.24 cc) Sigma Aldrich, Formaldehyde sol. 37% wt in H,O
K-Sorbate (1.62 g) Alfa Aesar, Potassium sorbate, 99%
Lubricating Oil 50501 TDI 5W40
Surfactant (0.5g) Sodium dodecyl sulfate, ACS reagent, > 99%
H,0O (100 mL) Laboratory distilled water

Table 8.1: Ingredients of the gelatine solution for the tissue-mimicking phantoms. The
amount of gelatine and oil was varied for each batch (percentage specified in Table 8.2).

the evidence found in the literature [234, 6, 7]. For this purpose, five different phantoms
have been fabricated. The ingredients that interfere with the parameters of the KV model
are those that have been varied (gelatine, oil and layer thickness), the rest were kept con-
stant (formalin, K-sorbate, surfactant and H,O). The aim is to vary each of the parameters
of each phantom that are reconstructed and verify that the PIP is capable of reconstructing
them. Details about the percentages of gelatine and oil, as well as the thickness of the two

layers are given in Table 8.2.

Phantoms Layer Gelatine (%) Oil (%) Th (mm)

1 First layer 7.5 5 1
Second layer 15 5 15
5 First layer 10 5 1
Second layer 15 5 15
3 First layer 7.5 5 1
Second layer 10 5 15
1 First layer 7.5 10 1
Second layer 15 10 15
5 First layer 7.5 5 0.5
Second layer 15 5 15

Table 8.2: Percentages of gelatine and oil wt/wt, as well as the thickness (Th) of the two
layers for each of the five phantoms.

The procedure carried out for the fabrication of the phantoms required for measurements
with TWE technique is listed below. The phantoms for the measurements with SWE tech-
nique have been manufactured with the same batches for the TWE phantoms but in round
molds of larger diameter (7 cm) and greater depth (6 cm) for correct measurement with the
above technique. The steps followed to fabricate the phantoms are based on the procedure
followed by Dunmire et al. [242].

1. Weigh and prepare each of the components listed in Table 8.1.
2. Add the K-sorbate to the distilled water and begin mixing for five minutes.

3. Add the surfactant and keep mixing for another 5 minutes.
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10.
11.
12.

13.
14.

15.

16.

17.

Add the oil with the previous solution and mix manually at a rate that minimized the
formation of air bubbles and the formation of large clumps.

Heat the combined solution at a rate of approximately 1°C per minute.

Gradually add the gelatine powder to the combined solution.

Allow 5-10 minutes to verify that the gelatine is well mixed.

Cover and heat the solution to 85°C at a rate of approximately 1°C per minute.

Hold the solution between 85°C and 90°C for 90 minutes.

Cool the mixture from 85°C to 40°C at a rate of 1°C per minute.

Add the formalin and mix the solution for 5 minutes.

Pour the mixture into the round molds (5 cm in diameter) until the thickness of the
connective layer is reached. A thickness of 15 mm has been considered to avoid inter-
ference in the measurements due to reflections with the bottom of the gelatine.

Wait until the mixture reaches 37°C-38°C.

While the first batch is getting cold, repeat steps 1 to 11 with the ingredients needed to
fabricate the first layer.

When both batches reach the temperature of 37°C-38°C, carefully pour the second
batch (first layer) on the first batch using a syringe. According to the dimensions of the
mold, the volume of gelatine necessary to reach the required thickness is calculated.
Leave the phantom to solidify at room temperature for 2 hours before being stored in
the refrigerator.

Remove the phantom from the refrigerator and left at room temperature for 6 h.

/ First Layer / First Layer
T;:: RS B S o == R e

| A

-5 Second Layer
.

Figure 8.2: Phantoms number 1 and 3. The phantoms were unmolded and cut to appreciate
the two layers of which they are composed.

8.2

SWE characterization of the phantoms

Mechanical properties of soft tissue are directly related to the speed of the waves propagat-

ing through it [5, 260, 261, 262]. A perturbation in the media is needed in order to capture

shear waves. In this work, Acoustic Radiation Force (ARF) is used to excite the tissue pro-

ducing its deformation; tissue displacements are generated due to this focused ARF and

induce shear waves that propagate away from this push.
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A programmable research ultrasound system (Vantage, 128 Verasonics Inc., Kirkland
WA, USA) was configured to provide both the B-mode image and the shear wave motion
speed. A linear-array transducer with a center frequency of 7.8 MHz and properties shown
in Table 8.3 was used for imaging (L11 — 5v, Verasonics Inc.). Each of the five phantoms
was imaged three times and shear wave speeds were estimated. All the measurements were
performed at laboratory temperature (22 4= 1 °C). Verasonics offers big flexibility in sequence
design and permits access to raw data from each element of the array [263]. Verasonics
uses the MATLAB programming environment (Release 2018b, MathWorks, Natick, United
States), the user needs to write a program script to generate the imaging sequence. Several
types of pushing sequences can be used to generate shear waves, in this work Multiple
Track Location (MTL) SWE Imaging is used for a single focused push for the center of the
frequency of 7.8 MHz. Scanning process of a gelatine phantom with the Verasonics system

is shown in Figure 8.3.

Number of elements 128

Pitch (mm) 0.3
Elevation focus (mm) 18
Sensitivity (dB) -5243

Table 8.3: Properties of the L11 — 5v Verasonics transducer

In Table 8.4, the SWE acquisition parameters used in this paper are shown. Push transmit
frequency and track frequency are set to the center of the transducer. However, in this work,
lower track transmit frequency was used to successfully receive the harmonic frequency in
the case of harmonic tracking. Furthermore, for push transmit frequency, a lower frequency
was also used to minimize underestimation of tracked tissue displacement due to speckle
shearing within the track point spread function. In this paper, we used a push frequency
that is in the lower -25 dB bandwidth of the transducer to expand the push beam keeping a
high transmit efficiency [264, 265].

Parameter L11—5v
Push frequency (MHz) 4.8
Track frequency (MHz) 5.6

Push duration (cycles) 1000
Pulse repetition interval (pus) 100
Excitation Voltage (V) 28

Focal distance (mm) 20

Table 8.4: SWEI acquisition parameters for L11 — 5v Verasonics transducer
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Figure 8.3: Experimental setup of Verasonics measurements.

8.2.1 Tissue motion estimation

The Loupas algorithm was used to estimate the axial displacements [266]. This is done

by postprocessing the In-phase and Quadrature (IQ) data obtained from the shear wave

propagation as follows (see Figure 8.4):

* Generate the push sequence (Create displacements).

Transmit shear waves according to the push sequence.

Record shear wave propagation during a period of time.

Transfer the recorded RF to the host computer, then transform RF data to IQ data.
Call the Ultrasound Toolbox (USTB) with the IQ data and post-process using Loupas

2D autocorrelator.

Push —— Generates
displacements

!

[ Record SW propagation for a period of time ]

¥

{ Transfer RF to the host computer ]
[ Transfer RF data to IQ data ]

¥

Call Ultrasonics Toolbox with IQ data

)

{ Post-processing using Loupas Algorithm ]

Figure 8.4: Schematic flowchart used for postprocessing IQ data.
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Although Verasonics offers postprocessing of IQ data using the Kasai algorithm, it is rec-
ommended to use Loupas 2D autocorrelator. This is because Kasai’s algorithm uses a con-
stant frequency to compute the phase shift: the center frequency of the transducer. However,
the center frequency of RF-echoes decreases along with the axial depth, and Loupas ap-
proach corrects the mean RF frequency along with each axial extent and this leads to getting
more accurate results. In this paper post-processing of the IQ data measured was done using
the USTB [267].

8.2.2 Dispersion shear wave speed curve

From the displacement field resulted from SWE excitation, the dispersion shear wave speed
curve was obtained for each batch of single-layer phantom. Using the curve as a reference,
the viscoelastic tissue properties can be extracted by fitting the data with a mechanical model
of the tissue. For a linear, elastic, isotropic, homogeneous and unbounded material, the shear

wave speed (cs) is expressed in terms of the shear elasticity n and density p by the relation:

=2 8.1)

P

In contrast, for a viscoelastic material described by the KV model, the shear wave speed

is not a constant value, it depends on the angular frequency (w) [268, 269].

2(u? + w?n?)
s = 8.2
() \/p(u+ V2 + win?) &2

where 1 is the KV shear viscosity of the sample. The density of soft tissue is usually
assumed to be 1000 kg/m?.

This dispersion, shown in the frequency-dependent phase velocity and shear attenuation

is the consequence of the propagation of the shear waves through the tissue [153]. The phase

shear wave speed was obtained using the equation:

_ wAr
Ap(w)
A Fast Fourier Transform (FFT) of the tissue speed field has been used to obtain the

cs(w) (8.3)

phase change A¢(r, t) of the wave over the traveled distance Ar at each frequency [270, 271].
Finally, the dispersion curve obtained was fitted by Equation 8.2 to get the shear elasticity
(1) and the shear viscosity (7). Appendix B contains the MATLAB® code from the different
algorithms that have been employed in the calculation of the shear wave dispersion curve

using Shear Wave Elastography data.

8.3 TWE characterization of the phantoms

The phantoms were tested when they reached the laboratory temperature (22 = 1 °C) and
a scale was employed to quantify the applied pressure during the measurement (see Figure
8.5). The pressure employed (100 &= 5 g) was chosen according to a previous experience

using a normal testing procedure [60]. Each of the five bilayer phantoms was measured
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in three different areas by an in-lab designed and prototyped probe capable of generating,
receiving and analyzing torsional waves (see Chapter 6).

The propagated torsional wave is a burst composed of a 1-cycle sinusoid of frequency
1000 Hz with 10x averaging to increase the strength of the signal relative to noise. For each
gelatine phantom, five measurements were performed at three different points, with the ob-
jective of reconstructing the viscoelastic parameters with mean and standard deviation. The
torsional sensor receives a signal in terms of voltage that is representative of the interaction

with the different layers of the phantom.

Figure 8.5: Picture of the experimental setup of TWE measurements. The phantoms were
positioned on a balance to control the pressure applied.

8.4 Kelvin-Voigt 2D FDTD propagation model

With the aim of inferring the viscoelastic properties of the phantoms using the PIP (ex-
plained in detail in section 8.6), a 2D FDTD method has been proposed in order to simu-
late the torsional wave propagation through the tissue-mimicking phantoms. The FDTD
formulation was developed in cylindrical coordinates since torsional waves propagate ax-
isymmetrically from the center of the probe [60]. As discussed above, with the objective of
simulating the nature of the cervical tissue, two layers have been taken into account in the

numerical simulations (see Figure 8.6).
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First Layer

p thn

Second Layer

Figure 8.6: Two-dimensional scheme considering axial symmetry, phantom layers and ab-
sorbing boundary conditions.

One of the most used viscoelastic constitutive laws for modeling shear wave propagation
in tissue is the KV model. Following the conclusions obtained by [60], the KV model is the
one that best simulates the behavior of cervical tissue under the propagation of torsional
waves.

The equations that govern the torsional wave propagation through the phantom for the
KV model have been deduced taking into account the equations of motion, the kinematic
relation, and the constitutive equations [272] (Appendix D):

. doyg | 2 d0%;
o= 5, TG,
L 009 Ug 009 g
Orp = U [ar r] n [ J, s (8:4)

. 809 aljg
e F ™

where p denotes the phantom density, u and n (KV parameters) the shear elasticity and
viscosity respectively, r, 8 and z the cylindrical components, v the particle velocity and o the
stress tensor.

The system of equations was simplified by neglecting all the normal components and
solely leaving the deviatoric (torsional) components. According to the work carried out by
Orescanin et al. [206], this simplification did not seem to affect the results due to the low

level of normal pressure generated by the emitter, in this case, the torsional probe.

81



The time-staggering approach used in this work consist of computing all stress, strain,
and displacement at the same time interval, according to previous work carried out by Ores-
canin et al. [206]. Time and space were uniformly sampled, with a = iAr/2 and b = jAz/2
for integers a,b and space step of discretization Ar and Az. Shear stiffness and viscosity
have been introduced into the model by setting their values at the grid points of the dis-
cretized space domain. The selected values of the parameters used for the numerical FDTD
simulations are summarized in Table 7.3.

The system of equations 8.4 was discretized according to Taylor series expansions [240],
For derivatives with respect to one of the spatial variables (r or z), a first-order accurate
centered scheme finite difference discretization has been employed (see Figure 7.2 and sub-
section 7.2.5).

The boundary conditions used in the 2D space were (Figure 8.7): at the surface of the
tissue-mimicking phantom the excitation source, the absence of the shear stress on the sur-
face air-phantom (0p. (1,0, t,) = 0), the absence of velocity (Vg(eception, 0, tn) = 0) in the grid
point on the reception place due to the pressure applied between the receiver of the probe
and the gelatine phantom and finally, the Absorbing Boundary Conditions (ABC). The ABC
consist in a set of absorbing elements whose attenuation factor is leaded by an exponential
law. The attenuation law ensures the reduction of reflections, thus simulating an infinite
boundary condition.

The dimensions of the emitter, receiver, emitter-receiver and receiver-ABC are shown in

Figure 8.7.

>A

Vorxe 00 =0 v9=00,.=0

2.1mm 3.4mm 2mm 1mm

Z

2D Domain

ABC

ABC

Yz
Figure 8.7: Spatial distribution of the boundary conditions of the model. 2D domain sur-

rounded by absorbing boundary conditions, excitation, reception (vg = 0) and free surface
conditions. Dimensions of the emitter, receiver, emitter-receiver and receiver-ABC.

The average stress oy, was obtained on the reception points. This received stress must

be converted into voltage terms taking into account the layers of the receiver [60] in order
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to compare it with the experimental signal received by the torsional sensor (in terms of
voltage). Therefore, knowing the different layers of the receiver, PLA ring - piezoelectric
element (NCE51), the voltage on the piezoelectric element is approximately the stress on the

tissue by a correction factor .

VoltageNCES

phantom
0z

= & = Tppantom—prA - TPLA—NCE51 - factor Stress-Voltage (8.5)

The transmission coefficient in terms of stresses between the phantom and PLA is calcu-

lated through the shear impedance of both media (see Table 8.5),

2-Zpra

—1.98 (8.6)
ZPhantom + ZPLA

TPhantom—PLA =

where Z = ¢ - pis the shear impedance, c; the torsional wave speed and p the density of
the medium.
The transmission coefficient in terms of stresses between the PLA and NCE51 and the

factor stress-voltage are taken from literature [189].

Tpra-NcEs1 = 0.78 (8.7)

factor Stress-Voltage = 1.8275e — 4 (8.8)

Medium p(kg/m3) cs(m/s) Z(kg/(m?s))
Phantom 1000 2 2000

PLA 1180 200 236000

Table 8.5: Shear impedance for each medium [5].

8.5 Viscoelastic parameters reconstruction from SWE measurements

The KV viscoelastic parameters were acquired by fitting the dispersion shear wave speed
curve obtained after analyzing Verasonics measurements (see section 8.2.2). The adjustment
that was performed employs an inverse problem using a combination of genetic algorithms
and quasi-Newton type optimization algorithms. The complex shear moduli for the KV

model is,

G (w) = Gl(w) + iG”(w) = u—+iwn (8.9)

where w is the angular frequency. The relationship between the shear wave speed (cs)

and the complex shear modulus is well known to be [7],
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2(G/2+G//2)
cs(w) = 8.10
() \/ G+ VG5 a7 (810

where p is de phantom density, in this work p = 1000 kg /m°.

This definition was employed to fit the experimental data.

8.6 Probabilistic inverse problem (PIP)

It is proposed a technique based on a PIP with logical inference framework to evaluate the
most plausible parameters of the physical model for the particular case of characterizing a
viscoelastic material [248] using a KV approach (more details about the PIP procedure can be
found in Chapter 7). Then, the information-theoretic inverse problem framework is applied,
describing the process of parametrization, the operation with discrete observation data of
signals, and its extension to probabilistic parameter optimization.

The values of the search range of the parameters have been taken according to scien-
tific evidence that are showed in [6, 7], and developed in the experimental setup under the
consideration of a set of phantoms previously manufactured.

To derive the effectiveness of the PIP method, the following inverse problem is solved.
The outcomes are the constitutive KV viscoelastic mechanical parameters of the phantoms
evaluated.

The requested constitutive equation is defined as linear viscoelasticity that additively
combines strains from consistency shear modulus of first and second layer, ujlfgirst and ufe cond”
respectively, shear viscoelastic parameter 1 and thickness. The search range of these param-
eters are detailed in Table 8.6.

Kelvin-Voigt Model

Parameter Search Range
Kfirst 0-20 kPa
Hsecond 0-50 kPa
n 0-5Pa-s
th 0-2000 pm

Table 8.6: The range of the parameters implemented for the FDTD model [6, 7].

Note that for each sample, the same percentage of oil has been used (main responsible
of the shear viscosity), this is due to the results obtained in Chapter 12. This results in a
reduction of the number of parameters that are reconstructed with the PIP, which produces
a reduction in the computational cost.

To solve the PIP by assuming known or unknown viscoelastic constants, the linear vis-

coelastic model described previously is programmed using,
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F=kf° /mf(/\/l)d/\/l — kI (8.11)

where M are the model parameters, f° is a source from experimental observations of the

system and the constant k [258]. The integral I,

- / e T Mg A (8.12)
m

1Y -1
J=-3 '/ijz_l (01(t, M) — o2 (D)) (o C) (050, M) — 05(1) ) (8.13)
is approximated computationally by a standard Quasi-Monte Carlo sampling where |
corresponds to a misfit function between synthetic signals from the KV model (0;) and ex-
perimental signals (observations) (o), being Cj; and Cj} the covariance matrices that rep-
resent the error noise of the observations and model respectively, and f(M) the classical
probability density which approximates the integral of any integrand f(x) that depends on

the parameters x over a parameter subspace () using,

1 N
Jy /)= X 5 (5.14)

where the integrand f(x) is assessed at N random points x; € Q called samples. The accu-
rate of the algorithm is defined by the number of samples, they have been chosenas N = 214

points. This integral is uniquely calculated at the computation of the model.
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Hyperelastic ex-vivo cervical tissue mechanical

characterization

This chapter provides insight into a nonlinear ex-vivo characterization of human cervical
tissue through a proposed hyperelastic model based on the Fourth Order Elastic Contants
(FOEC) in the sense of Landau’s theory.

Section 9.1 shows the theoretical relationship between stress and strain for the proposed
hyperelastic model, Mooney-Rivlin and Odgen models. In Section 9.2, the obstetric charac-
teristics of the population studied in this work are presented. Finally, the uniaxial tensile
test procedure, the cervical hysterectomy preparation protocol and the cross-correlation al-

gorithm for deformation monitoring are described in detail in Section 9.3.

9.1 Hyperelastic models

The equations of hyperelasticity for the models that will be presented in the following sub-
sections have been carefully deduced in Section 5.2 of Chapter 5.

9.1.1 Proposed Fourth Order Elastic Constants nonlinear model

The derivation of Cauchy stress tensor for the nonlinear proposed model in the context of

weakly nonlinear elasticity [211] yields the constitutive law defined in high order as follows,

o1 = 2ua+ (5u+ A)a® + (7u+3A +4D)a® + G” +3A+ 8D> at + ;(A +4D)a® (9.1)
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In order to compare with the rest of the hyperelastic models, the aforementioned tensor

is simplified (using two parameters, ;1 and A) as follows:

ONonlinear = 2H4 + (511 + A)az (92)

9.1.2 Mooney-Rivlin model
For the Mooney-Rivlin model, the Cauchy stress obtained employing 5.22 and using two

parameters (c; and cy) is,

1 1
0 Mooney = 2 (AZ - A) (Cl + CZA) (9.3)
9.1.3 Odgen model

Using the equation 5.27, the Cauchy stress for the Odgen model is obtained as a function of

two parameters (1, and «;) as follows,

Gougen = tir (A% = A7/2) (9.4)

where p, (infinitesimal shear modulus) and «; (stiffening parameter) are material con-
stants.

The shear modulus p in the Odgen model results from the expression,

_ oy

5 (9.5)

il

9.2 Hysterectomy specimens

A total of 7 hysterectomy specimens from women with benign gynecological conditions
were obtained from Health Campus Hospital in Granada. The study met the principles of
the Declaration of Helsinki. Approvals of the Ethical Committee in Human Research of Uni-
versity of Granada and Ethical Commission and Health Research of Health Campus Hos-
pital in Granada were achieved. All women enrolled in the evaluation provided agreement

by signing a written consent and reading the information of the patient report.

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

Table 9.1: Obstetric characteristics of the population in the study.
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9.3 Mechanical tests

All the mechanical tests were performed using the tensile-compression press showed in Fig-
ure 9.2. 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 0.3um. The tolerance of the
force gauge is 0.1 N. The cervical 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 prevent the cervical tissue from undesired movement. According to the lit-
erature reviewed in soft tissue uniaxial tensile tests, the load step was 0.2 mm at a strain
ramp rate used was 1%/s [273]. 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, 1280x720 resolution) was employed
to acquire the image sequence at each loading step until the sample breakdown (Figure
9.3). The camera was synchronized with a MATLAB®programming environment (Release
2018b, MathWorks, Natick, United States) at the beginning of the experimental test. The
code implemented in MATLAB®allowed to control each increment of load through an Ar-
duino microcontroller, at the same time that recorded at a rate of 1 frame per load increment
until the sample breakdown.

The sample preparation protocol is fundamental and consist 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 samples were tested
in the Ultrasonics Laboratory of the University of Granada. Two slices were cut manu-
ally 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 9.1) 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 car-
ried out by a cross correlation algorithm (PTVlab software), see Figure 9.4. For the
speckle generation, acrylic black paint was used.

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

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

The PTVlab is a free software that was developed by Dr Wernher Brevis (mainly devel-
oped the mathematical algorithms) and Antoine Patalano (adaptation of the graphical user
interface (GUI) in MATLAB and the development of new functionalities) [274, 275]. The
LSPTV method is employed by PTVlab and uses the binary correlation, the Gaussian mask

and the dynamic threshold binarization techniques for the particle detection. A Gaussian
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Figure 9.1: a) Mold printed with Acrylonitrile Butadiene Styrene (ABS) to maintain the ge-
ometry of the samples. b) Cervical tissue sample geometry.

mask with a correlation threshold 0.5 and a sigma of 3 px was used for the particle track-
ing. The 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 deformation was calculated in
the most unfavorable area of the cervical tissue, which according to the printed mold corre-

sponds to the central area.

4

Figure 9.2: Experimental setup comprising a 500 N force gauge, gripper jaws for holding the
sample attached and a conventional camera to register the loading process.

90



(b) Load=10.7 N

(c) Load=0.3 N

Figure 9.3: Three different frames from a recording of an uniaxial tensile test in a cervical
tissue sample. The tissue is stretched in the direction marked with red arrow.

e
Figure 9.4: 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.
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In vivo measurement of cervical elasticity on

pregnant women by TWE: a preliminary study

This chapter describes the material and methods used in an in-vivo study in pregnant
women [276]. The aim of this preliminary study was to evaluate the reliability and feasibility
of TWE technique to provide consistent data on the changes of the cervical stiffness during
pregnancy .

Section 10.1 exposes the design of the study and experimental protocol. In Section 10.2,
it is shown the experimental setup, the post-processing procedure of the signals received
and the safety considerations for the torsional wave sensor. Finally, Section 10.3 outlines the

statistic analysis tools.

10.1 Design of the study

A cross-sectional study in healthy pregnant women was performed to assess stiffness mod-
ifications in cervix. The pre-pilot test study was carried out at San Cecilio University Hos-
pital in Granada. The data were analyzed in the Ultrasonics Laboratory in the University
of Granada. The study met the principles of the Declaration of Helsinki. Approvals of the
Ethical Committee in Human Research of University of Granada and Ethical Commission
and Health Research of San Cecilio University Hospital in Granada were achieved.

A total of 18 healthy women were recruited from their routine medical visits during

pregnancy, and TWE technique explorations were performed in the Fetal Medicine Unit.

IContribution: P. Mass6, A. Callejas, J. Melchor, F. S. Molina and G. Rus. In-vivo measurement of cervical
elasticity on pregnant women by torsional wave technique: a preliminary study. Sensors, 19(15), 2019.
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The entire population of women in the study had pregnancies without any complication
with a median of 26.4 (16wk-35wk+5d) gestation weeks, and there was no twin pregnancy.
A statistical power analysis was designed to estimate the size of the population. A multi-
variate continuous regression with a power of 80%, and estimated significance in a two-tail
distribution, and a recommended effect size ES=0.30, yielded a sample size of 17 subjects.
Exclusion criteria were multiple pregnancies, previous cervical surgeries and patients with
information relative to malignant changes in the cervical tissue. All women enrolled in the
evaluation provided agreement by signing a written consent and reading the information of
the patient report.

For the exploration with TWE technique, the participants empty their bladder before the
exploration and then were placed in the dorsal lithotomy position. The intravaginal device
was allocated in contact with the cervical internal OS (see Figure 10.1). The measurements
of cervical length were obtained by a transvaginal sonography probe which was directed in
the anterior fornix. A sagittal view was obtained. Three TWE technique and cervical length

measurements per women were performed.

Emitter

Torsional
Waves
—> Receiver

Cervix

Figure 10.1: Schematic diagram for the exploration with TWE technique.

10.2 Torsional Wave elastography technique
Elastography quantification was achieved by the TWE probe [217], which generated waves

under safe threshold of energies. The device consisted in three parts: a torsional wave sen-
sor (probe), an electronic system for generating and receiving the signal, and an interface

software (Figure 10.2).
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Probe /

Software

Figure 10.2: The prototyped TWE probe.

The probe was manufactured in 2017, and was composed of (1) an electromechanical
actuator which deleted electronic cross-talk [60]; a receiver (2) based on two polylactic acid
rings where the piezoelectric elements were fitted; a case (3) to contain the emitter and the
receiver (more details can be found in Chapter 6). The shear modulus was obtained assum-

ing an elastic and incompressible medium by the following equation,

= pc (10.1)

where p is the density of the medium, and ¢; is the torsional wave velocity, which is
based on shear wave group velocity.

The excitation signal was a burst composed of a 1-cycle frequency f ranged from 0.5 to
1.5 kHz with 10x averaging. The frequencies were chosen according to the results obtained
in the work carried out by Callejas et al. [60].

An example of three different emitted and received signals is shown in Figure 10.3. The
shear wave group velocity calculation algorithm was based on dividing the distance by the
torsional wave time-of-flight. The signals were preprocessed by a low-pass filter close to
the central frequency of the received signal. The time of flight was computed using three
procedures, searching (1) the first time the signal raises 30% above the zero, (2) subtracting
a quarter of the period (inverse of the received signal central frequency) to the first peak, (3)
subtracting three quarters of the period (inverse of the received signal central frequency) to
the second peak. All three methods provided similar estimates of the velocity, as shown in

the results.
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Figure 10.3: Example of three emitted and received 1 kHz signals.

10.2.1 Safety considerations

A new medical diagnostic equipment needs to follow the specifications described in the
Food and Drug Administration (FDA) guidelines [277] for the application in clinical prac-
tice. It is necessary that the Torsional Wave technique be safe for humans. There are three
parameters that should be evaluated according to the acoustic output in the use of Fetal
Imaging & Other (FDA): the mechanical index (MI < 1.9), the spatial peak pulse av-
erage intensity (ISPPA < 190 W/cm?), and the spatial peak temporal average intensity
(ISPTA < 94 mW /cm?). The calculation of these parameters was made as follows:

MI = PRP/+/F. (10.2)

where PRP is the peak rarefactional pressure of the torsional wave in (MPa) and Fc is the

center frequency (MHz).

ISPPA = P3/(2 % p*c) (10.3)

where Py is the maximal acoustic pressure generated by the electromechanical actuator,

p is the density of the medium, and c is the sound speed in the medium.

ISPTA = ISPPA % At/1 (10.4)

where At is the excitation pulse duration.
The three parameters were experimentally estimated. The excitation signal used was a

low-frequency ultrasonic sine-burst at a central frequency of 1 kHz, consisting of 1 cycle
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of 1 ms and 16 Vpp amplitude. This excitation signal was generated by a wave generator
(Agilent 33220A, Santa Clara, CA, United States). The response signal was registered using
a decibel sensor (YH-610 Environment Multimeter). The signal traveled through a water
layer before arriving to the decibel sensor and different distances from 5 centimeters to 0
centimeters. To convert the pressure recorded by the decibel sensor into water acoustic

pressure, the equation that relates the impedances of the two media (air-water) was used:

_ 2 % Zuir
Zair + Zwater

where T is the transmission coefficient, Z,;, and Zy.r are the acoustic impedance of the

(10.5)

air and water respectively.

10.3 Statistic analysis

The evolution of cervical stiffness tissue during pregnancy was quantified. Normal dis-
tribution of the data was checked for each velocity calculation algorithm by the normal
quantile-quantile plot (Q-Q plot) and the Shapiro-Wilk test. The mean values for each ve-
locity calculation procedure were compared to the normal distribution of these values. The
coefficient of determination (R?) for linear regression analysis was calculated to provide the
correlation between a) gestational age with cervical stiffness or velocity (cs) using 0.5, 1 and
1.5 kHz torsional waves, for the three velocity calculation algorithms, b) gestational age and
cervical length, and c) stiffness and cervical length. Data were analyzed using the MAT-
LAB (Release 2014b Mathworks, Natick, United States). T-test was calculated to estimate
p-values. A statistically significance for p < 0.05 was assumed.
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Feasibility of a novel Torsional Wave

Elastography technique

This chapter aims at testing the hypothesis on which the first objective of this thesis is
based, i.e., evaluate the feasibility, sensitivity and capability of the torsional wave elastogra-
phy technique for objectively quantify the viscoelastic properties of cervical tissue !.
Section 11.1 shows a sensitivity analysis to evaluate the robustness of the proposed TWE
technique. The variables object of the study were both, the applied pressure and the an-
gle of incidence sensor-phantom. In Section 11.2, an ex-vivo cervical tissue characterization
is presented. Four rheological models fitted the experimental data in order to analyze the
dispersive behavior of the cervical tissue and a static independent testing method was em-

ployed. Finally, the results of the two contributions are discussed in Section 11.3.

11.1 Sensitivity analysis

Firstly, we explored the influence of the applied pressure in shear wave speed. Shear wave
signals measured with TWE method at different applied pressures phantom-sensor and
with the same frequency excitation (300 Hz) and gelatine concentration (10%) are shown

in Figure 11.1.

LContribution: A. Callejas, A. Gomez, ]. Melchor, M. Riveiro, P. Mass6, J. Torres, M. Lépez-Lépez and G. Rus.
Performance study of a torsional wave sensor and cervical tissue characterization. Sensors, 17(9), 2017.
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Figure 11.1: Shear wave signals at different phantom-sensors pressures (from 4.81 to 24.06
kPa), frequency: 300 Hz; gelatine concentration: 10%

The shear wave speeds calculated from measurements using the proposed time of flight
method are shown in Figure 11.2. Box and whisker plots are represented for the designed
phantoms at 8 and 10% gelatine concentration (three samples per concentration), 300 Hz
frequency and for the five different pressures. It can be extracted from the plots that there is

no correlation between the applied pressure and the shear wave speed.
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Figure 11.2: Box and whisker plots of shear wave speed measurements at different applied
pressures phantom-sensor. Mean (lines within boxes), interquartile range (IQR, boxes) and
extreme values (whiskers) are shown. (a) 8% gelatine; (b) 10% gelatine.

Secondly, to assess the other outcome of the sensor sensitivity study, two shear wave

signals have been plotted at two different angles of incidence: 0 and 7.5° (see Figure 11.3).
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Figure 11.3: Measurement of shear wave speed at different angles of incidence sensor—
phantom; frequency: 300 Hz. (a) 8% gelatine; (b) 10% gelatine.

Shear wave speed measurements are represented in Figure 11.4. Box and whisker plots
are shown for the three designed phantoms at 8% and 10% gelatine concentration, 300 Hz
frequency and for the two different angles of incidence. The same conclusion is extracted

when varying the angle of incidence. No significant variations were obtained.
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Figure 11.4: Box and whisker plots of shear wave speed measurements at different angles of
incidence phantom-sensor. Mean (lines within boxes), interquartile range (IQR, boxes) and
extreme values (whiskers) are shown; frequency: 300 Hz. (a) 8% gelatine; (b) 10% gelatine.

Figure 11.5 shows the real and imaginary part of the complex shear modulus measured
in phantom 10% gelatine. Mean and standard deviation are represented for the three mea-

surements performed. It is appreciated the viscoelastic behavior of the gelatine due to the
values adopted by the loss modulus.
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Figure 11.5: The storage and loss shear modulus measured by rheometry in phantom 10 %
gelatine.

11.2 Ex-vivo cervical tissue characterization

The real and the imaginary part of the complex shear modulus measured in cervical tissue
by rheometry are shown in Figure 11.6. The measurements were taken three times for each

cervix to obtain the mean and the standard deviation.
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Figure 11.6: The storage and loss shear modulus measured by rheometry in cervical tissue.

Figure 11.7 shows the fitted curves using data from rheometry, elastography and both
sources of data simultaneously, for each rheological model. Frequencies for rheometry mea-
surements ranged from 4 to 30 Hz, while, for the elastography technique, there was a wider
range from 300 to 1000 Hz.
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Tables 11.1 and 11.2 show the viscoelastic parameters reconstructed using the data
from rheometry, elastography and a combination of the two methods for Kelvin—Voigt and
Kelvin—Voigt Fractional Derivative models. The high-frequency components of the disper-
sive curve play a much larger role than the low-frequency components. The curve shape
or dispersive pattern is primarily determined by the high frequency components. KV and
KVFD models matched satisfactorily all the data from the high to the low-frequency regime.
The findings can also be confirmed by the results of Tables 11.1 and 11.2, showing that the
elasticity and viscosity values obtained from the high-frequency TWE data were very simi-
lar those from the overall rheometry + TWE data, although they differ from those obtained

from the low-frequency rheometry data.
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Figure 11.7: Fitted curves using data from rheometry, from elastography and using the com-
bined data from the rheometry and elastography for each model. The circles are the mean
values over the three cervix and the horizontal bars are the standard deviations. The curves
for the Kelvin—Voigt (solid red line), Kelvin—Voigt Fractional Derivative (solid yellow line),
Maxwell (solid purple line) and Zener model (solid green line) are shown. (a) data from
rheometry; (b) data from elastography; (c) data from rheometry and elastography.
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Elasticity u (kPa) Viscosity n (Pa-s)
Rheometry TWE R+ TWE Rheometry TWE R+ TWE

Cervix Number

1 1.69 2.13 1.82 5.31 4.32 4.21

2 1.83 2.52 2.10 6.52 4.55 4.64

3 1.85 2.64 1.84 7.19 49 4.65

Mean 1.79 243 1.92 6.34 4.59 4.5
Standard Deviation 0.08 0.26 0.15 0.95 0.29 0.25

Table 11.1: Viscoelastic parameters using the data from rheometry, TWE, and a combination
of the two methods for the Kelvin—Voigt model.

. Elasticity y (kPa) Viscosity n (Pa-s) Fract. Deriv. Power o
Cervix Number
Rheometry TWE R +TWE Rheometry TWE R +TWE Rheometry TWE R +TWE
1 1.10 2.13 2.07 12 4.02 4.54 0.42 0.98 0.99
2 0.80 1.93 2.22 31 421 4.73 0.13 0.99 0.96
3 0.86 2.12 1.74 26 4.46 4.65 0.20 0.94 0.99
Mean 0.92 2.06 2.01 23 4.23 4.64 0.25 0.97 0.98
Standard Deviation 0.15 0.11 0.24 9.84 0.22 0.09 0.15 0.02 0.01

Table 11.2: Viscoelastic parameters using the data from rheometry, TWE, and a combination
of the two methods for the Kelvin—Voigt Fractional Derivative model.

11.3 Discussion

Characterization of the viscoelastic properties of soft tissues is a key step for the develop-
ment in many medical applications based on elastography imaging. In the case of cervical
tissue, a special interest lays on the study of the evolution of the viscoelastic properties dur-
ing pregnancy, in addition to their correlation with the gestational age. Little data for the
case of viscoelasticity of human cervical tissue can be found in the literature [278].

The increasing interest in elastography techniques for measuring viscoelastic parameters
is demanding appropriate validation studies. Currently, the traditional standard for evalu-
ating the viscoelastic properties of soft tissues is based on rheological methods. However,
these techniques are limited to in vitro and ex vivo samples. In addition, whereas the trustful
range of frequency in the rheological test is from the quasi-static regime to no more than
50 Hz, dynamic elastography techniques usually use a range from 100 Hz to 500 Hz. This
discrepancy makes the comparison process a challenge. However, due to the lack of al-
ternatives, the validation between both techniques has been accepted in previous studies
[279, 280].

The presented TWE method is based on the transmission and detection of shear waves.
Shear waves travel axisymmetrically from the center of the probe, where the mechanical
actuator is placed, towards the outer side where the piezoceramic receivers are located. In
this study, the TWE technique was proved capable of successful transmitting and receiving
shear waves from 300 Hz to 1 kHz. This range of frequencies represents an obvious ad-

vantage when compared with commercial elastography devices [43], since a broader range
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of frequencies provides more significant information about the viscoelastic behavior of the
tissue, in particular for the viscous component, which is more sensitive to high frequencies
[279].

Here, a study with respect of two variables involved during the testing procedure was
presented: the normal pressure applied and the angle of incidence between the probe and
the normal direction of the tissue surface. This simplified study may fall into a preliminary
analysis of the intra-operator dependency of the method. The range of pressures (ranging
from 4.81 kPa to 24.06 kPa) and angles (0° and 7°) were chosen in close relation with those
experienced during a normal testing procedure. Gelatine phantoms with 8% and 10% con-
centration (w/w) were selected as an adequate representation of the viscoelastic behavior
of soft tissues. As expected, higher concentration of gelatine produced higher shear wave
speed due to higher stiffness. Variable levels of pressure produced a minimal variation in
the shape of the collected signal, as can be seen in Figure 11.1. The standard deviation val-
ues of shear wave speed varied between 0.018 to 0.031 m/s, including all measurements for
the range of frequencies studied (300-1000 Hz). The impact of this variation on the recon-
structed values of shear wave speed was non-significant for all the frequencies. Therefore,
no correlation between the level of pressure and shear wave speed was found in the small
range of pressures analyzed. The same effects were observed when varying the angle of inci-
dence. Figure 11.3 shows hardly noticeable variations in the measured signals. These obser-
vations were found consistent all over the different gelatine concentration phantoms tested,
which seems to indicate that the TWE technique is, at least in gelatine-based phantoms,
a robust and low user-dependent elastography method. However, as observed in the ex-
periments, simple gelatine-based phantoms shows a low viscous behaviour, which is not
proper of soft tissues. This low viscous behavior might be responsible for such stable results
against the two variables of the user-dependency test. Different recipes for obtaining vis-
cous elastography phantoms have been published, for instance by adding castor oil to the
gelatine-based original recipe [281]. In further studies, elastography phantoms with higher
viscosity will be tested. These analysis must be also extended to tissues exhibiting charac-
teristics more similar to biological tissues, which may not be homogeneous [42] to define the
validity limits of these studies and to develop clinical practice protocols to correct deviations
when using the designed device.

After the positive outcomes of the sensitivity analysis, a series of experiments were per-
formed on ex vivo human cervical tissue. The experiments aimed to combine information
from rheometry and TWE providing two sources of data to find the most suitable rheologi-
cal model to fit the cervical tissue behavior.

Figure 11.7 shows the dispersion curves of shear wave speed regarding the fre-
quency. Since both rheometry and TWE techniques obtain shear wave speed values at
different ranges of frequency, rheological models are required to combine the dispersive
data. In this study, the classical models of Maxwell, Kelvin-Voigt, Zener and Kelvin—

Voigt Fractional Derivative were employed to fit the dispersive data. As proposed by
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Lin et al. [279], three types of fitted dispersion curves were obtained depending the
data: (a) by using only the data from low-frequency regime generated by rheometry,
(b) by using only the data from the high-frequency data provided by TWE, and (c) by fit-
ting the data from both low and high-frequency ranges.

Whereas the fitted curves obtained by using the TWE data were overall in good agree-
ment with the data from rheometry (Figure 11.7b), the curves using the rheometry data di-
verged from those using TWE (Figure 11.7a). Additionally, the dispersion curve after fitting
the whole set of data, this is rheometry + TWE (Figure 11.7c), practically coincided with the
curve generated by using only the TWE data. These findings agree with the observations
by Lin et al. [279], and point out the relevancy of the viscous effects at higher frequencies.
Furthermore, it uncovers the difficulty of characterizing the viscous effects of soft tissue by
limiting the experiments to classical rheometry techniques.

When comparing the four rheological models, it can be observed that the Maxwell model
showed difficulties to represent the dispersion of shear wave speed along the whole range
of frequency. The Zener model adjusted the data successfully when considering both the
rheometry and the TWE outcomes. However, when fitting only data from TWE, it showed
some divergence at the low-frequency range.

On the other hand, Kelvin—Voigt and its fractional derivative version matched all the
data satisfactorily from the high to the low-frequency regime. The fact that both models
produced practically the same dispersive curve can be understood by observing Tables 11.1
and 11.2. The values obtained for the o parameters of the Kelvin-Voigt Fractional Deriva-
tive model were close to 1, which transforms the model directly into a classical Kelvin—
Voigt. A two-parameter model as the Kelvin—Voigt usually will be preferred against a three-
parameter model as the fractional version, due to practicality and faster computation. Fur-

ther studies must be performed to analyze the consistency of all the findings above shown.

11.4 Conclusions

A TWE technique for characterizing the viscoelastic properties of soft tissue, and, in partic-
ular cervical tissue, is proposed. To our knowledge, this is the first report of dispersion in
ex-vivo cervical tissue in women. The shear wave curve dispersions for cervical tissue pro-
duced by the TWE method were in good agreement with the data obtained from rheometry.
However, these results from rheometry were not able to reproduce the viscous effect on the
speed dispersion at high frequencies. Further studies must be carried out to analyze the
consistency of these observations. The Kelvin—Voigt model and its fractional derivative ver-
sion fit the cervix experimental data along the whole range of frequency successfully, and
this is considering rheometry and TWE.

The results obtained in this study pave the way to carry out a cross sectional study, which
aims the correlation between the gestational age and the viscoelastic properties of the cervix

during pregnancy.
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In Chapter 15, the results of the preliminary study are shown: “In vivo measurement of
cervical elasticity on pregnant women by Torsional Wave Elastography”. The study focused
on assessing the feasibility of torsional wave elastography technique to quantify the changes
in cervical stiffness during pregnancy, which were measured by shear stiffness modulus by

calculating the time of flight of the received signal.
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Viscoelastic model class selection for cervical

tissue

In this chapter, we describe the results of a Probabilistic Inverse Procedure to rank the nu-
merical model that best explain the viscoelasticity of cervical tissue from torsional wave
propagation. To our knowledge, the results presented here constitute the first time the
Kelvin-Voigt characterization was performed in in-vivo cervix. To this end, the numer-
ical models have been implemented in finite differences. High-speed camera measure-
ments were carried out to feed the numerical models. Slippery conditions between sensor-
phantom, as well as the boundary conditions were studied after a video post-processing.
Section 12.1 presents the high-speed camera measurements carried out in order to study
th slippery conditions between sensor-phantom and the boundary conditions of the numeri-
cal models. In Section 12.2, verification test for controlling numerical dispersion error in the
three 2D FDTD viscoelastic models is shown. Section 12.3 exposes the model hypotheses
ranking of the three viscoelastic models and the inferred Kelvin-Voigt parameters in cervi-
cal tissue. Finally, in Section 12.4 we discuss the ability of the proposed rheological model

to reproduce the viscoelastic behavior of cervical tissue.

12.1 High-speed camera measurements

The high-speed camera tests were carried out to study the slippery conditions between sen-
sor and phantom, as well as the boundary conditions of the numerical models after a video
post-processing.

Different recordings were made with pressures between the sensor and the phantom

ranged from 30 to 150 grams with the aim of selecting the pressure that does not generate
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sliding conditions. One of the boundary conditions was the speed at grid points of the tissue
that were in contact with the PLA receiver. Another boundary conditions of the numerical
model was the excitation. In that vein, the reconstruction of the excitation of the electrome-
chanical sensor was carried out by measuring the displacement of basalt microparticles em-
bedded in the surface of the tissue-mimicking phantom. The implemented algorithm that
was employed for this reconstruction is shown in Appendix A. The reconstructed signals
for the two fabricated phantoms and for frequencies ranged from 300 to 1200 Hz are shown
in Figures 12.1 and 12.2.

As an illustrative example, the results of the optical test using a high-speed camera for
the reconstruction of the rotated angle in the propagation of the torsional wave through the
surface of the phantom are presented in Figure 12.3. Both surfaces show the propagation of
the torsional wave in the distance for the phantom with 10% gelatine and 5% oil. The ampli-
tude of the signal decreased with distance, being zero in the sensor-phantom contact zone.

It was also appreciated that the amplitude of the signal was lower for a higher frequency.

12.2 Convergence study of FDTD viscoelastic models

Verification tests for numerical dispersion error have been carried out in the three FDTD
viscoelastic models. The number of elements considered per wavelength is a key factor
for controlling numerical dispersion. Normal cervical tissue was adopted as the medium
of propagation. No distinctions between layers have been made. The parameters used
for the three viscoelastic models, according to previous works found in literature, are p =
1000kg/m3, u = 2kPa, ngy = 1.5Pa - s and ny = 15Pa - s [7, 6]. The excitation signal used
as a reference for the convergence study was 1000 Hz.

In order to analyze the numerical dispersion generated, the root mean square of the received
signal for each spatial step size was compared with the root mean square of the received
signal for a spatial step size small enough to avoid aliasing effects. The spatial step size in
the axial direction Az was set to be the same as that in the radial direction Ar. The range for
these steps was from 0.5um to 2000um. The time step size (At) was set as 1us after an initial
estimate using Equation 7.26 and taking into account the shear wave velocity found in the
literature [60].

The calculated root-mean-square of signals for each viscoelastic model has been normalized
by a simulated signal with time and spatial steps size (At = 1us, Ar = Az = 0.5um) small

enough to avoid numerical dispersion.

12.3 Ranking of model hypothesis

To answer the question of how much we can trust the assumed physics among a set of
candidates, or which model complexity is best by assuming known or unknown physical
constants, the model hypotheses ranking of the three hypothesis described in section 7.2
is computed using Equations 7.36 and 7.39. The hypothesis reliability are showed in % by

rescaling the information density from Equation 7.37.
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Figure 12.1: Results of the high-speed camera test for the reconstruction of the emitted sig-
nal by the emitter of the torsional wave sensor. Rotated angle by the emitter (sexageximal
degrees) versus frames recorded by the high-speed camera. The time step between frames
was 1 x 10~* seconds. (a) Phantom 7.5 % gelatine and 5 % oil, frequencies 300-700 Hz (from
left to right); (b) Phantom 7.5 % gelatine and 5 % oil, frequencies 800-1200 Hz (from left to
right).

113



30+ | 4

20| |

o 10
2 0 I ’\ \
= |l | ‘\
E ol f | | \\ |
= M “ [\ |- “‘ ‘u———~—————~
9] ‘ \/ | ‘ I V"""
= Il L | U
U
0| ‘ \ ‘\ \ | .
‘ ‘ ) |
| |
[
20 _
30 | | | | | | |
O 0 4
0 500 1000 1500 2000 2500 3000 3500 4000
Frames
(a)
8
A |
|
‘\
4t | “ -
9 |
g or \ “ ]
0 ‘ {
&
:E 0 H"IMVW ‘ H Mww%mmmmrwwﬂ\wwﬂwwwmwmmw —
; |
- ‘ l v h i
4L _
6L |
8 | | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000
Frames
(b)

Figure 12.2: Results of the high-speed camera test for the reconstruction of the emitted sig-
nal by the emitter of the torsional wave sensor. Rotated angle by the emitter (sexageximal
degrees) versus frames recorded by the high-speed camera. The time step between frames
was 1 x 10~* seconds. (a) Phantom 10 % gelatine and 5 % oil, frequencies 300-700 Hz (from
left to right); (b) Phantom 10 % gelatine and 5 % oil, frequencies 800-1200 Hz (from left to
right).
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rotated angle in the propagation of the torsional wave through the surface of the phantom.

The angle of rotation refers to the center of the disk emitter. Distance refers to radial distance
whose origin is the end of the disk emitter. (a) Phantom 10 % gelatine, frequency 400 Hz; (b)

Figure 12.3: Results of the optical test using a high-speed camera for the reconstruction of the
Phantom 10 % gelatine, frequency 600 Hz.
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Figure 12.6: Examples of fitting of experimental and simulated observations: Kelvin-Voigt
model, time domain.

In Figure 12.5, it is shown the ranking of viscoelastic models. As an example, the fitting
of experimental and simulated observations using the most plausible Kelvin-Voigt model

and the corresponding FDTD simulation are shown in Figure 12.6 and Figure 12.7.

12.3.1 Marginal plausibility

In order to answer the question of how we can know about the values of the viscoelastic

KV
e iheliar }- under the most plau-

— KV KV KV KV
parameters M = {I’Lepitheliul’ nepitheliul’ Heconnectiver Meonnectives

sible model (Kelvin-Voigt model), the marginal probability density can be computed using
the equations 7.38 and 7.39. The results are shown in Figure 12.8. Considering the intrinsic
noise of experimental measurement, the five parameters are successfully estimated (squares

with error bars on each plot of Figure 12.8), as well as their reliability.

12.3.2 Plausibility maps

To answer the question of how coupled the unknown Kelvin-Voigt model parameters
— [, KV KV KV KV KV o i
M = {”Lepithelial’ nepithelial’ Heonnectiver Mconnectiver thepitheliul} are, takmg into account the num-

ber of variables inferred, it would be require 5-dimensional plot. For a better visual-
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ization of the dependence between the parameters, we slice it in two 2D contour plots.
On each plausibility map, the model parameters are evaluated by moving two and fix-
ing the remaining parameters as the most plausible values. Figure 12.9 shows the con-

tour plots, where the optimal parameters are marked with a plus sign and the most plau-

: . KV — KV _ —
sible values are: Hepithetial = 1.9+ 0.84 kPa, Nepithelial = 0.42 + 0.21 Pa-s, uﬁ%mdive =
7.9+ 341 kPa, iy ohipe = 049 £ 0.24 Pa-s, thii, .y = 0.51 £ 0.15 mm.

12.4 Discussion

This study is aimed at understanding the torsional wave-tissue interactions, which may
determine the optimal rheological model, and the boundary conditions of the numerical
models implemented, to finally characterize the viscoelasticity of cervix.

High-speed camera test were carried out to study the slippery conditions between sensor
and phantom, as well as the boundary conditions of the numerical models after a video
post-processing. The pressures between sensor and phantom ranged from 30 to 150 grams.
It was observed that for pressures greater than 60 grams, there was no slippage. A pressure
between the sensor and the phantom of 100 grams was chosen, enough to ensure no slippage
and so that the compression did not affect the mechanical properties of the phantom. One
of the boundary conditions was the speed at grid points of the tissue that were in contact
with the PLA receiver. The speed at those points was zero due to the pressure exerted by
the torsional wave sensor on the phantom. Another boundary conditions of the numerical
model was the excitation. The reconstruction of excitation of the electromechanical sensor
was carried out by measuring the displacement of basalt microparticles embedded in the
surface of the tissue-mimicking phantom. In Appendix A, it is shown the implemented
algorithm employed for the reconstruction of these displacements. According to previous
results (Chapter 11), the range of frequencies used was from 300 to 1200 Hz. It was observed
how the amplitude of the rotated angle was independent of the stiffness of the phantom.
However, the signal amplitude decreased as the excitation frequency increased due to the
performance of the electromechanical actuator. A cut-off-frequency of 1000 Hz was selected
to infer mechanical properties at a lower scale, also taking into account the attenuation in
wave propagation.

Verification tests for numerical dispersion error is a key to avoid instabilities. These
tests were preformed in the three FDTD viscoelastic models. For that purpose, the number
of elements considered is essential for controlling numerical dispersion. The parameters
employed in these simulations consider normal cervical tissue as a medium of propagation.
No distinctions between layers have been considered. Besides, the excitation frequency used
as a reference for the convergence study was 1000 Hz. In order to analyze the numerical
dispersion generated, the root mean square of the received signal for each spatial step size
was compared with the root mean square of the received signal for a spatial step size small
enough to avoid aliasing effects. Taking into account the frequency spectrum of the received

signal (Figure 12.10) and the dispersion effects in the torsional wave propagation due to the
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viscoelastic nature of the model employed, the number of spatial intervals per wavelength
has to be enough to avoid aliasing effect. To this end, 28 elements per wavelength (excitation
frequency 1000 Hz) have been employed, see Figure 12.4.

A Probabilistic Inverse Problem (PIP) was employed for ranking the most plausible
model by comparing the in-vivo measurements in cervical tissues obtained from the TWE
technique with the synthetic signals from the 2D Finite Difference Time Domain (FDTD)
wave propagation models (elastic, Kelvin-Voigt and Maxwell models). The results of the
ranking of model hypothesis show how the most plausible viscoelastic model is Kelvin-
Voigt model, Figure 12.5, involving epithelium shear modulus, epithelium viscosity, epithe-
lium thickness, connective layer shear modulus and connective layer viscosity. It is closely
followed by the Maxwell model, whereas the elastic model does not provide relevant infor-
mation for all proposed signals. The main reason why the elastic model is the least plausible
is the number of parameters employed, three parameters versus five of the other two mod-
els. According to the evidence found in literature, it is not yet clear which rheological model
best describes the response of cervical tissue. Peralta et at. [234] concluded that the Maxwell
model is the rheological law that best describes the cervical tissue behavior. By contrast,
the study carried out in samples from hysterectomies by Callejas et al. [60], agree with the
results found in this work, yielding that the model that best describes the response of the
cervical tissue is the Kelvin-Voigt model.

In order to answer the question of how we can know about the values of the KV vis-
coelastic parameters, the marginal probability density was calculated (Figure 12.8). Consid-
ering the intrinsic noise of experimental measurement, the five parameters are successfully
estimated (squares with error bars), as well as their reliability. The shape of the distribution
function shows discontinuities due to a larger number of reconstructed parameters (5 pa-
rameters) versus the number of iterations performed. Despite this, the computational cost
of the probabilistic inverse problem was approximately ten days.

In order to analyze the coupling between the reconstructed parameters, 2D contour plots
were generated, in which the model parameters were evaluated by moving two and fix-
ing the remaining parameters as the most plausible values. The mean values with stan-

dard deviations, that represent the 18 measurements of pregnant women, are: /,Lg%helial =

1.9+ 0.84 kPa, 0}y = 042 021 Pa-s, ufy i, = 7.9 £ 3.41 kPa,nfiy e =
049 £ 0.24 Pa-s, thfp‘fmelml = 0.51 £ 0.15 mm. It can be appreciate the difference in

stiffness of the epithelial layer with respect to the connective layer. The result makes sense
since the stiffness of the cervical tissue is governed mainly by collagen fibers, the main con-
stituents of the connective layer [49, 50]. The dramatic changes during cervical maturation
in collagen fibers of connective tissue is compatible with the high standard deviation of the
shear stiffness found, 3.41 kPa. It should be taken into account that the results are repre-
sentative of a set of data of pregnant women with different gestational ages. In contrast,
according to the literature, the content of collagen fibers in epithelial tissue is less than 1%

[110]. This may be the reason why the standard deviation of the shear stiffness of epithelial

119



layer is low, 0.84 kPa. To our knowledge, there are no references in the literature about the
stiffness of the epithelial layer. Notwithstanding, the inferred values of the stiffness of the
connective layer are within the ranges found in literature [198, 33]. It is worth pointing out
the viscosity of the epithelial and connective layers. They present similar values in terms of
mean and standard deviation, a result that could lead to the reduction of a parameter in the
numerical model. The viscous parameters of cervical tissue have scarcely been studied so
far in medical diagnosis [51, 52], but the few references present in the literature, none in test
in pregnant women in-vivo, suggest that viscoelastic properties are particularly sensitive to
the gestation process [53, 54, 55, 56, 57, 58]. Finally, the reconstructed value of the epithelial
thickness is 0.51 &= 0.15 mm. One of the few studies about the epithelial tissue morphology
in pregnant women, carried out by Danforth [112], showed a thickness of the squamous
epithelium around 0.45 — 0.5 mm, while the thickness of the squamocolumnar junction was
0.35 — 0.5 mm. Therefore, the range of epithelial thickness was in good agreement with the

values found in the work mentioned above.

12.5 Conclusions

In this work, the characterization of the viscoelastic parameters in the epithelial and con-
nective layer from torsional waves was studied. A probabilistic inverse problem to obtain
the viscoelastic properties of cervical tissue has been employed by comparing the experi-
mental signals in cervical tissue using the Torsional Wave Elastography technique and the
synthetic signals from three finite difference time domain numerical models (Elastic, Kelvin-
Voigt and Maxwell models). Moreover, it has been concluded that the best rheological model
to describe the nature of cervical tissue is Kelvin-Voigt's law. Finally, the Kelvin-Voigt vis-
coelastic parameters in cervical tissue were inferred and compared with those found in the
literature. Future works, motivated by the need for obstetricians to evaluate the viscoelastic
mechanical parameter changes during pregnancy, should consider a wider group of preg-

nant women.
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Figure 12.7: 2D FDTD model simulations for different time steps using the Kelvin-Voigt
model and the most plausible KV parameters computed. (a) 0.9 milliseconds; (b) 1.9 mil-
liseconds; (c) 3 milliseconds.
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Validation of the KV reconstruction parameters

method in cervical tissue-mimicking phantoms

Tthis chapter aims at testing the validation of a new method to reconstruct Kelvin-Voigt
viscoelastic parameters of cervical tissue-mimicking phantoms by Torsional Wave Elastog-
raphy technique !.

Section 13.1 outlines the results of the reconstruction of KV parameters from SWE mea-
surements. In Section 13.2, the procedure to infer the KV parameters from TWE through
a PIP procedure is shown. Section 13.3 presents the comparison between the results ob-
tained with TWE and SWE by a Student’s T-test and a Pearson’s correlation study. Finally,
we discuss the feasibility of the new method for the reconstruction of the KV viscoelastic

parameters in Section 13.4.

13.1 KV parameters reconstruction from SWE measurements

An illustrative example showing a sequence of shear wave displacement images generated
by ARFI for 15% gelatine and 10% oil batch is shown in Figure 13.1.

Experimental particle displacement versus time profiles at the focal depth resulting from
the ARFI excitation for 15% gelatine and 10% oil batch is observed in Figure 13.2. Each
displacement trace indicates a lateral position starting from zero to 24 lateral positions.

Shear wave speeds (dots), obtained after analyzing the data of Verasonics (see Section

8.2.2), as a function of frequency are depicted in Figure 13.3. The range of frequencies for

LContribution: A. Callejas, A. Gomez, I. H. Faris, ]. Melchor and G. Rus. Kelvin-Voigt parameters reconstruc-
tion of cervical tissue-mimicking phantoms using torsional wave elastography. Sensors, 19(15), 2019.
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Figure 13.1: Sequence of displacement map (displacements are in meters) for the batch 15%
gelatine 10% oil due to ARFI excitation. The box represents the ROI chosen.
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Figure 13.2: Experimental particle displacement (in meters) versus time (in milliseconds)
profiles at the focal depth resulting from the ARFI excitation for 15% gelatine and 10% oil
batch. Each displacement trace indicates a lateral position starting from zero to 24 lateral
positions.

each of the plots was selected according to the distribution of power into frequency com-
ponents composing the shear wave signals (see Figure 13.4). The solid black lines are the
optimal fits from the KV model for each single-layer phantom and the dashed lines are 95%
confidence intervals. The KV parameters for each fitted curve are shown in Table 13.2. Mean
and standard deviation values were estimated from three independent measurements with
the SWE technique.
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Figure 13.3: Dispersion curve for each batch of gelatine (shear wave speed data points ac-
quired from Verasonics). The curves for Kelvin-Voigt model (solid black lines) and 95%
confidence intervals (dashed lines) are shown.
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13.2 KV parameters reconstruction from TWE measurements

After performing the probabilistic inverse problem that mainly consists of comparing the ex-
perimental signals (acquired from TWE measurements) with those obtained from the FDTD
KV model (section 8.4), the inferred parameters are presented in Table 13.1. Shear elasticity,
shear viscosity and the thickness of the first layer were reconstructed after solving the PIP.
Mean and standard deviations values were calculated from the three independent measure-

ments made in each specimen. Examples of the fit of experimental and simulated signals

for phantoms 1 and 5 are shown in Figure 13.5.

Signal (mV)

0 2 4 6 8 10 12
Time (ms)

(@)

Figure 13.5: Examples of the fit of the experimental and simulated signals: Kelvin-Voigt

Time (ms)

(b)

model, time domain. a) Phantom 1; b) Phantom 5.
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Phantoms Layer p(kPa) n(Pa-s) Th (mm)
S TSNy, T
;T LSOy DA
st L0 oy 1ISEON
i LTS g OO
T OSTE OSTEO

Table 13.1: Kelvin Voigt parameters reconstruction from TWE. Data from the first and second
layer is shown (shear elasticity and shear viscosity), including the thickness of the first layer
for each of the five phantoms.

13.3 Validation of the Kelvin-Voigt parameters reconstruction method

The following table (Table 13.2) summarizes the values obtained with TWE and SWE for
each batch of gelatine. The mean and standard deviation of the shear elasticity and shear

viscosity are shown.

TWE SWE
i Estd (kPa) nEstd(Pa-s) uLstd(kPa) n+Estd(Pa-s)
75 /;(fe(l)?tme 09234011 01964004 0993 +031  0.224 4 0.02
7% Gelatine 17 4 010 0304004 14944042 0.420 + 008
10% Oil
10 /;Se(l)ﬁme 1.77+034 0204003  1.673+023  0.150 4 0.03
15 /;(S%?ltme 6374058  021+003 61114030  0.269 + 0.04
15 {"Of;egitlme 652+054 0304004 6249 +041 0369 % 0.05

Table 13.2: Kelvin Voigt parameters from TWE versus Verasonics for each batch of gelatine.

In order to study the degree of agreement between the reconstructed KV viscoelastic
parameters with TWE and SWE, a Student’s T-test and a Pearson’s correlation study were
carried out. Overall, the T-test yielded values higher than 0.05, which indicates that the sets
of values reconstructed by both techniques are not significantly different (see Table 13.3).
The Pearson’s correlation studied showed a high degree of agreement between the shear
stiffness values obtained from both techniques (see Figure 13.6), with a Pearson value of
r = 0.9942. In the case of the shear viscosity, the degree of agreement was lower (see Figure
13.7), with a Pearson value of r = 0.8913.
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p-value

Batch

u n
7.5‘7;0/(033?;1“"' 0.365 0.1640
7-5‘1/3 (f/ieg‘itline 0.134 0.041*
10°/; ;j‘zl;‘fne 0262 0.0551
15"/; ;%?f“e 0.274 0.0553
150100%83“ 0.263  0.067

Table 13.3: Shear elasticity and shear viscosity measurements comparison between TWE and
SWE for each batch of gelatine. P-value obtained from the Student’s T-test was the metric

used for this comparison. (* p — value < 0.05).
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Figure 13.6: Pearson’s correlation between shear stiffness measured with TWE and shear
stiffness obtained with SWE. Pearson correlation coefficient r = 0.9942.
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Figures 13.8 and 13.9 show the mean and standard values of shear elasticity and shear

viscosity respectively for each batch of gelatine and elastography technique.
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Figure 13.8: Mean and standard deviations of the shear elasticity for each batch of gela-
tine. Light gray bars represent TWE measurements whilst those in dark gray show SWE
measurements.
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Figure 13.9: Mean and standard deviations of the shear viscosity for each batch of gelatine.
Light gray bars represent TWE measurements whilst those in dark gray are SWE measure-
ments (* p — value < 0.05).

13.4 Discussion

The main purpose of this study is to propose and experimentally validate the results
of a new method for the reconstruction of the viscoelastic parameters of cervical tissue-
mimicking phantoms by the TWE technique. The TWE technique, developed by our group,
aims to locally measure the mechanical parameters of the cervix, so they can be correlated
with the different stages of the cervix maturing during pregnancy [60]. The previously de-
veloped reconstruction approach used is based on a TOF procedure. This approach does
not take into account the fact that the waves detected on the cervix surface are altered by the
mechanical response of both the epithelial and connective tissue layers of the cervix. In fact,
the provided reconstructed parameter is the apparent shear wave speed measured at the
surface of the cervix, which is linked to the combined mechanical response of the two tissue
layers in an unknown manner. The presented reconstruction approach is based on a PIP
procedure, which uses a forward model of the propagation of torsional waves in a bilayer
axisymmetric cervix-like medium (see Figure 8.6), numerically solved by a self-developed
FDTD algorithm. This way to solve the inverse problem provides the thickness of the epithe-
lial layer, thus reconstructing separately the shear elastic modulus and the shear viscosity
of each cervical layer. Furthermore, the probabilistic framework has been employed rather
than the deterministic one to solve the limitations of noise in the measurements performed,
heterogeneity in the properties of the sample, and even the fact that the model used to sim-
ulate its behavior is an approximation of reality.

The mechanical behavior of the cervix is viscoelastic, as most of the soft biological tissue.
A viscoelastic KV constitutive law was implemented into the wave propagation model, as
the KV model was found to be the simplest model in terms of a number of parameters that
provides the best approximation to the mechanical behavior of ex vivo cervical tissue in our
previous characterization study [60].

Five ad hoc oil-in-gelatine phantoms were fabricated to test the new reconstruction tech-

nique. The phantoms were composed of two layers to resemble the epithelial and connective

133



cervical structure, labeled as first and second layers, respectively (see Figure 8.2). Different
proportion of gelatine and oil were used for fabricating each layer and each phantom, so
that different viscoelastic parameters where achieved (see Table 8.2).

The resulting viscoelastic parameters of each layer, i.e., the shear elastic modulus and the
shear viscosity, fell within the range of values observed in the literature. In this study, the
range obtained for the shear elasticity reconstructed parameter for the second layer (con-
nective layer) is within the range of values estimated by Carlson et al. [44] (4.45-12.67 kPa).
As far as shear viscosity in the same layer is concerned, the range obtained in this study is
also in good agreement with the value found in the work performed by Peralta et al. [234]
(0.26 Pa - s). To our knowledge, there are no references regarding shear elasticity and shear
viscosity in the epithelial layer.

Two thickness values for the first layer were selected, 0.5 and 1 mm, which is in concor-
dance with the values observed in the study performed by Patton et al. [6]. The thickness of
the second layer was kept at 15 mm, shorter than the values found for the connective tissue
layer in the literature, and sufficiently large to fully attenuate reflections from the bottom
side of the phantom. Reconstructed values using the TWE technique in conjunction with
the PIP approach are shown in Table 13.1. It can be claimed, without not much mistake, that
the thickness of each phantom was satisfactorily reconstructed. Inferred thickness values
were very close to the expected ones, keeping the error of reconstruction below 21%, and
the standard deviation between 0.11 and 0.38 mm.

Characterization of the different oil-in-gelatine batches was needed in order to analyze
the quality of the reconstruction of the viscoelastic parameters. This characterization was
carried out by a well-established technique, such SWE, in this case, performed by a Verason-
ics system. Homogeneous phantoms were fabricated from the same oil-in-gelatine batches
used before for producing the cervix-like phantoms. The propagation of the shear waves
generated by the ARF yielded a shear wave dispersion speed curve for a broad range of
frequency, with maximum energy between 500 and 3000 Hz (see Figure 13.4). This range
of frequency was in agreement with the experimental SWE study in ex vivo porcine cornea
[282]. As concluded by the authors, tissue targets with direct contact, such as the case of the
ex vivo porcine cornea study, allow a higher range of frequency when using SWE ARF-based
applications, compared to deep organs, such as breast, liver or prostate [282]. Oil-in-gelatine
mixtures with the lower proportion of gelatine, 7.5%, and the higher proportion of oil, 10%,
showed higher dispersion, i.e. steeper shear wave speed curves. Moreover, the 95% confi-
dence intervals in this curve were also wider compared with the rest of the curves, around
£0.45 m/s against £0.2 m/s averaged for the rest of the curves. On the contrary, mixtures
with the higher proportion of gelatine, 15%, and the lower proportion of oil, 5%, showed
less dispersion with a flatter variation of values in the shear wave curves. The value of the
viscoelastic parameters of the different oil-in-gelatine mixtures was extracted by fitting the
theoretical expression of the shear wave speed according to the KV model (a combination
of Equations 8.2 and 8.9) to the values obtained in the SWE tests (see Table 13.2). A direct
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comparison between the values obtained by both the TWE and the SWE techniques is also
shown in Table 13.2.

The reconstruction of the viscoelastic parameters by using the TWE technique with the
new proposed inversion method was validated against the SWE technique by using two
approaches, a Student’s T-test and a Pearson’s correlation study. T-test results were shown
in Table 13.3, in terms of the p-value for the shear elasticity and the shear viscosity from
each oil-in-gelatine batch. Most of the p-values obtained were above 0.05, which can be
considered to represent a not significant difference between the parameters reconstructed
by the two techniques. Only the shear viscosity for the batch containing 7.5% of gelatine and
10% oil showed a lower p-value of 0.042. Nevertheless, the reconstruction of this parameter
by the SWE also showed the higher range of variability, i.e. the higher standard deviation.
The explanation for this low p-value can be associated to both the high dispersion effect
of this oil-in-gelatine batch and the higher variability in the SWE measurements. Further
tests should be carried out in high dispersive oil-in-gelatine phantoms in order to clarify the
origin of the low correlation value.

Results from the Pearson’s correlation study were shown in Figures 13.6 and 13.7, for
the reconstruction of the shear stiffness and the shear viscosity parameters, respectively.
As can be observed in the Figures 13.6 and 13.7, the correlation between results from both
techniques, the TWE and the SWE were high, specially for the shear stiffness, which yielded
a Pearson’s correlation coefficient ¥ = 0.9942. The Pearson’s correlation coefficient for the
shear viscosity was lower, with r = 0.8913. This may be due to the larger effect that shear
elastic modulus has on the torsional wave received compared to that produced by the shear
viscosity. Furthermore, the reconstructions were more similar, for both the shear elasticity
and shear viscosity when excluding the most dispersive batch (that made of 7.5% gelatine
and 10% oil).

In general, by the obtained results from the T-test and the Pearson’s correlation study,
it can be concluded that the viscoelastic parameters reconstructed by the TWE technique
in conjunction with the new inversion approach are similar to those provided by the SWE
technique. Therefore, it can be concluded that this new inversion method is validated for its
use in the TWE technique. In order to study the performance of the new inversion method
in a scenario closer to the final medical application, future work must be carried out on

experimental studies using ex vivo cervical tissue samples.

13.5 Conclusions

In this work, the results of a new method based on a Probabilistic Inverse Problem (PIP)
for the reconstruction of the viscoelastic parameters of cervical tissue-mimicking phantoms
by the TWE technique were presented and experimentally validated. Five ad-hoc oil-in-
gelatine phantoms were fabricated with different gelatine batches, simulating the anatomy
of the cervical tissue composed mainly by the epithelial and connective layer, to test the

new reconstruction technique. On the one hand, a probabilistic approach was employed
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that reconstruct the KV viscoelastic parameters by comparing the results obtained from
TWE technique with the synthetic signals from the FDTD KV model. On the other hand,
the characterization for each batch of gelatines was performed by SWE measurements. The
validation of the method was carried out by comparing the KV parameters reconstructed
from the PIP with those inferred from the shear wave speed curve obtained with SWE mea-
surements. Finally, the degree of agreement between both techniques was tested using a
Student’s T-test and a Pearson’s correlation study. As a conclusion, it can be confirmed that
the viscoelastic parameters reconstructed by the TWE technique in conjunction with the PIP
approach were in good agreement with those obtained by SWE technique. Future research
lines must be carried out on experimental studies using ex vivo cervical tissue samples in

order to test the performance of the new method.
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Hyperelastic ex-vivo cervical tissue mechanical

characterization

Tthis chapter presents the results of the comparison between a proposed nonlinear model
and the two most contrasted models in the literature, Mooney-Rivlin and Odgen models. To
achieve this goal, the experimental data of an uniaxial tensile test in ex-vivo cervical tissue
samples were fitted with the aforementioned hyperelastic models. The final aim of this
chapter is to validate the previous reconstructed mechanical properties of epithelial and
connective layer of cervical tissue by PIP procedure (Chapter 12).

Section 14.1 shows the results of the fits of the experimental data with the three hypere-
lastic models. In Section 14.2, the validation of the previous inferred mechanical properties
in epithelial and connective layers is presented. Finally, in Section 14.3, the main findings of

this study are discussed.

14.1 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 14.1). In these curves it can be appreciated
the three zones that are explained in Figure 14.3: nonlinear, quasi-linear and rupture. The
results of the fits of the experimental data with the three hyperelastic models are shown in
Tables 14.1, 14.2 and 14.3. These fitted curves were performed with MATLAB © (Release
2018b, MathWorks, Natick, United States) Curve Fitting Toolbox. The metric used to see
the goodness of fit was the R? coefficient, defined as the ratio of the sum of squares of the

regression (SSR) and the total sum of squares (SST).
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An illustrative example of the comparison of the hyperelastic theoretical models with the

(14.1)

experimental results obtained from connective layer of Cervix 2 is showed in Figure 14.2.
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Figure 14.1: Experimental stress-strain relationship for cervical samples tested under uni-
axial tensile test. Solid black and gray lines represent the connective and epithelial layer
respectively.

Mooney-Rivlin

Stress (MPa)
Stress (MPa)
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. 1 1.05 1.1 1.15 1.2 1.25 1.3
Strain Stretch Ratio

@) (b)
Figure 14.2: 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 Odgen models.
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Figure 14.3: Representation of stress-strain behavior of soft tissues. The curve is divided
into three zones: nonlinear, quasi-linear and rupture. The state of elastin (black color) and
collagen (green color) is represented at the bottom of each zone.

Nonlinear Model

Epithelial Layer =~ Connective Layer

Cervix u A R? u A R?
1 113 226 0989 358 349 0.987
122 -6.08 0995 4.72 -7.63 0.994
135 -3.06 0986 264 -592 0.993
1.57 283 0994 330 276 0.997
135 -235 0990 351 736 0.99
1.13 232 0976 349 701 0.988
127 30.72 0990 3.96 257 0.986

N OO W N

Table 14.1: Results of the fits of experimental data with the proposed nonlinear model. Shear
modulus y and TOEC A in MPa.

Odgen Model
Epithelial Layer =~ Connective Layer
Cervix o R? Ly o R?

1 041 794 0979 0941 6.01 0.984
1.01 1.62 099 1.16 563 0.994
042 454 098 097 413 0.992
035 994 0992 085 11.1 0991
047 431 0988 0.82 10.25 0.989
039 527 0977 057 1154 0.974
040 9.05 0982 129 640 0.979

N OO W N

Table 14.2: Results of the fits of the experimental data with the Odgen model. The infinites-
imal shear modulus p, in MPa
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Mooney-Rivlin Model

Epithelial Layer Connective Layer

Cervix 1 Cy R? 1 Co R?
1 693 -6.73 0991 587 -477 0.988
033 -0.08 0.995 47 -315 0.9%
122 -078 098 251 -1.68 0.994
825 -784 0994 599 -593 0.997
147 -1.05 0990 2056 -19.67 0.996
235 -206 0976 157 -159 0.990
7 8.69 -844 0992 121 -11.1 0988

N Ul = Wi

Table 14.3: Results of the fits of the experimental data with the Mooney-Rivlin model.

14.2 Shear modulus estimation

The shear modulus can be obtained directly by means of the p parameter of the FOEC pro-
posed model, through the slope of the stress-strain curve in the linear region or also trough
a combination of the two parameters of the Odgen model, the infinitesimal shear modulus
1, and the stiffening parameter «;, (see Equation 9.5). Table 14.4 shows the values of the
shear modulus for each hyperelastic model and for each sample. The mean and standard
deviations values of the Young’s modulus obtained from the slope of the stress-strain curve

for the epithelial and connective layer are presented in the bar graph of Figure 14.4.

Shear Modulus
Epithelial Layer Connective Layer
Cervix Nonlinear Odgen Curve Nonlinear Odgen Curve
1 1.13 1.65 0.82 3.58 2.83 417
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 3.51 422 5.25
6 1.13 1.03 0.90 3.49 3.30 4.42
7 1.27 1.84 1.08 3.96 415 3.17

Mean + Std 129 +0.15 130+043 1.02+046 3.60£0.63 350=+0.92 3.95+0.72

Table 14.4: Shear modulus estimation for the proposed nonlinear model, Odgen model and
the slope of the linear region of the stress-strain curve. Mean and standard deviation of the
values for the seven samples are presented in MPa.

In order to study the degree of agreement between the obtained shear modulus with
the nonlinear model, Odgen model and the slope of the curve stress-strain for each cervical
layer, a Student’s T-test was used (see Table 14.5).
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Epithelial Layer Connective Layer
Nonlinear Odgen Curve Nonlinear Odgen Curve

Nonlinear - 0.477 0.08 - 0.408 0.176
Odgen 0.477 - 0.131 0.408 - 0.164
Curve 0.08 0.131 - 0.176 0.164 -

Table 14.5: Comparison of shear modulus extracted from the proposed nonlinear model,
Odgen model and the slope of the stress-strain curve for each cervical layer. P-value ob-
tained from the Student’s T-test was the metric used for this comparison.

o
T
I

Young’s Modulus (MPa)

Epithelial Layer Connective Layer

Figure 14.4: Comparison between Young’s modulus of epithelial and connective layer. The
results are presented as mean =+ standard deviation.

14.3 Discussion

According to the evidences found in literature, Myers et al. [93] investigated the nonlin-
ear time-dependent stress response of cervical samples from different human hysterectomy
specimens. Results showed the nonlinear response of cervical stroma, which was dependent
on obstetric history. However, to our knowledge, there is no study in the literature that has
investigated nonlinear parameters in cervical tissue.

This work aims at representing a first step toward a nonlinear characterization of human
cervical tissue. The nonlinear elastic properties of ex-vivo cervical tissue have been obtained
for the first time by uniaxial tensile tests.

There is a challenge among researchers for employing a strain energy density which can
represent the nonlinear behavior of soft tissues and have the least number of parameters to
be as simple as possible mathematically. The simplicity of the proposed model in conjunc-
tion with a good correlation with the experimental data can be presented as an accurate and
simple model in computational solid mechanics field.

The first contribution of this study is to propose a new hyperelastic model (nonlinear

model) based on the Fourth Order Elastic Constants in the sense of Landau’s theory [283]
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and compare the obtained results with the most used hyperelastic models in the literature,
Mooney-Rivlin and Odgen models [213, 215].

As a second contribution, a validation of the previous reconstructed mechanical proper-
ties of epithelial and connective cervical tissue by PIP procedure (Chapter 12) is presented.
The TWE technique proposed in this dissertation aims to locally measure the mechanical
parameters of the cervix that can be correlated with the different stages of the cervix ma-
turing during pregnancy [60]. Bilayer viscoelastic models for the reconstruction of these
properties are based on the propagation of torsional waves along the tissue, numerically
solved by a self-developed FDTD algorithm (Chapter 7). These waves interact not only with
the superficial layer, the epithelial layer, but also with the deeper layers, i.e., connective
layer. Therefore, a validation of the mechanical parameters reconstructed in both layers is
necessary through uniaxial tensile tests of ex-vivo samples from hysterectomies of healthy
women.

The mechanical behavior of the cervix is nonlinear, as most of the soft biological tis-
sues. The nonlinear parameters of the FOEC proposed model were obtained through a fit
of the experimental data measured in the uniaxial tensile tests with the theoretical law that
governs the hyperelastic model. The same procedure was carried out in order to get the
nonlinear parameters from the two most employed hyperelastic models to characterize soft
biological tissue in the literature, Mooney-Rivlin and Odgen models. In order to compare
the three models, the R? coefficient was obtained to analyze the goodness of each of the fits
performed. The resulting R? coefficient calculated show that the models analyzed adjusted
the experimental data successfully. Specifically, the proposed FOEC model is appropriate to
model cervical tissue in tension for the strain ramp rate considered, 1%/s [273].

The proposed FOEC hyperelastic model, Equation 9.1, presents three parameters, the
shear modulus g, the third order elastic constant A and the fourth order elastic constant D.
In this study, the proposed theoretical stress-strain relationship has been simplified with the
aim of comparing with the two-term Mooney-Rivlin and Odgen models. The two parame-
ters that have adjusted the experimental data were the shear modulus i and the third order
elastic constant A. Analyzing the results of the shear modulus, there was no significant
variation in both, the epithelial 1.29 & 0.15MPa and the connective layer 3.60 & 0.63MPa
for each of the hysterectomy samples, see Table 14.4. The values of the shear stiffness are
highly dependent of the strain ramp rate used, the larger strain rate, the larger shear mod-
ulus [284, 285]. The obtained values for cervical tissue agree with those found in literature
[1, 93]. However, regarding the nonlinear parameter A, large variation was observed, vary-
ing the parameter from positive to negative values (see Table 14.1). It is worth pointing
out that, to our knowledge, this is the first work that studies the nonlinear parameters of
the FOEC hyperelastic model in cervical tissue. The variability found in the third elastic
constant parameter A could be associated with the heterogeneity of the tissue [201].

The shear modulus is one of the most used parameters in the characterization of soft

biological tissues by various techniques. This value can be extracted directly by means of
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the p parameter of the FOEC proposed model, through the slope of the stress-strain curve in
the linear region or also through a combination of the two parameters of the Odgen model,
the infinitesimal shear modulus p, and the stiffening parameter «,. The values of the shear
modulus for each reconstruction technique and for each sample are shown in Table 14.4. The
parameters that govern the Mooney-Rivlin model have no physical sense and, therefore, it
can not be extracted the shear modulus from them. The results of the shear modulus for each
reconstruction technique and for each cervical layer were compared by using a Student’s T-
test. T-test results are shown in Table 14.5, in terms of p-values. All of these values were
above 0.05, which can be considered to represent a not significant difference between the
shear modulus obtained by the three models in the epithelial and connective layers. The
shear modulus was dependent on anatomical location of the cervical tissue as shown in
Table 14.4. Variations of the same order of magnitude were obtained after the reconstruction
of the shear modulus with numerical models through a PIP procedure (see Figure 12.8).

In general, by the obtained results, it can be concluded that the three hyperelastic mod-
els analyzed adjusted the experimental data successfully. Specifically, the proposed FOEC
model was appropriate to model cervical tissue in tension for the strain ramp rate consid-
ered. In addition, the calculated shear modulus depended on the anatomical location of the

cervical tissue.

14.4 Conclusions

In this work, as a first contribution, we proposed a new hyperelastic model (nonlinear
model) based on the Fourth Order Elastic Constants (FOEC) in the sense of Landau’s theory
to reconstruct the nonlinear parameters in cervical tissue by fitting the experimental data
with this model. The results obtained were later compared with the most used hyperelas-
tic models in the literature, Mooney-Rivlin and Odgen models. The three models fitted the
experimental data successfully and, in particular, the proposed FOEC model was appro-
priate to model cervical tissue in tension for the strain ramp rate considered. As a second
contribution, a validation of the previous reconstructed mechanical properties of epithelial
and connective layers by PIP procedure (Chapter 12) was performed. The conclusion is that
shear modulus was dependent on anatomical location of the cervical tissue. Variations of the
same order of magnitude were obtained after the reconstruction of the cited shear modulus

with the PIP procedure.
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In vivo measurement of cervical elasticity on

pregnant women by TWE: a preliminary study

This chapter presents the results of a preliminary study to assess the feasibility and reli-
ability of TWE technique to provide consistent data on the changes of the cervical stiffness
during pregnancy !.

Section 15.1 shows the results obtained to evaluate the three security parameters of TWE
technique according to the Food and Drug Administration guidelines. In Section 15.2, the
characteristics of the population in the study are outlined. The results of the statistical anal-
ysis are presented in Section 15.3. Finally, the feasibility of using TWE technique to assess

cervical maturation is discussed in Section 15.4.

15.1 Safety considerations

The experimental results obtained to evaluate the three security parameters according to the
Food and Drug Administration guidelines were as follows.

The maximum pressure registered after converting the pressure recorded by the decibel
sensor into water acoustic pressure was 3.99 * 10~> MPa.

The maximal acoustic pressure and the peak rarefactional pressure of the torsional wave
in water was Py = 3.99 x 10~* bars. The three previous parameters were obtained with the

cited experimental conditions:

LContribution: P. Massé, A. Callejas, J. Melchor, E S. Molina and G. Rus. In-vivo measurement of cervical
elasticity on pregnant women by torsional wave technique: a preliminary study. Sensors, 19(15), 2019.
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MI = 0.0013 < 1.9 (15.1)

ISPPA = P} /(2% p*c) = 5.3 W/cm? < 190 W /cm? (15.2)

considering the density of the medium p = 1000kg/m?>, and the sound speed in the
medium 1500m/s.

ISPTA = ISPPA x At/1 = 5.3 mW /cm?* < 94 mW /cm? (15.3)

15.2 Characteristics of the population in the study

The obstetric characteristics of the population in the study are shown in Table 15.1.

Characteristics Value

Total population (N) 18

Gestational age at test (weeks) 26.4 (16w - 35w+5d)
Nulliparous (N) 2 (11 %)

Cervical length (mm) 33 (10 - 49)

Table 15.1: Features of the population in the study.

15.3 Statistical results

A total of three measurements of TWE stiffness and cervical length per subject were deter-
mined from all women. A normal distribution for the three velocity calculation procedures
was found through Q-Q test (Figure 15.1) and Shapiro Wilk test. Boxplots of these data
observed in each patient were calculated and a linear regression was fitted with 80% con-
fidence intervals (see Figure 15.2). In this work, the three frequencies were used to study
the effect of attenuation on the cervical tissue. The selected frequency configuration was 1
kHz, which was the optimal measure to yield the highest amplitude signals, the best shear
wave speed reconstructions and a significant correlation with gestational age. In some mea-
surements, frequencies equal to or higher than 1.5 kHz, yielded amplitudes of signal similar
to the amplitude of noise probably due to attenuation, and consequently anomalous values
of the cervical stiffness were obtained. In contrast, the noise masked the amplitude of the
signal in some data with frequencies of 0.5 kHz and below. All missing data were due to
signal noise.

A stronger association between gestational age and cervical stiffness was found (R?> =
0.370, p = 0.0074, Figure 15.2) compared to gestational age and cervical length correlation
(R? = 0.025, p = 0.6043, Figure 15.5). The decrease of the stiffness is computed from
the data in Figure 15.2 using Equation 10.1. The error bars are estimated from the three

velocity estimation algorithms described in the methods. The three overlapping regressions
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(continuous and dashed lines in Figures 15.2, 15.3 and 15.4) correspond to each velocity

estimation algorithms.

S

Velocity, c_ (m/s)

10 -

R? = 0.370 p=0.0074
—-—-R?=0274 p=0.0257
— — R2=0.256 p=0.0322

15 20 25 30 35 40
Gestational age (wk)

Figure 15.2: Relationship between cervical stiffness assessed by shear wave speed using 1
kHz waves and gestational age at time of examination.

Similar correlations are shown in Figures 15.3 and 15.4 for 1.5 kHz and 0.5 kHz respec-

tively, where some of the measurements were rejected due to noise in the signal.

S

Velocity, c_ (m/s)

10 -
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. — —"R%=0430 p=0.0284
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Figure 15.3: Relationship between cervical stiffness assessed by shear wave speed using 1.5
kHz waves and gestational age at time of examination.
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Figure 15.4: Relationship between cervical stiffness assessed by shear wave speed using 0.5
kHz waves and gestational age at time of examination.
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Figure 15.5: Relationship between cervical length and gestational age at time of examination.

No high associations (R? < 0.5 for all cases) and no significant correlation (p > 0.05)
were obtained between stiffness and cervical length (Figure 15.6).
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Figure 15.6: Relationship between cervical stiffness and cervical length.

15.4 Discussion

This work was focused on assessing the feasibility of torsional wave technique to quantify
the changes in cervical stiffness during pregnancy, which were measured by shear stiffness
modulus. The presented results showed, for the first time in vivo, the viability of torsional
waves to objectively measure cervical elasticity in pregnant women. The observed data
therefore support the hypothesis 1 that torsional wave technique has the capacity to quantify
cervical stiffness defined by its elastic modulus.

The presented observations also support hypothesis 2, that the shear stiffness decreases
during pregnancy. Cervical stiffness was shown to significantly decrease with gestational
age, which is compatible with observations by former researchers that assessed cervical
ripening by different techniques [34, 142, 286, 144]. A gradual reduction from about 40 kPa
at the beginning of pregnancy to close to zero at delivery was obtained in the study carried
out by Peralta et al. [34]. A correction due to the difference of range of shear wave frequen-
cies of ARFI was considered, about an order of magnitude higher, which affect the apparent
stiffness given the viscoelastic behaviour of cervical tissue. Thus, cervical ripening is di-
rectly related to the time to delivery. Correlation between cervical stiffness and gestational
age assessed by TWE technique showed a higher correlation to gestational aged compared
to quantification through shear wave speed (SSI) (R? = 0.37 vs R? = 0.29) [33].

A weaker correlation was found between cervical stiffness and cervical length than with
gestational age, which is compatible with previous studies [34, 145], using dynamic and
quasi-static elastography respectively, but contrary to observations by Hernandez-Andrade
et al. [69], who found that associations between cervical tissue strain and cervical length was

higher than with gestational age. This inconsistency feeds a debate, which could be at least
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partially explained by the inherent limitations of the commercially available quasi-static
elastography technologies [38, 39, 42, 69], as this technique provides a qualitative estimation
of the cervical stiffness through an indirect measurement.

The experiment results support that TWE technique is safe to be used in pregnant
women. All the values obtained were far below the thresholds according to the Food and
Drug Administration (FDA) guidelines reference parameters in Fetal Imaging & Other. The
mechanical index (MI) was 0.0013 (< 1.9), the spatial peak pulse average intensity (ISPPA)
was 5.3W /cm? (< 190W /cm?), and the spatial peak temporal average intensity (ISPTA)
was 5.3mW /cm? (< 94mW /cm?).

The limitations of this research are linked to the nature of propagation of torsional wave
in cervical tissue, but also to its complex microarchitecture. Some mechanical hypothesis
have been raised in the literature about the hystologic features of the cervix to estimate the
shear stiffness elasticity, assuming homogeneous, non viscous, isotropic and semi-infinite
medium [44, 165, 234, 287, 288]. The equation employed in this work to estimate the cervix
stiffness is only based on shear wave group velocity. However, the behavior of cervical
tissue is dispersive, that is, the higher shear wave frequencies, the higher shear waves speeds
and therefore, phase-velocity-based techniques would lead to a direct calculation of shear
modulus. The time of flight technique measured the shear wave group velocity, which is
dependent on the envelope of the propagating elastic wave.

Finally, due to the exploratory nature of this study about the feasibility of torsional wave
technique to assess cervical maturation, a small population of patients was recruited. To
extend the validity and reliability of the proposed technology, larger complementary studies
are needed. The protocol of measurements by TWE technique will be enhanced by applying
the optimal contact conditions between the probe and the cervix [289]. We are positive
that torsional waves are a tool with potential to objectively diagnose early cervical ripening

disorders and preterm birth.

15.5 Conclusions

The presented experimental observations prove that firstly, cervical stiffness was a valuable
predictor variable of gestational age at the moment of evaluation. Secondly, TWE technique
is a tool that allows to quantify cervical shear stiffness during pregnancy. Finally this tech-
nique is safe to be used in pregnant women.

TWE technique might provide clinically relevant data on the cervical ripening in addi-
tion to that obtained from digital exploration and standard sonography. Further researches
are required to assess the TWE technique feasibility in obstetric evaluations, such as proba-
bilistic inverse problems based on viscoelastic models for the prediction of preterm delivery

and labour induction failure.
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Figure 15.1: Normal quantile-quantile plots for the three velocity calculation procedures.

151






Part IV

CONCLUSIONS AND FUTURE
WORKS

153






Conclusions and future works

This chapter presents the most relevant conclusions of the obtained results, along with a
discussion regarding the exposed contributions. In addition, some future works currently
under development are commented.

In addition, the following relevant conclusions are extracted from each of research hy-

pothesis proposed in Chapter 2. Their limitations and future works are also described.

Viscoelastic assessment with TWE technique

Research objective 1: Propose and evaluate the feasibility of a novel Torsional Wave Elastog-
raphy technique to objectively quantify the viscoelastic properties of soft tissues, and

specifically the cervical tissue.

In this dissertation, the TWE technique was proved capable to successful transmitting
and receiving shear waves from 300 Hz to 1 kHz (Chapter 11). This range of frequencies rep-
resents an obvious advantage when compared with commercial elastography devices, since
a broader range of frequencies provides more significant information about the viscoelastic
behavior of the tissue, in particular for the viscous component, which is more sensitive to
high frequencies. In Chapter 6 we have proposed a study for a preliminary analysis of the
intra-operator dependency. The variables were the normal pressure applied and the angle of
incidence between the probe and the normal direction of the tissue surface. Gelatine phan-
toms with 8% and 10% concentration (w/w) were selected as an adequate representation of
the viscoelastic behavior of soft tissues to test the robustness of TWE technique. Variable
levels of pressure produced a minimal variation in the shape of the collected signal and,
therefore, the impact of this variation on the reconstructed values of shear wave speed was

non-significant for all the frequencies. As a consequence, no correlation between the level of
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pressure and shear wave speed was found in the small range of pressures analyzed. Higher
pressures could produce variations in the shear wave speed and, therefore, the nonlinear
characterization of the tissue. The same effects were observed when varying the angle of
incidence sensor-phantom. These observations were found consistent all over the different
gelatine concentration phantom tested, which seem to indicate that the TWE technique is, at
least in gelatine-based phantoms, a robust and low user-dependent elastography method.
However, as observed in the experiments, simple gelatine-based phantoms shows a low
viscous behavior, which is not proper of soft tissues. This low viscous behavior might be
responsible for such stable results against the two variables of the user-dependency test.
Future research in that vein were conducted, especially with phantoms with higher viscos-
ity to define the validity limits of these studies and to develop clinical practice protocols to
correct deviations when using the designed device.

A series of experiments were performed on ex-vivo human cervical tissue with the aim
of combining information from rheometry (low frequencies) and TWE (high frequencies),
providing two sources of data to find the most suitable rheological model to fit the cervical
tissue behavior. Whereas the fitted curves obtained by using TWE data were overall in good
agreement with the data from rheometry, the curves using the rheometry data diverged from
those using TWE. Additionally, the dispersion curve after fitting the whole set of data, this
is theometry + TWE, practically coincided with the curve generated by using only the TWE
data. These findings point out the relevancy of the viscous effects at higher frequencies.
Furthermore, it uncovers the difficulty of characterizing the viscous effects of soft tissue by
limiting the experiments to classical rheometry techniques.

On the one hand, when comparing the four rheological models, it can be observed that
the Maxwell model showed difficulties to represent the dispersion of shear wave speed
along the whole range of frequency. The Zener model adjusted the data successfully when
considering both the rheometry and the TWE outcomes. However, when fitting only data
from TWE, it showed some divergence at the low-frequency range. On the other hand,
Kelvin-Voigt and its fractional derivative version matched all the data satisfactorily from
the high to the low-frequency regime. The values obtained for the o parameters of the
Kelvin-Voigt Fractional Derivative model were close to 1, which transforms the model di-
rectly into a classical Kelvin-Voigt. A two-parameter model as the Kelvin-Voigt usually will
be preferred against a three-parameter model as the fractional version, due to practicality
and faster computation. Further studies are presented in Chapters 7 and 12 to analyze the

consistency of all the findings shown.

Model hypothesis ranking
Research objective 2: Rank the most plausible rheological model to infer the viscoelastic be-
havior of cervical tissue in different layers using a probabilistic inverse procedure and
explore the possibility of quantifying both elasticity and viscosity from the selected

model.
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Chapters 7 and 12 are aimed at understanding the torsional wave-tissue interactions,
which may determine the optimal rheological model, to finally characterize the viscoelas-
ticity of cervical tissue. A Probabilistic Inverse Problem (PIP) was described for ranking the
most plausible model by comparing the in-vivo measurements in cervical tissues obtained
from the TWE technique with the synthetic signals from the 2D Finite Difference Time Do-
main (FDTD) wave propagation models (elastic, Kelvin-Voigt and Maxwell models).

High-speed camera test were carried out to study the slippery conditions between sen-
sor and tissue-mimicking phantoms, as well as the boundary conditions of the numerical
models after a video post-processing. On one hand, a pressure between the sensor and the
phantom of 100 grams was chosen, enough to ensure no slippage and so that the compres-
sion did not affect the mechanical properties of the phantom. On the other hand, the speed
at grid points of the tissue was zero due to the pressure exerted by the torsional wave sensor
on the phantom. Finally, the reconstruction of excitation of the electromechanical actuator
was carried out by measuring the displacement of basalt microparticles embedded in the
surface of the tissue-mimicking phantom. The amplitude of the rotated angle was inde-
pendent of the stiffness of the phantom, however, the signal amplitude decreased as the
excitation frequency increased due to the performance of the electromechanical actuator. A
cut-off-frequency of 1000 Hz was selected to infer mechanical properties at a lower scale,
also taking into account the attenuation in wave propagation.

After a verification of numerical dispersion to avoid instabilities in the three FDTD vis-
coelastic models, the results of the ranking of model hypothesis show how the most plau-
sible viscoelastic model, that best simulates the cervical tissue behavior, is the Kelvin-Voigt
model. The results are in good agreement with those obtained in Chapters 6 and 11. The
model parameters are epithelium shear modulus, epithelium viscosity, epithelium thick-
ness, connective layer shear modulus and connective layer viscosity.

Once the viscoelastic model was selected, the parameters related to the model were re-
constructed from 18 experimental measurements in pregnant women. Results show a no-
table difference in stiffness of the epithelial layer with respect to the connective layer. The
result makes sense since the stiffness of the cervical tissue is governed mainly by collagen
fibers, main constituents of the connective layer. The dramatic changes during cervical mat-
uration in collagen fibers of connective tissue is compatible with the high standard deviation
of the shear stiffness. It should be taken into account that the results obtained are represen-
tative of a set of data of pregnant women with different gestational ages. In contrast, the
content of collagen fibers in the epithelial layer is practically negligible. This may be the rea-
son why standard deviation of the shear stiffness of epithelial layer is low. It is worth point-
ing out the viscosity of the epithelial and connective layers. They present similar values in
term of mean and standard deviation, result that was taken into account for the validation
of the method of reconstruction of KV parameters (Chapter 13), reducing the number of
parameters when considering both viscosities the same. The viscous parameters of cervical

tissue have scarcely been studied so far in medical diagnosis, but the few references present
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in the literature, none in test in pregnant women in-vivo, suggest that viscoelastic properties
are particularly sensitive to the gestation process. Finally, the range reconstructed for the
epithelial thickness was in good agreement with the values found in the literature.
Although in this study the anatomy of the cervical tissue and viscoelasticity has been
considered, one of its limitations lies in considering isotropy. It is well known that cervical
tissue, like most tissues, is anisotropic and, therefore, considering that there are variations in
mechanical parameters in different directions is essential. The measurements made in this
study have been carried out by centering the sensor on the cervical canal and considering
the hypothesis that radially the tissue does not change its mechanical properties. Therefore,

future research works should consider anisotropy by sectorizing the ring receiver.

Mechanical reconstruction from TWE

Research objective 3: Propose and experimentally validate a method based on PIP approach

to infer the KV viscoelastic properties in cervical tissue from TWE technique.

Chapter 8 was devoted to presenting and validating a reconstruction approach based
on a probabilistic inverse problem procedure, which uses a Kelvin-Voigt forward model
of the propagation of torsional waves in a bilayer axisymmetric cervix-like medium, nu-
merically solved by a self-developed FDTD algorithm. Five ad-hoc oil-in-gelatine phantoms
were fabricated with different gelatine batches, simulating the anatomy of the cervical tis-
sue composed mainly by the epithelial and connective layer, to test the new reconstruction
technique. On the one hand, a probabilistic approach was employed that reconstruct the
KV viscoelastic parameters by comparing the results obtained from TWE technique with
the synthetic signals from the FDTD KV model. On the other hand, the characterization for
each batch of gelatines was performed by SWE measurements in order to analyze the qual-
ity of the reconstruction of the viscoelastic parameters. The validation of the method was
carried out by comparing the KV parameters reconstructed from the PIP with those inferred
from the shear wave speed curve obtained with SWE measurements. Kelvin-Voigt constitu-
tive law was implemented into the wave propagation model, since the KV model was found
to be the simplest model in terms of a number of parameters that provides the best approxi-
mation to the mechanical behavior of ex vivo cervical tissue in our previous characterization
study Chapter 11.

The resulting viscoelastic parameters showed in Chapter 13 fell within the range of val-
ues observed in the literature. The shear elasticity and shear viscosity reconstructed for the
second layer (connective layer) are in good agreement with the values found in the litera-
ture. To our knowledge, there are no references regarding shear elasticity and viscosity in
the epithelial layer. Regarding the thickness of each phantom, it can be claimed, without
not much mistake, that was satisfactorily reconstructed. The reconstruction of the viscoelas-
tic parameters by using the TWE technique with the new proposed inversion method was
validated against the SWE technique by using two approaches, a Student’s T-test and a Pear-

son’s correlation study. T-test results were in terms of the p-values for the shear elasticity
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and the shear viscosity from each oil-in-gelatine batch. Most os the p-values obtained were
above 0.05, which can be considered to represent a not significant difference between the pa-
rameters reconstructed by the two techniques. Only shear viscosity for the batch containing
7.5% of gelatine and 10% oil showed a lower p-value of 0.042. Nevertheless, the reconstruc-
tion of this parameter by the SWE also showed the higher range of variability, i.e. the higher
standard deviation. The explanation for this low p-value can be associated to both the high
dispersion effect of this oil-in-gelatine batch and the higher variability in the SWE measure-
ments. Further tests should be carried out in high dispersive oil-in-gelatine phantoms in
order to clarify the origin of the low correlation value. The correlation between results from
both techniques, TWE and SWE were high, specially for the shear stiffness, which yielded
a Pearson’s correlation coefficient » = 0.9942. The Pearson’s correlation coefficient for the
shear viscosity was lower, with r = 0.8913. This may be due to the larger effect that shear
elastic modulus has on the torsional wave received compared to that produced by the shear
viscosity. Furthermore, the reconstructions were more similar for both the shear elasticity
and shear viscosity when excluding the most dispersive batch.

In general, by the obtained results from the T-test and the Pearson’s correlation study,
it can be concluded that the viscoelastic parameters reconstructed by the TWE technique in
conjunction with the new inversion approach were similar to those provided by the SWE
technique. Therefore, it can be concluded that this new inversion method was validated
for its use in the TWE technique. In order to study the performance of the new inversion
method in a scenario closer to the final medical application, future work should be carried
out on ex vivo cervical tissue samples.

The main limitation of this approach was related to the computational cost in numerical
simulations. The purpose of this method is to use it in clinical practice and obtain results of
cervix mechanical parameters in real time. According to the methodology proposed in this
thesis, this approach required several days of calculation to solve the inverse problem and
to infer these parameters with acceptable accuracy. Therefore, future research in that vein
should be conducted, especially on the use of neural networks, a new method based on arti-
ficial intelligence, that would provide information in clinical practice about the mechanical

parameters of the cervical tissue in real time.

Nonlinearity assessment
Research objective 4: Propose a hyperelastic model based on Fourth Order Elastic Constants
(FOEC) in the sense of Landau’s theory to characterize the nonlinearity of cervical

tissue and validate the mechanical parameters inferred in Research objective 2.

The work presented in Chapters 9 and 14 aims at representing a first step toward a non-
linear characterization of human cervical tissue. The nonlinear elastic properties of ex vivo
cervical tissue were obtained for the first time by uniaxial tensile tests. The first contribution
of this study is to propose a new hyperelastic model (nonlinear model) based on the Fourth

Order Elastic Constants in the sense of Landau and compare the obtained results with the
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most used hyperelastic models in the literature, Mooney-Rivlin and Odgen models. As a
second contribution, a validation of the previous reconstructed mechanical properties of
epithelial and connective cervical tissue by PIP (Chapter 12) is presented.

The nonlinear paremeters of the FOEC proposed model, as well as with Mooney-Rivlin
and Odgen models were obtained through a fit of the experimental data measured in the
uniaxial tensile test (see procedure in Chapter 9 and results in Chapter 14). In order to com-
pare the three models, the R? coefficient was obtained to analyze the goodness of each of
the fits performed. The resulting R? coefficient calculated show that the models analyzed
adjusted the experimental data successfully. Specially, the proposed FOEC model is appro-
priate to model cervical tissue in tension for the strain ramp rate considered, 1%/s. The
FOEC model presents three parameters, the shear modulus p, the third order elastic con-
stant A, and the fourth order elastic constant D. In this study, the theoretical stress-strain
relationship was simplified with the aim of comparing with the two-term Mooney-Rivlin
and Odgen models. The two parameters that have adjusted the experimental data were the
shear modulus and the third order elastic constant. Analyzing the results of the shear mod-
ulus, there was no significant variation in both, the epithelial and the connective layer for
each of the hysterectomy samples. The values of the shear stiffness were highly dependent
of the strain ramp rate used, the larger strain rate, the larger shear modulus. The obtained
values for cervical tissue agree with those found in literature. However, regarding the non-
linear parameter A, large variation was observed, varying the parameter from positive to
negative values. The variability found in the third elastic constant parameter A could be
associated with the heterogeneity of the tissue. It is worth pointing out that, to our knowl-
edge, this is the first work that studies the nonlinear parameters of the FOEC hyperelastic
model in cervical tissue.

The values of the shear modulus were extracted directly by means of the u parameter of
the FOEC proposed model, through the slope of the stress-strain curve in the linear region
or also through a combination of the two parameters of the Odgen model, the infinitesimal
shear modulus p, and the stiffening parameter «,. The parameters that govern the Mooney-
Rivlin model have no physical sense and, therefore, it can not be extracted the shear mod-
ulus from them. The results of the shear modulus of each cervical layer were compared by
using a Student’s T-test. T-test results are expressed in terms of p-values. All of these values
were above 0.05, which can be considered to represent a not significant difference between
the shear modulus obtained by the three models in the epithelial and connective layers. The
shear modulus was dependent on anatomical location of the cervical tissue. Variations of
the same order of magnitude were obtained after the reconstruction of the shear modulus
with numerical models through a PIP procedure (Chapter 12).

One of the limitations of this study is related to the press used for uniaxial tensile tests.
The tolerance of the force gauge is 0.1 N, which does not allow obtaining the necessary ex-
perimental data in small deformations, in which tolerances around two orders of magnitude

lower are necessary. In this dissertation, the propagation of torsional waves was carried out
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considering small deformations, and, therefore, future tests in which the force gauge has a
greater tolerance are necessary to be able to validate the mechanical parameters of cervical

tissue reconstructed by means of PIP approach.

Gestational assessment
Research objective 5: Evaluate the feasibility and reliability of Torsional Wave Elastography
technique to provide consistent data on the changes of the cervical tissue stiffness dur-

ing pregnancy.

The results presented in Chapter 15 showed, for the first time in-vivo, the viability of
torsional waves to objectively measure cervical elasticity in pregnant women. We showed
that it is possible to objectively quantify cervical stiffness during pregnancy using torsional
wave elastography. Besides, the experimental results support that TWE technique is safe to
be used in pregnant women. All the values obtained were far below the thresholds accord-
ing to the Food and Drug Administration guidelines reference parameters in Fetal Imaging
and Other.

A preliminary study was designed in Chapter 10 with the aim of providing in-vivo infor-
mation about cervical elasticity throughout normal pregnancy. A total of 18 healthy women
were recruited from their routine medical visits during pregnancy, and TWE explorations
were performed. The entire population of women in the study had pregnancies without
any complication with a median of 26.4 (16wk-35wk+5d) gestation weeks. Exclusion cri-
teria were multiple pregnancies, previous cervical surgeries and patients with information
relative to malignant changes in the cervical tissue.

The observed data support, firstly the hypothesis that torsional wave technique has the
capacity to quantify cervical stiffness defined by its elastic modulus, and secondly, that shear
stiffness decreases during pregnancy. In this work, three frequencies were used to study the
effect of attenuation on the cervical tissue. The selected frequency configuration was 1 kHz,
which was the optimal measure to yield the highest amplitude signals, the best shear wave
speed reconstructions and a significant correlation with gestational age. In some measure-
ment, frequencies > 1.5 kHz, yielded amplitudes of signal similar to the amplitude of noise
probably due to attenuation, and consequently anomalous values of the cervical stiffness
were obtained. In contrast, the noise masked the amplitude of the signal in some data with
frequencies < 0.5 kHz. For the selected frequency, a stronger association between gesta-
tional age and cervical stiffness was found, compared to gestational age and cervical length
correlation. Additionally, no high associations and no significant correlation were obtained
between stiffness and cervical length.

The limitations of this research are linked to the nature of propagation of torsional wave
in cervical tissue as well as its complex microarchitecture. Some mechanical hypotheses
have been raised in the literature about the hystologic features of the cervix to estimate the
shear stiffness elasticity, assuming homogeneous, non viscous, isotropic and semi-infinite

medium. The equation employed in this study to estimate the cervix stiffness is only based
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on shear wave group velocity. However, the behavior of cervical tissue is dispersive, that is,
the higher are the shear wave frequencies, the higher are the shear waves speeds and, there-
fore, phase-velocity-based techniques would lead to a direct calculation of shear modulus.
The time-of-flight technique measured the shear wave group velocity, which is dependent
on the envelope of the propagating elastic wave.

Finally, due to the exploratory nature of this study about the feasibility of torsional wave
technique to assess cervical maturation, a small population of patients was recruited. To
extend the validity and reliability of the proposed technology, larger complementary studies
are needed in which the proposed method in this thesis (Chapter 8), based on PIP approach
to infer the KV viscoelastic properties in cervical tissue from TWE technique, is employed.
We are positive that torsional waves are a tool with potential to objectively diagnose early

cervical ripening disorders and preterm birth.
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Conclusiones y trabajos futuros

Este capitulo presenta las conclusiones més relevantes, provenientes de los resultados
obtenidos, junto con una discusién de las contribuciones expuestas y limitaciones. También,

se comentan algunos trabajos futuros actualmente en desarrollo.

Evaluacion viscoeldstica con la técnica TWE
Objetivo 1: Proponer y evaluar la viabilidad de una nueva técnica de elastografia de on-
das de torsién para cuantificar objetivamente las propiedades viscoeldsticas de tejidos

blandos, y especificamente el tejido cervical.

En esta tesis doctoral, la técnica TWE demostré6 la capacidad de transmitir y recibir con
éxito ondas de cizalla de 300 Hz a 1 kHz (Capitulo 11). Este rango de frecuencias repre-
senta una ventaja obvia en comparacién con los dispositivos comerciales de elastografia,
ya que un mayor rango de frecuencias proporciona informacién mas significativa sobre el
comportamiento viscoeldstico del tejido, en particular para la componente viscosa, que es
mas sensible a las frecuencias altas. En el Capitulo 6 se ha propuesto un anélisis preliminar
de la dependencia intraoperadora. Las variables objeto de estudio fueron la presién normal
aplicada y el angulo de incidencia entre la sonda y la direccién normal de la superficie del
tejido. Las muestras con una concentracién de gelatina del 8% y 10% (p/p) se seleccionaron
para evaluar la robustez de la técnica propuesta. Los niveles variables de presién aplicada
produjeron una variacién minima en la forma de la sefial registrada y, por lo tanto, el re-
sultado de esta variacion en los valores reconstruidos de la velocidad de onda de cizalla no
fue significativo para las frecuencias estudiadas. Como consecuencia, no se encontré cor-

relacién entre el nivel de presién y la velocidad de onda de cizalla para el pequefio rango
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de presiones analizado. Un mayor rango de presiones estudiado podria producir varia-
ciones en la velocidad de cizalla y, por consiguiente, la caracterizacién no lineal del tejido.
Los mismos resultados se observaron al variar el &ngulo de incidencia entre el sensor y la
muestra de gelatina. Estas observaciones fueron similares en todas las muestras de gelatina
estudiadas, lo que parece indicar que la técnica TWE es, al menos en muestras de gelatina,
un método robusto y poco dependiente del usuario. Sin embargo, las muestras de gelatina
estudiadas muestran un comportamiento poco viscoso, que no es apropiado para tejidos
blandos. Este comportamiento podria ser responsable de resultados tan estables respecto
a las dos variables estudiadas en el test de dependencia del usuario. Se realizardn investi-
gaciones futuras en esa linea, especialmente con muestras de gelatina de mayor viscosidad
para definir los limites de validez de estos estudios y desarrollar protocolos en la préctica
clinica que corrijan las desviaciones ocasionadas por el uso del dispositivo disefiado.

Se realizaron una serie de experimentos en tejido cervical humano ex-vivo con el objetivo
de combinar informacion de reometria (bajas frecuencias) y TWE (altas frecuencias), propor-
cionando dos fuentes de datos para encontrar el modelo reol6gico més adecuado que simule
el comportamiento del tejido cervical. Mientras que las curvas de los modelos ajustados a
los datos experimentales obtenidos con TWE se ajustaban bien a los datos obtenidos con
reometria, las curvas ajustadas a los datos de reometria divergen de los datos obtenidos con
TWE. Ademés, la curva de dispersién después de ajustar todo el conjunto de datos, es decir
reometria + TWE, practicamente coincidié con la curva ajustada al usar solo los datos de
la técnica TWE. Estos resultados destacan la relevancia de los efectos viscosos a frecuencias
mas altas. Ademads se muestra la dificultad de caracterizar los efectos viscosos de los tejidos
blandos usando las técnicas clasicas de reometria.

Por un lado, al comparar los cuatro modelos reolégicos, se puede observar que el modelo
Maxwell mostré dificultades para representar la dispersién de la velocidad de onda de ciza-
lla a lo largo de todo el rango de frecuencias estudiado. El modelo Zener ajust6 los datos con
éxito al considerar tanto los datos de reometria como los obtenidos con TWE. Sin embargo,
al ajustar solo los datos de TWE, el modelo mostr¢ cierta divergencia en el rango de baja fre-
cuencia. Por otro lado, el modelo Kelvin-Voigt y su versién de derivada fraccional ajustaron
los datos satisfactoriamente desde el régimen de baja frecuencia hasta el régimen de alta fre-
cuencia. Los valores obtenidos para el pardmetro « fueron cercanos a 1, lo que transforma
el modelo directamente en el modelo Kelvin-Voigt clasico. Un modelo de dos parametros,
como el Kelvin-Voigt, generalmente se prefiere frente a un modelo de tres parametros como
la versién fraccional, debido a la rapidez en el célculo y la practicidad. Estudios adicionales
se presentan en los Capitulos 7 and 12 para analizar la consistencia de todos los resultados

mostrados.

Clasificacion de modelos reoldgicos

Objetivo 2: Clasificar el modelo reolégico mas plausible para inferir el comportamiento vis-

coelastico del tejido cervical en diferentes capas utilizando un problema inverso prob-
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abilista y explorar la posibilidad de cuantificar tanto la elasticidad como la viscosidad

del tejido cervical usando el modelo seleccionado.

Los Capitulos 7 y 12 tienen como objetivo comprender las interacciones de la onda de
torsién con el tejido, lo que puede determinar el modelo reolégico 6ptimo, para finalmente
caracterizar la viscoelasticidad del cervix. Un problema inverso probabilista (PIP) se pre-
senta para seleccionar el modelo reolégico més plausible, comparando las medidas in-vivo
en tejido cervical obtenidas mediante la técnica TWE con las sefiales sintéticas de los mode-
los de propagacién 2D (modelo eléstico, Kelvin-Voigt y Maxwell) implementados en difer-
encias finitas.

Se llevaron a cabo ensayos con cdmara de alta velocidad para estudiar las condiciones
de deslizamiento entre el sensor y las muestras de gelatina que imitan el comportamiento
de tejidos, asi como las condiciones de contorno de los modelos numéricos después de un
postprocesado de las grabaciones realizadas. Por un lado, se seleccioné una presion entre el
sensor y la muestra de 100 gramos, suficiente para asegurar el no deslizamiento y para que
la compresion no afectase las propiedades mecanicas de la muestra. Por otro lado, se tomé6
la velocidad en los puntos del mallado como nula debido a la presién ejercida por el sensor
sobre la muestra. Finalmente, se llevé a cabo la reconstruccién de la excitacion del actuador
electromecanico midiendo los desplazamientos de microparticulas de basalto embebidas en
la superficie de la muestra de gelatina. La amplitud del d&ngulo rotado por el excitador era
independiente de la rigidez de la muestra, sin embargo, la amplitud de la sefial disminuia a
medida que la frecuencia de excitacién aumentaba debido al rendimiento del actuador elec-
tromecdanico. Se seleccioné una frecuencia de corte de 1000 Hz para inferir las propiedades
mecénicas a pequefia escala, también teniendo en cuenta los efectos de atenuacién en la
propagacion de la onda.

Después de la verificacién de la dispersion numérica para evitar inestabilidades en los
modelos de diferencias finitas, los resultados de la clasificacion de dichos modelos mues-
tran como el modelo viscoeldstico mds plausible, que mejor simula el comportamiento del
tejido cervical, es el modelo Kelvin-Voigt. Los resultados coinciden con los obtenidos en los
Capitulos 6 y 11. Los pardmetros del modelo seleccionado son la viscosidad y el médulo de
cizalla tanto de la capa epitelial como de la conectiva, asi como el espesor de la capa epitelial.

Una vez seleccionado el modelo viscoeldstico, se reconstruyeron los pardmetros del
mismo de las medidas en 18 mujeres embarazadas. Los resultados muestran una notable
diferencia en la rigidez de la capa epitelial respecto a la capa conectiva. Dichos resultados
tienen sentido ya que la rigidez del tejido cervical esta gobernada principalmente por las fi-
bras de coldgeno, principales constituyentes de la capa conectiva. Los cambios radicales du-
rante la maduracién cervical en las fibras de coldgeno del tejido conectivo son compatibles
con la alta variacién estdndar obtenida en la medida del parametro de rigidez de cizalla. Se
deberia tener en cuenta que los resultados obtenidos son representativos de un conjunto de
datos de mujeres embarazadas con diferentes edades gestacionales. Por el contrario, el con-

tenido de fibras de coldgeno en la capa epitelial es practicamente despreciable. Esta podria
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ser la razén por la que la desviacion estandar del médulo de cizalla de la capa epitelial es
bajo. Merece la pena destacar la viscosidad en la capa epitelial y conectiva. Los resultados
presentan valores similares en términos de media y desviacién estdndar, resultados que se
tuvieron en cuenta para la validacién del método de reconstruccién de los pardmetros KV
(Capitulo 13), reduciendo el niimero de pardmetros al considerar la misma viscosidad en
ambas capas. Los pardmetros viscosos del tejido cervical han sido poco estudiados hasta la
fecha en el diagnoéstico médico, pero las pocas referencias presentes en la literatura, ninguna
en ensayos en mujeres embarazadas in-vivo, sugieren que las propiedades viscoeldsticas son
particularmente sensibles al proceso gestacional. Finalmente, el valor del espesor epitelial
reconstruido era muy similar a los valores encontrados en la literatura.

Aunque en este estudio se ha considerado la anatomia del tejido cervical y su viscoelas-
ticidad, una de sus limitaciones consiste en considerar isotropia. Es bien conocido que el
cervix, como la mayoria de los tejidos, es anisotrépico y, por lo tanto, es esencial considerar
que existen variaciones en los pardmetros mecanicos en diferentes direcciones. Las medidas
realizadas en este estudio se han llevado a cabo centrando el sensor en el canal cervical y con-
siderando la hipétesis de que radialmente el tejido no cambia sus propiedades mecénicas.
Por lo tanto, futuros trabajos de investigacién deberian considerar anisotropia, sectorizando

el anillo receptor del sensor de ondas de torsion.

Reconstruccion mecdnica con la técnica TWE

Objetivo 3: Proponer y experimentalmente validar un método basado en el PIP para inferir

las propiedades viscoelasticas KV en tejido cervical usando la técnica TWE.

El Capitulo 8 se dedic6 a presentar y validar un procedimiento de reconstruccién basado
en un problema inverso probabilista, que usa un modelo directo de propagacién de ondas
de torsién Kelvin-Voigt en un medio axilsimétrico bicapa, numéricamente solucionado por
un algoritmo de diferencias finitas en el dominio del tiempo de desarrollo propio. Cinco
muestras se fabricaron con diferentes lotes de gelatina, simulando la anatomia del tejido
cervical compuesto principalmente por una capa epitelial y una capa conectiva, para testear
la nueva técnica de reconstrucciéon. Por un lado, un enfoque probabilistico que reconstruye
los pardmetros viscoelasticos KV comparando los resultados obtenidos mediante la técnica
TWE con las sefales sintéticas provenientes del modelo de diferencias finitas KV fue em-
pleado. Por otro lado, se llevé a cabo la caracterizacién de cada lote de gelatinas a través
de medidas con elastografia de ondas de cizalla (SWE) para analizar la calidad de la recon-
struccién de los pardmetros viscoeldsticos. La validacién del método se llevé a cabo com-
parando los pardmetros reconstruidos con el PIP con los inferidos de la curva de dispersién
obtenida con la técnica SWE. La ley constitutiva Kelvin-Voigt se implement6 en el modelo de
propagacién de ondas, debido a la conclusién obtenida de que dicho modelo era el modelo
mas simple en términos de ntimero de parametros que proporciona la mejor aproximacién
del comportamiento mecanico ex-vivo del tejido cervical, segtn el estudio previo presentado

en el Capitulo 11.
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Los parametros viscoeldsticos resultantes mostrados en el Capitulo 13 estaban dentro
de los rangos de los valores presentes en la literatura. La elasticidad y la viscosidad de
cizalla reconstruidas para la segunda capa (simulando la capa conectiva) eran similares a
las evidencias encontradas en la literatura. Segiin nuestro conocimiento, no hay referencias
relativas a la elasticidad y la viscosidad de cizalla de la capa epitelial. Respecto al espesor
inferido de cada muestra, se puede afirmar, sin mucho error, que fue reconstruido satisfacto-
riamente. La reconstruccién de los pardmetros viscoeldsticos usando la técnica TWE con el
nuevo método de inversién propuesto se validé contra la técnica SWE usando dos enfoques,
el test de Student y el coeficiente de correlacién de Pearson. Los resultados del test de Stu-
dent se expresaron en términos de p-valor para la elasticidad y viscosidad de cizalla de cada
lote de gelatina. Los valores de la mayoria de los p-valores obtenidos eran superiores a 0.05,
por lo que se puede deducir que no hay una diferencia significativa entre los parametros
reconstruidos por las dos técnicas. Unicamente la viscosidad de cizalla para el lote que con-
tiene 7.5% de gelatina y 10% de aceite tenia asociado un p-valor de 0.042. Sin embargo,
la reconstruccion de este pardmetro mediante SWE también mostraba el mayor rango de
variabilidad, representado por la desviacién estdndar. La explicaciéon para este bajo p-valor
puede estar asociada a la alta dispersion de este lote de gelatina y a la alta variabilidad en
las medidas con SWE. Un mayor niimero de ensayos se deberia llevar a cabo en muestras
de gelatina con alta dispersion para clarificar el origen de este bajo valor de correlaciéon. La
correlaciéon entre los resultados obtenidos con TWE y SWE eran altos, especialmente para la
rigidez de cizalla, con un valor del coeficiente de correlaciéon de Pearson de r = 0.9942. El
valor de dicho coeficiente para la viscosidad de cizalla era mas bajo, r = 0.8913. Esto podia
ser debido al mayor efecto que tiene el médulo eldstico en la onda de torsién recibida com-
parado con el que produce la viscosidad de cizalla. Ademads, las reconstrucciones fueron
muy similares para la elasticidad y viscosidad de cizalla cuando no se tiene en cuenta el lote
maés dispersivo.

En general, teniendo en cuenta los resultados obtenidos con el test de Student y con el
estudio de correlacién de Pearson, se puede concluir que los pardmetros viscoelasticos re-
construidos usando la técnica TWE en conjuncion con el nuevo enfoque de inversioén eran
similares a los obtenidos con la técnica SWE. Por lo tanto, se puede concluir que este nuevo
método de inversién fue validado para su uso con la técnica TWE. Con el objetivo de estu-
diar el comportamiento de dicho método en un escenario parecido al de la aplicacién médica
final, futuros trabajos de investigacion deberian llevarse a cabo usando muestras de tejido
cervical ex-vivo.

La principal limitacién de este estudio se asocia con el coste computacional de las simu-
laciones numéricas. El propésito de este método es usarlo en la préactica clinica, obteniendo
resultados de los parametros mecénicos del cervix en tiempo real. Segtin la metodologia
propuesta en esta tesis, este enfoque requiere varios dias de calculo para resolver el prob-
lema inverso e inferir los pardmetros con una precisién aceptable. Por lo tanto, futuros

trabajos en esta linea deberian llevarse a cabo, especialmente usando redes neuronales, un
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nuevo método basado en inteligencia artificial que proporcionaria informacién acerca de

pardmetros reconstruidos en tejido cervical en tiempo real.

Evaluacion de la no linealidad

Objetivo 4: Proponer un modelo hipereldstico basado en las constantes de cuarto orden
(FOEC) en el sentido de la teoria de Landau para caracterizar la no linealidad del

tejido cervical y validar los pardmetros mecanicos inferidos en el Objetivo 2.

El trabajo presentado en los Capitulos 9 and 14 muestra el primer paso hacia la carac-
terizacion no lineal del tejido cervical humano. Las propiedades eldsticas no lineales del
cervix ex-vivo se obtuvieron por primera vez en ensayos de tracciéon uniaxiales. La primera
contribucién de este estudio consiste en proponer un nuevo modelo hiperelastico (modelo
no lineal) basado en las constantes de cuarto orden en el sentido de la teorfa de Landau y
comparar los resultados obtenidos con los resultados de los modelos hiperelasticos mas em-
pleados en la literatura, el modelo Mooney-Rivlin y Odgen. Como segunda contribucién,
una validacion de los previos parametros reconstruidos en el tejido cervical mediante PIP
(Capitulo 12) es presentada. Los pardmetros no lineales del modelo FOEC propuesto, asi
como los de los modelos Mooney-Rivlin y Odgen se obtuvieron a través de un ajuste de los
datos experimentales obtenidos en los ensayos de traccién (ver procedimiento en Capitulo 9
y resultados en Capitulo 14). Con el objetivo de comparar los tres modelos, el coeficiente R?
se obtuvo para analizar la bondad de cada uno de los ajustes realizados. El valor resultante
de R? muestra que los modelos analizados ajustaron los datos experimentales satisfactori-
amente. Especialmente, el modelo FOEC propuesto es apropiado para modelar el tejido
cervical bajo carga de traccién para la tasa de deformacién considerada, 1%/s. El modelo
propuesto presenta tres pardmetros, el médulo de corte p, la constante de tercer orden A, y
la constante de cuarto orden D. En este estudio, la relacion tedrica tensién-deformacion fue
simplificada con el objetivo de comparar los resultados con los modelos de dos parametros
Mooney-Rivlin y Odgen. Los dos pardmetros que ajustaron los datos experimentales fueron
el médulo de cizalla y la constante de tercer orden. Analizando los resultados del médulo
de cizalla, no se encontré variacién tanto en la capa epitelial como en la conectiva para cada
muestra de histerectomia. Los valores de rigidez de cizalla eran altamente dependientes
del ratio de deformacién usado, aumentando el valor del médulo al aumentar el ratio de
deformacién. Dichos valores obtenidos para el tejido cervical coincidian con los encontra-
dos en la literatura. Sin embargo, con respecto al pardmetro no lineal A, una gran variacién
se encontrd, variando el parametro de valores positivos a negativos. La variabilidad en-
contrada en la constante de tercer orden A podria estar asociada a la heterogeneidad del
tejido. Merece la pena destacar, segiin nuestro conocimiento, que este es el primer trabajo
que estudia los pardmetros no lineales de cuarto orden en el sentido de Landau en tejido
cervical.

Los valores del médulo de cizalla se obtuvieron directamente mediante el parametro u

del modelo FOEC, a través de la pendiente de la curva tensién-deformacién en el tramo
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lineal, y a través de una combinacién de los dos pardmetros del modelo Odgen, el médulo
de cizalla infinitesimal p, y el pardmetro de rigidez «,. Los parametros que gobiernan el
modelo Mooney-Rivlin no tienen sentido fisico y, por lo tanto, no se puede extraer el médulo
de cizalla de ellos. Los valores del médulo de cizalla para cada capa cervical se compararon
usando el test de Student, expresando los resultados mediante p-valores. Todos esos p-
valores estaban por encima de 0.05, lo que significa que no existia una diferencia significativa
entre el médulo de cizalla obtenido mediante los tres modelos para las capas epitelial y
conectiva. Dicho médulo era dependiente de la localizacién anatémica en el tejido cervical.
Se obtuvieron variaciones del mismo orden de magnitud en el pardmetro reconstruido con el
modelo numérico KV (Capitulo 12). Una de las limitaciones de este estudio estd relacionada
con la prensa usada para los ensayos uniaxiales de traccién. La tolerancia de la célula de
carga es 0.1 N, lo que no permite obtener los datos experimentales considerando pequefias
deformaciones, en las que se necesitan tolerancias alrededor de dos 6érdenes de magnitud
inferiores. En esta tesis doctoral, la propagacién de las ondas de torsién se llevé a cabo
considerando pequefias deformaciones y, por lo tanto, futuros trabajos son necesarios en los
que la célula de carga tenga una mayor tolerancia para validar los pardmetros mecénicos

reconstruidos en tejido cervical mediante el enfoque de PIP.

Evaluacion de la gestacion
Objetivo 5: Evaluar la viabilidad y fiabilidad de la técnica elastogréfica de ondas de torsién
para proporcionar datos consistentes acerca de los cambios en la rigidez del tejido

cervical durante el embarazo.

Los resultados presentados en el Capitulo 15 mostraron, por primera vez in-vivo, la vi-
abilidad de las ondas de torsiéon para para medir objetivamente la elasticidad cervical en
mujeres embarazadas. Se demostré que es posible cuantificar objetivamente la rigidez cer-
vical durante el embarazo usando elastografia de ondas de torsién. Ademas los resultados
experimentales muestran la seguridad de la técnica para ser usada en mujeres embarazadas.
Todos lo valores obtenidos estaban lejos de los limites establecidos por la Administracién de
Alimentos y Medicamentos.

Se disefi¢ un estudio preliminar (Capitulo 10) con el propésito de proveer informacién
in-vivo sobre la elasticidad cervical durante un embarazo normal. Un total de 18 mujeres
sanas fueron reclutadas de sus visitas médicas rutinarias durante en el embarazo, y ex-
ploraciones con la técnica TWE se llevaron a cabo. Todas las mujeres que participaron en
el estudio eran mujeres con embarazos sin ninguna complicacién, con una media de 26.4
(16 semanas-35 semanas + 5 dias) semanas de gestacion. Los criterios de exclusiéon fueron
multiples embarazos, cirugias cervicales anteriores y pacientes con informacién relativa a
cambios malignos en el cervix.

Los datos observados confirman, primero la hipétesis de que la técnica TWE tiene la

capacidad de cuantificar la rigidez cervical definida por su médulo eléstico y, en segundo
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lugar, que la rigidez cervical decrece durante el embarazo. En este trabajo se usaron tres fre-
cuencias para estudiar los efectos de atenuacién en el tejido. La configuracion de frecuencia
seleccionada fue de 1 kHz, frecuencia que era la 6ptima para obtener la maxima amplitud de
las sefiales, las mejores reconstrucciones de velocidad de onda de cizalla y una correlaciéon
significativa frente a la edad gestacional. En algunas medidas, frecuencias mayores o iguales
a 1.5 kHz generaban amplitudes de sefial similares a la amplitud del sonido, probablemente
debido a la atenuacién y, consecuentemente, se obtuvieron valores anémalos de la rigidez
cervical. Por otro lado, el ruido enmascaraba la amplitud de la sefial en algunas medidas
con frecuencias inferiores o iguales a 0.5 kHz. Para la frecuencia seleccionada, se encontré
una mayor asociacién entre la edad gestacional y la rigidez cervical, comparada con la cor-
relacién entre la longitud cervical y la edad gestacional. Adicionalmente, no se encontraron
correlaciones significativas entre la rigidez y la longitud cervical.

Las limitaciones de esta investigacion estdn relacionadas con la naturaleza de la propa-
gacion de las ondas de torsién en tejido cervical, asi como su compleja microarquitectura.
En la literatura se han asumido algunas hipétesis mecanicas acerca de las caracteristicas
histolégicas del cervix para estimar la rigidez de cizalla, asumiendo un medio homogéneo,
no viscoso, isétropo y semi-infinito. La ecuacién empleada en este estudio para estimar la
rigidez cervical estd basada en la velocidad de grupo de las ondas de cizalla. Sin embargo,
el comportamiento del tejido es dispersivo, a mayor frecuencia mayor velocidad de onday,
por lo tanto, las técnicas basadas en la velocidad de fase proporcionarfan un calculo directo
del médulo de cizalla. La técnica basada en el tiempo de vuelo mide la velocidad de grupo
de la onda, la cual es dependiente de la envolvente de la onda eldstica propagada.

Finalmente, debido a la naturaleza exploratoria de este estudio sobre la viabilidad de la
técnica de ondas de torsion propuesta para evaluar la maduracién cervical, se recluté una
pequefio grupo de pacientes. Para extender la validez y fiabilidad de la tecnologia prop-
uesta, se necesitan estudios complementarios méas completos en los que se emplee el método
propuesto en esta tesis (Capitulo 8), basado en el enfoque PIP para inferir las propiedades
viscoelasticas del modelo KV en el tejido cervical a partir de la técnica TWE. Se cree que
las ondas de torsién son una herramienta con potencial para diagnosticar objetivamente los

trastornos provocados por una maduracién cervical temprana y el parto prematuro.
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17

Matlab codes

This appendix contains the MATLAB® code from the different algorithms that have been
employed in the reconstruction of the emitted signal that was used as boundary condition

in the numerical models implemented in this thesis (Chapters 7 and 8).

LSS LSS IS S ISV S ISV S SV S S VS S IS S ISV S I SV S I SV S S VS S IS S ISV S SV S SV S S I S S ISV S I SV S SV SISV S VSISV SISV S ISV SISV S VSIS VSISV SISV SISV SV ST
% Cross—correlation algorithm to reconstruct the emitted signal
used in the three numerical models — Elastic, Kelvin—Voigt and
Maxwell models
% Antonio Callejas 2017—-05-08
SV S LSS ISV S ISV S ISV S SV S S LSS IS VS ISV S I SV S SV S S VS S ISV S ISV S SV S S VS S IS VS ISV S ISV SISV SV SIS VSIS VS ISV S ISV SIS IS VSIS VSISV SISV SIS/ SISV

addpath ([pwd '/Videos Jaen 24 mayo']);

clear all; clc; close all;

% Read video frames

v = VideoReader( 'Peso_100_Per_ 10_A _50_00.avi'); % Load the movie
frames=read (v); % Read frame by frame

% Declaring variables

oversampling=1;

numFrames=v . NumberOfFrames; % Store frames in a matrix
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% Declaring the reference frame

video = frames(:,:,1);

centers(1)=300; % x coordinate of the center
centers (2)=438; % y coordinate of the center

radii=145; % radio of the circumference

% Creation of the circular mask

[rr, cc] = meshgrid(1:768,1:768);

C = sqrt((rr—centers(1))."2+(cc—centers(2))."2)<=radii; % circular
mask

C=imresize (double (C) ,oversampling , 'bicubic'); % oversampling of the
mask

video=im2double (video) .=*C;

% Crop the frame with the circular mask
I1 = imcrop(video ,[round(centers(1))—round(radii) round(centers(2))

—round (radii) 2=*round(radii) 2*round(radii)]);

% Add elements in x coordinate in case the disk emitter is cut in
the video

if size(I1,1)<2+radii

taml=size (I1,1);

recorrido=2*radii—taml;

for count=1:recorrido

I1 (count+taml1,1:2=radii)=0;

end

end

% Add elements in y coordinate in case the disk emitter is cut in
the video

if size(Il1,2)<2+radii

tam2=size (11 ,2);

recorrido2=2+radii—tam?2;

for count=1:recorrido?2

I1 (count+tam?2,1:2=radii)=0;

end

end

% Loop to sweep all frames
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vectorMaxAngulos=[];

for iii=1:numFrames

iii % Display on the screen the progress of the calculation

% Declaring the frame i

video2 = im2double(frames (:,:,iii));

% Creation of the circular mask
[rr, cc] = meshgrid(1:768,1:768);
C = sqrt((rr—centers(1))."2+(cc—centers(2))."2)<=radii;

% Oversampling of the mask

C=imresize (double (C) ,oversampling , 'bicubic ') ;

video2=video?2 .xC;

% Crop the frame with the circular mask
[2 = imcrop(video2 ,[round(centers(1))—round(radii) round(centers(2)
)—round (radii) 2=*round(radii) 2*round(radii)]);

% Add elements in x coordinate in case the disk emitter is cut in
the video

if size(I2,1)<2+radii

tam3=size (12 ,1);

recorrido3=2+radii —tam3;

for count=1:recorrido3

I2 (count+tam3,1:2=radii)=0;

end

end

% Add elements in y coordinate in case the disk emitter is cut in
the video

if size(I2,2)<2+radii

tam4=size (12,2);

recorrido4=2xradii —tam4;

for count=1:recorrido4

12 (count+tam4,1:2+radii)=0;

end

end
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% Definition of the angle swept by the loop
vectorangulos=[ —45:0.1:45];i=1;

% Loop to calculate the rotated angle in each frame

for angle=vectorangulos

disp (angle) ;

I11=imrotate (I1 ,angle, 'bicubic ', 'crop'); % Rotation of the
reference frame

rrr(i)=corr2(I11,12); % Cross_correlation between frames

i=i+1;

end

angulo=vectorangulos (find (rrr==max(rrr))); % Search for the highest

cross—correlation

vectorMaxAngulos=[vectorMaxAngulos angulo]; % Storage of the angle

with maximum cross—correlation
plot (vectorMaxAngulos) % Plotting the reconstructed signal in terms
of rotated angle

end

% Save the rotated angle for each frame
save( 'result/Peso_100_Per_10_A_50_00.mat"', 'vectorMaxAngulos ') ;
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Matlab codes

This appendix contains the MATLAB® code from the different algorithms that have been
employed in the calculation of the shear wave dispersion curve using Shear Wave Elastog-

raphy data. The inverse problem algorithm was used in Chapters 8 and 13.

LS S)SSIS IS SIS SIS S)S/S SIS IS ISISIS SIS S) S S SIS ISISISI SIS S)S SIS S ISISISISISS)S/SIS SIS ISISISISISIS/S/SISISISISISISISS)o

% Inverse problem algorithm to obtain shear wave dispersion curve
from Shear Wave Elastography data

% Antonio Callejas , Guillermo Rus 2018—-05-15

S/ SIS LSS IS VSIS VSISV SISV SISV SIS IS VS IS VS ISV SISV SIS VSIS IS VS IS VS ISV SISV S SIS VSIS VSIS VSISV SISV SIS IS VSIS VSISV SISV SISISISISISISISIS)S o

% Clear variables
clear all

clc

% Load the file
load ('19.03.2019_gelatine_7_5gel_100il .mat")

% Declaring variables

window=1:100; % Average values in the Y dimension of the speed
field

12x=0.197; % Constant to convert the wavelength (Verasonics output

variable) to meters
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xs=SWIlaxisChannel+12x+*1e—3; % Assignment of variable X data (
propagation distance) and change to international system units
time_mov=(1:(na—1))*100%x1e—6; % Assignment of variable data T (

elapsed time) and change to international system units

xinicio=60; % Start x value to filter data

xfin=110; % Final x value to filter data

tinicio=10; % Start time value to filter data

tfin=30; % End time value to filter data

uxt=squeeze (mean(SWIgrusMovies (window, xinicio : xfin , tinicio : tfin)
,1))/SWlgrusAveraging; % Displacement field used after
filtering data

xs=xs(xinicio: xfin); time_mov=time_mov (tinicio:tfin); % Variable X

and T after filtering

figure (1)
surf (uxt) % Plot the displacement field in 3D

X=interpn (uxt,4, 'spline "); % Interpolation to increase the
resolution in the displacement field data

X=diff (X); % Obtaining speeds from displacements

xsl=linspace(xs (1) ,xs(end) ,size(X,1)); % Interpolation in x axis
time=linspace (time_mov (1) ,time_mov(end) ,size (X,2)); %

Interpolation in time

% Obtaining the phase of the wave for each frequency
[pf, fr ,Y]=poanf ((X(200:300,:)) ', time(:) ',[0 5000],[]); % Function

to obtain the Fast Fourier Transform

phasel(200:300,:)=unwrap(angle(Y)); % Function to obtain the phase

for each of the frequencies

% Plot the speed field
figure
plot(time (:) ',X(200:300,:) ")

% Plot the Fast Fourier Transform
figure

plot (fr,pf)
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% Filter to remove steps in the phase of the wave

for zzzz=1:size (phasel ,b2)

for iiii=1:size (phasel,1)-1

if abs(phasel(iiii ,zzzz)—phasel(iiii+1,zzzz))>pi/20

phasel (iiii +1:end,zzzz)=phasel(iiii +1:end,zzzz)—abs(phasel (iiii ,
zzzz)—phasel (iiii+1,zzzz));

end

end

end

% Loop for calculating the shear wave speed

for z=2:length(fr)/2-1;

pte=polyfit(transpose(xsl(aa:bb)),phasel(aa:bb,z),1); %
Calculation of wave phase slopes for each frequency

css(z)=fr(z)*2+pi/(—pte(1)); % Shear wave speed for each frequency

end

% Calculation of the wave speed regression line for the
frequencies

freqinicial =1;

freqfinal=size (fr,2)/2-1;

p = polyfit(fr(freqinicial:freqfinal),6css(freqinicial:freqfinal)
1)

f = polyval(p, fr(freqinicial:freqfinal));

% Plot shear wave speed versus frequency and linear regression

plot(fr(freqinicial:freqfinal),css(freqinicial:freqfinal) , fr(
freqinicial: freqfinal) , f)

title ('Shear Wave Velocity ')

xlabel ('f (Hz) ")

ylabel ('Cs (m/s) ")
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Matlab codes

This appendix contains the MATLAB® codes from the different algorithms that have been
used for the Kelvin-Voigt torsional wave propagation model described in Chapters 7, 12,

and Appendix D.
C.1 Main code

LSS IS IS8V SIS IS SIS S SIS SV SISISISIS VS SIS SIS VS SISV SIS SIS IS VSIS ISISISISISISIS SIS ISISIS/SISISISIS/SISISIS/S/S o
% BILAYER KELVIN-VOIGT model

% Iterative process for FDID 2D simulation in the plane RZ
% Antonio Callejas, Guillermo Rus, Antonio Gomez 2017—-06—-05

LSS SIS VSISV ISV SISV S SIS SIS SIS VSIS VSIS SISV S SIS SIS SIS VSISV SISI SIS SISISISIS SIS/ SIS/ SISISISISISISISISI SIS/ SIS/ o

% Load data

namel = 'dat/setup_viscoelastic_bilayer'; run(namel); % Grid data

name2 = 'dat/healthy_cervical_tissue_viscoelastic_bilayer'; run(
name2); % Media data

load ( 'eps/Peso_100_Por_20_.00 .mat ")

% Time parameters
dt = (le—6);

tD = ceil (tt/dt); % Number of time steps

% Declaring components of equations (l==r, 2==theta, 3==z)
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g1
R

u2 = 0.x0; v2 = u2; v2_old

v2_.1 = u2; v2.2 = u2; v2.3 = u2; % speeds, and splitted components

s12 = u2; s12_.1 = u2; s12.2 = u2; % stresses , and splitted
components

s23 = u2; s23.3 = u2;

u2; % angular displacement and speeds

% Declaring array to attenuate signals (Absorbing Boundary
Conditions — ABQC)

ab=ab_r2;

as = [exp(—10."—(.8:2.2/(ab—2):3)) 1], ag=oxas(end); % absorber

for j=0:ab-2
ag(round(j+thickness/dz+1) ,1:round(rS/dr)+1+j) = as(end—j);

end

for k=0:ab-2
ag((1) :round ((thickness/dz)+k) ,round (rS/dr)+1+k) = as(end—k);

end

% Excitation signal in displacements

ft=zeros (tD,1);

ft (1:62,1)=vectorMaxAngulos(4:65) .x(2xpi*2.1e—3)/360;
ft=smooth(ft);

% Excitation signal in speeds
dtl=le—4; % time steps of recordings with high speed camera
dftl = 1/dtl=diff ([2+ft(1)—ft(2); ft]);

% Time vector

timel=(0:1e—4:(length (dftl)*le—4)—1le—4);
time=(0:dt: tt);

dftl=interpl (timel , dftl , time);
dftl=smooth(dftl);

%) Iterative process, discrete equations
% Video setup

plotfreq = 20; % time step to catch each frame

fi = figure; % creating the figure
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writerObj = VideoWriter ( 'eps/elastic 2D _FDTD cervix "); % defining
the video object

open(writerObj); % opening the edition

% Setting the graphs

set (fi, 'MenuBar', 'none', 'Color"',[0.6 0.6 0.6], NumberTitle', "off"',"'
units ', 'pixels ") ;

colormap jet; iptsetpref( 'ImshowBorder', "tight");

set(gca, 'position',[0 0 1 1], 'units', 'normalized ") ;

tic; clear('signal ', 'mov");

% Loop
for n = 1:tD-1;
if "mod(n, plotfreq) ,fprintf( 'Time step %d / %d remaining: %dmin)\

n',n,tD,round ((tD-—n)/n+toc/60)); end; % time integration

% Velocity components at n+1

v2_1 = ag.»v2_l+ag.+(dt./(rho.+dr)) .+ diff ([zeros(zD,1) s12]") ';

v2.2 = ag.*v2_2+ag.*»(2+dt./(rho.+dist_r)).*((sl2+[zeros(zD,1) s12
(:,1:end—-1)]) /2);

v2.3 ag.*v2_3+ag.+(dt./(rho.xdz)) .x»diff ([s23 ; zeros(1,rD)]);

v2_old = v2;
v2 = v2_1+v2_2+4v2_3;

% Boundary condition in speeds
v2(1,round (((thick_r_emitter+thick_r_tissue)/dr+1)) :round (((
thick_r_emitter+thick_r_tissue+thick_.r_.PLA)/dr)))=0;

% Boundary condition, linear excitation
for i=1:round(emitter_ra/dz+1)
v2(thick _PLA/dz+1,i)=1/(round(emitter_ra/dz+1))=*ixdftl (n);

end

% Stress components at n+l1

s12_.1 = ag.*sl2_1+ag.+(dt*mo./dr).» diff ([v2 zeros(zD,1)]") '...

+ag .+ (dtsshv./(dr=dt)) .+ diff ([v2 zeros(zD,1)]") '...

—ag.+*(dtsshv./(drxdt)) .= diff ([v2_old zeros(zD,1)]") ';

s12.2 = ag.*sl12_2—ag.*(dt*mo./(dist_r)).*(v2+[v2(:,2:end) zeros(zD
A)1/72) ..
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—ag.*(dtsshv./(dtxdist_r)).*(v2+[v2(:,2:end) zeros(zD,1)]/2)...

+ag.+(dtsshv./(dt+dist_r)).+(v2_old+[v2_0ld (: ,2:end) zeros(zD,1)
1/2);

$23_.3 = ag.*»s23_3+ag.+(dt*mo./dz).» diff ([zeros(1,rD); v2]) ...

+ag.*(dt*shv./(dz+dt)) .+ diff ([zeros(1,rD); v2]) ...

—ag .*(dtsshv./(dz+dt)) .+ diff ([zeros(1,rD); v2_old]);

s12 = s12_1+s12.2;

s23 = s823.3;

% Boundary conditions

s23(1,round ((( thick_r_emitter)/dr+1)):round (((thick_r_emitter+
thick_r_tissue)/dr)))=0;

s23(1,round (((thick_r_emitter+thick_r_tissue+thick_r PLA)/dr+1)):
round (((rS)/dr)))=0;

% Showing the pictures

if "mod(n, plotfreq), %, plot every plotfreq steps

imagesc((ab_r1+1:rD—ab_r2 —1)+dr,(ab_z1+1:zD-ab_z2)+dz,u2(ab_z1+1:zD
—ab_z2 ,ab_r1+1:rD-ab_r2),[-20e—5 20e—-5]); axis off; axis equal;
set(gecf, 'Name', sprintf('t=%.3f us FDID' ,n+dt+1le6)); colormap (
hot); drawnow;

frame=getframe; writeVideo(writerObj, frame); %recording the movie

end;

% Saving the stress and speed signals measured at the PLA's
location

v22 (:,n)=v2(2,round ((thick_r_emitter+thick_r_tissue)/dr) :round ((
thick_r_emitter+thick_r_tissue+thick_.r PLA)/dr));

s23_record (: ,n)=s23(2,round (( thick_r_emitter+thick_r_tissue)/dr):
round (( thick_r_emitter+thick_r_tissue+thick.r PLA)/dr));

end;

toc, close(writerObj);
siz=size (s23_record);
senial=zeros(siz (2) ,1);

senial=senial ';

% Saving the stress signals
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for iiii=1:round(thick_r_PLA/dr)
senial=senial+squeeze(s23_record (iiii ,1:round(tt/dt)));

end

senial=senial /(thick_.r_.PLA/dr)+1.98+0.78+1.8275e—4; % signal

multiplied by a correction factor

% Saving output variables
save( 'eps/kelvin_voigt_bilayer.mat', 'v22"', 'senial ', "time"',"'
s23_record ', 'dftl ");

C.2 Code for setting the 2D geometry and probe configuration

e e e e e e e e T AT AT AT AT A AAATATIS
% GEOMEIRY AND DEVICE CONFIGURATION, 2D DOMAIN R—Z FDTD MODEL
% Antonio Callejas 2017—-06—-05

e e A A e A L TSI AAAA LA

% Layer thickness in Z direction

thick_PLA = 0e—3; % PLA thickness (receiver)

%thick_1 = 1e—3; % inferred value with PIP

thick_2 = 6e—3-thick_1; % thickness of the second layer
thickness = 6e—3;

% Layer thickness in R direction
thick_r_emitter = 2.1e—3; % emitter
thick_r_tissue = 3.4e—3; % tissue
thick_.r PLA = 2e-3; % PLA

% 2D domain and total time

rS = 8.5e—3; % real radius of domain [m]

zS = thickness; % real size of domain at Z direction [m]
tt = 12.0e—3; % total time [s]

dr = 75e—6; % spacing r [m]

dz = dr; % spacing z [m]

ab_r1 = 0; % number of elements in the absorber layers radial
inside

ab_r2 = 100; % number of elements in the absorber layers radial
outside

ab_z1l = 0; % number of elements in the absorber layers top surface

ab_z2 = 100; % number of elements in the absorber layers botton
surface
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% Configuration of emitters and receivers:

emitter_.ra = 2.1e—3; % emitter radius [m]

% Grid

rD = round ((rS/dr+ab_rl+ab_r2)/2)+2; % number of elements in R
direction

zD = round ((zS/dz+ab_zl+ab_z2) /2)+2; % number of elements in Z
direction

o = ones(zD,rD); % empty grid

C.3 Code for setting the properties of the medium

LSS S)SSS IS ISISISIS S S)S S SIS SIS SIS S8 SIS SIS ISISIS SIS S)S SIS S ISISISISISV S SIS IS S SISISISIS/S/S/S/SS S o
% CERVICAL TISSUE MECHANICAL PROPERTIES, 2D FDTD MODEL
% Antonio Callejas , Guillermo Rus  2017-06—-05

TS/ ISV SIS VSISV SISV SISV SISV SIS IS VSIS VSISV SISV SIS VSIS IS VSIS VSIS VSISV SIS IS SIS VSIS SISV SISV SISISISISISISISISISISISIS/S o

% Mechanical parameters:
mo=0; % shear stiffness [Pa]
mo(:,:)=mo-2; % defined by PIP

rho=0; % density [kg/m 3]
rho (:,:)=1000;

shv=0; % viscosity [Paxs] (shear viscosity)
shv (:,:)=shv_2; % defined by PIP

% Matrix of distances

rs=8.5e—3; % real radius of domain [m]

for di=1:rD

dist_r (1:zD,di+1)=dr=di;

end

dist_r = dist_r (:,2:end); % matrix of distances
% Cervical tissue — First layer

Yomo_1 = 4610; % defined by PIP

rho_1 = 1000; rho_2 = 1000;

%shv_1 = 1; % defined by PIP
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s mo (round(thick_.PLA/dz+1):round ((thick_.PLA+thick_1)/dz+1) ,1:round (
rs/dr+1)) = mo.1; % shear stiffness [Pa]

2 rho (round (thick_ PLA/dz+1):round ((thick_ PLA+thick_1)/dz+1) ,1:round (
rs/dr+1)) = rho.1; % density [kg/m"3]

s shv(round(thick_ PLA/dz+1):round ((thick PLA+thick_1)/dz+1) ,1:round (
rs/dr+1)) = shv_1; % viscosity [Paxs] (shear viscosity)
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Viscoelastic models equations

This appendix describes the equations for the elastic, Kelvin-Voigt and Maxwell models
employed in Chapters 7 and 12. The equations are simplified according to the axial symme-
try hypothesis and that in the propagation of the torsional waves along the tissue only shear

waves are considered, removing the compressional waves.

D.1 Elastic model

It is well known that the equations that govern the propagation of the mechanical waves are
expressed in terms of partial differential equations, being the displacement field unknown.

The dynamic equilibrium equation independent of the coordinate system is as follows:

Vo + F = pii (D.1)

where p denotes the tissue density, o the stress tensor, u particle displacement and F is
the volume force density.

The dynamic equilibrium equation is as split in the equations below [239]:

00, laorg do,, 1

r = pii, = P 50 e +;(Urr—099)+Fr
J0; 1 do; 2 a0

R S L b (D2)
do0; 1 do; 1 Jdo

e bl =S b g ot gy T
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The relationship between the stress and the strain tensors for an elastic medium is estab-

lished with the following constitutive equation:

Oij = /\€kk5i]' + 2[461‘]' (D.3)

where A and p are the Lamé constants, € is the strain tensor and 6 is the Kronecker delta.
Finally, the displacement field u is related to the strain tensor € according to the kinematic

relation as follows:

€= % [Vu + (w)ﬂ (D.4)

The components of the gradient of a displacement field in cylindrical coordinates are:

ou, 1ou, ug OJu,

or 100 9z
aijg { E)ug Lil’r 81:129 (D 5)

- - + -
0 a0 0

u. | Tow, | du,
or r 90 0z

The components of the strain tensor are:

Epp = a;:r (D.6)

Epy = % [?.;;T + E;urz} (D.8)
oz = % {aa? + 185192} (D.9)
o= 1[0 1] o0
E27 = aaL;Z (D.11)

Let us denote 1 = €, + €gg + €22. The components of the constitutive equation are:

Oy = A+ 2;135:’ (D.12)
21 [9
oo = M+ 7” [5‘99 + ur] (D.13)
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0., = A+ 2;188”; (D.14)

B 10u, OJdug up
00 = K [rae o r} (B-15)
~ [ouy | ou,
Oy — U |:az —+ 1":| (D16)
dug 1 auz} (D7)

092:“[8.Z+rae

Taking into account the nature of torsional waves propagation, displacements in r and z

directions are zero (u, = 0, u; = 0), the strain equations are simplified as follows:

€r=20 (D.18)
£ = % [aa“f - “r"] (D.19)
&z=0 (D.20)
E00 = 185196 (D.21)
£z = ;Egu; (D.22)
£z =10 (D.23)
Therefore, after applying the previous simplifications, 1p = %a—%ﬂ
Oy = A}lﬁaauee (D.24)
0 = L [aa”f _ ”r@] (D.25)
0y, =0 (D.26)
Ogo = Aiaabgg Z:La;g) (D.27)
0pz = ”aauzg (D.28)



1 duo

Ozz :)\r 00

The hypothesis of axial symmetry is % = 0.

oy =0

aug Up
U PR

0, =0
Opg = 0
aug
O0pz = Hg
05, =0

The simplified dynamic equilibrium equation is defined as:

r= 0=0

P _poug | ug  2udug _ 2y

H# o2 1 or “rz r or 72

z= 0=0

+ E)Zug_ 0
.u'azz _pe

(D.29)

(D.30)

(D.31)

(D.32)

(D.33)

(D.34)

(D.35)

(D.36)

(D.37)

(D.38)

The following equations are obtained by combining three different types of equations:

dynamic equilibrium equation, the constitutive equation for an elastic medium and the lin-

ear kinematic equation:

(D.39)

We can write the equations in terms of velocities to remove one-time derivative (iig = 0y,

1’.[9 = 09)/
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d 2 d
PO = Oro + S0+ Opz
or r 0z
v, v
b= [af - f} (D.40)
. dvg
0oz = Hg

D.2 Kelvin-Voigt model

With the aim of implementing the Kelvin-Voigt model in finite differences, stress and strain
tensors are split into volumetric and deviatoric parts with the objective of simplifying the

equations [205],

ojj= —pdii + T ,p=—50k
ij g/ ij 3 (D.41)
volumetric  deviatoric
1
€ij = —2251']‘ + d1] ,0 = —gekk (D.42)

e S~~~
volumetric  deviatoric

where p is the hydrostatic pressure, v the volumetric strain, 7;; the deviatoric stress tensor
and d;; the deviatoric strain tensor.

The equations presented above are based on the assumption that the medium is isotropic
elastic, notwithstanding, soft tissues are viscoelastic media, therefore, a different law is re-
quired. Following the references found in the literature [65, 205, 206, 207], the linear and
viscous terms are adopted for the 3D Kelvin-Voigt model,

p= 3\1'(/7; + 3n°v

) ) S~
linear elastic  piscous

(D.43)
Tij = Zudi]' + anij
~—— ——
linear elastic ~ viscous

where K is the compressional modulus and 1 and n” are the shear and volumetric vis-
cosity respectively.

Taking into account that the propagation of torsional waves produces shear stresses,
only deviatoric components (7;;) are considered (p = v = 0). According to the schematic
representation of the Kelvin-Voigt model, the total stress is the sum of the elastic and viscous

terms.

Oij = Tij = 2l4dij -+ anij = Zuei]- -+ 2T]€'i]' (D.44)

Considering the dynamic equilibrium equation (Equation D.2), the kinematic relation

(Equation D.4) and the constitutive equation (Equation D.44), the remaining equations for
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the Kelvin-Voigt model after simplifying the problem, as well as transformations to remove

one time derivative (fig = 7y) are:

_ a0, 2 a0
po =5 ot oy

n [aog - 09] (D.45)

v v
dr9:“{9_9]+ or r

or r

. 87)9 az)g
0g; = Hor + N5

D.3 Maxwell model

Following the same steps as in the KV model, to implement the Maxwell model in finite
differences, strain tensor is split into volumetric and deviatoric parts with the aim of simpli-
tying equations (see Equation D.42) [205].

Considering Equation D.44 and for the same reasons as in KV model, only elastic and

viscous components of the deviatoric term of the strain tensor are adopted (v = 0),

dij= 0 .= 0 (D.46)
ij 2” s Uij 27’

~—— ~—~—

elastic viscous

The constitutive equation for the 3D Maxwell model is obtained by adding the elastic

and viscous terms presented in Equation D.46,

g T T (D.47)
I 2u  2n
Ti]' = ani]' — *Tij (D48)
u
Combining equations D.41 and D.47, it results,
. n.
0jj = —p(Si]‘ + 27’]51']' — ;Ti]‘ (D49)

The constitutive equation after considering p =0, é = di]- and ¢;; = 1;j is as follows,

oij + ZO}']’ = 21]5'1']' (D.50)

Taking into account the dynamic equilibrium equation (Equation D.2), the kinematic re-
lation (Equation D.4) and the constitutive equation (Equation D.50), the remaining equations
for the Maxwell model after simplifying the problem, as well as transformations to remove

one time derivative (fig = 7y) are:
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Piezoelectricity

In this appendix the physical foundations of piezoelectricity are described. In the numer-
ical models implemented in this thesis (Chapter 7), the propagation of torsional waves is
simulated in terms of velocities and stresses. However, the signal received by the torsional
wave sensor, composed of four piezoelectric elements, has voltage units. A conversion fac-
tor obtained through the constituent piezoelectric equation is necessary.

Piezoelectricity is the ability of certain materials to develop an electrical charge propor-
tional to a mechanical stress (direct effect) or to deform in the presence of an electric field

(inverse effect).

Applied stress Measured
Displac t
teeeeeeeeeespitets i
|_ ________________ -
I
: |
—L Measured | | — Applied
Voltage I Voltage
Polarization : Polarization :
I
: |
| I
! 3

J&JJJ¢¢¢#¢L&L%JJJ

Figure E.1: Left: direct effect on piezoelectric materials. Right: inverse effect
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Piezoelectric ceramics are formed by an aggregate of ferroelectric microcrystals, each of
which have the same probability of being spatially oriented. Thus, on average, there will be
a random arrangement and the net polarization (sum of the dipole moments of each crystal)
will be zero. Therefore, it is necessary to subject the ceramic to a polarization process. Polar-
ization process is called to the previous treatment that is made to the ceramic until it reaches
the piezoelectric property. From a technical point of view, this process consists of aligning
the electric dipoles in such a way that a permanent macroscopic dipole moment appears,
preventing it from returning to the initial random situation. For this, a high electric field,
polarization field is applied, keeping the temperature slightly below the Curie temperature
of the material.

Although equilibrium and compatibility equations, both elastic and electric, remain in
the piezoelectric problem, the constitutive relationships change because new coupling prop-
erties known as piezoelectric properties appear. The objective is to couple the elastic and
electric fields.

Let us introduce the constitutive equations. The constitutive laws are in Stress-Charge

form:

T= Cg-S+el -E
D= e-S—¢g-E

(E.1)
(E.2)

where Cg is the piezoelectric stiffness matrix, e is the piezoelectric coupling coefficient ma-
trix, e’ is its transposed and ¢g is permitivity coefficient matrix.

For the particular case of cylindrical coordinates, the Stress-Charge matrix is given by

Ty Cenn Cpiz Cpiz 0 0 —es Srr
Too Ceiz Cenn Cpiz O 0 —em Soe
Tz, Ceis Cpiz Cess O 0 —es Szz (E3)
T 0 0 0 Ceu —e15 O 2S6- '
D. 0 0 0 es5 ¢, O E,
| Do | | e31 e e33 0 0 &5 | Epg
The strain-charge to stress-charge transformation equations are as follows,
Cg = Sgil (E.4)
e = d-Sg! (E.5)
es = er—d-Sgt-dT (E.6)
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Figure E.2 shows the polarization of the piezoelectric elements used in the torsional sen-
sor (0 direction), the direction of the electric field (z direction), the piezoelectric dimensions

and the deformation of it.

2.5 mm

1.5 mm

Figure E.2: Schematic view of the piezoelectric element used in the torsional sensor.

The electric field can be obtained as the gradient of a scalar potential: the electric poten-

tial,

E=-V.-¢ (E.7)
E(z) = aqg(zz) (E.8)
B
¢(z) = ., E.dz (E.9)
¢(B) — ¢(A) = E:Lap (E.10)
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where Lap is the length of the piezoelectric element in z direction and E3 the average
value of the electric field between A and B.

The piezoelectric material used in the torsional sensor is NCE51 which is a standard soft
material, particularly suitable for actuators and low power non-resonant applications.

The elastic compliance matrix is,

17 536 —869 0 0 0
536 17 —869 0 0 0
spo | B B9 213 0 0 0| L E1)
0 0 0 489 0 0
0 0 0 0 489 0
0 0 0 0 0 446 |

The charge constant matrix is,

0 0 0 0 669 0
d= 0 0 0 669 0 0 |=*10"1[C/N] (E.12)
—208 —208 443 0 0 0

For a high-impedance receiver, the equation that relates the stress with the electric field
is [290],

To, ~ eisE3 (E.13)

The piezoelectric coupling coefficient matrix is obtained using the equation E.5,

0 0 0 0 13.68 0
e = d-Sg'=| 0 0 0 1368 0 0 |*[C/m? (E14)
~5.99 —5.99 159 0 0 0
and its transpose,
[0 —5.99 |
0 0 —5.99
0 0 1590
el = % [C/m?] (E.15)
0 1368 0
13.68 0
0 0 0 |

Combining the equations E.16 and E.13, the relationship between the measured signal
(in volts) and the stress received by the piezoelectric element (0y; - see Figure E.3) is,
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_ L
Signal(Volts) = E;Lsp = %TQZ (E.16)
15

The multiplication factor that is used in the numerical model is 1.8275¢ — 4 m®/C.

_—r

Figure E.3: Infinitesimal element according to a cyclindrical coordinate system. Representa-
tion of stresses o after axial symmetric simplifications.
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