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SUMMARY

Diastolic heart failure is one of the principal causes of death in Western countries, and
there is currently no treatment available; prevention, on the other hand, may be possible,
provided an early enough diagnosis. The worsening of diastolic functionality is associ-
ated with increased values of cardiac stiffness, which could therefore provide a measur-
able quantification of the diastolic health of the heart.

Ultrasound imaging technologies can be used to non-invasively record the propaga-
tion of small amplitude shear waves propagating in the cardiac muscle. In principle, since
the propagation speed of a wave is proportional to the stiffness of the medium in which
it travels, ultrasonic shear wave imaging could provide a measure of the stiffness of the
heart. However, various features of the heart, such as shape and contractility, complicate
the relation between wave speed and stiffness in unknown ways.

This thesis aims at understanding how wave propagation is affected by the temporal
behaviour and the varying thickness of the heart muscle, and consequently how ultrasonic
images of the propagation should be analysed to correctly convert wave speed into muscle
stiffness.

More specifically, Chapter 1 is meant to introduce the readers to the motivation and
the background of this thesis, including a brief explanation of the basic theoretical con-
cepts necessary to understand the work presented in the following chapters.

The first scientific question addressed in this thesis concerns the effects that the tem-
poral behaviour of the heart has on propagating waves. In other words: does the contrac-
tion/relaxation of the heart affect shear wave elastography (SWE)? Chapter 2 investigates
the effects of temporal stiffness variations on a one-dimensional (1D) wave by using a
combination of analytical, numerical and experimental tools. In particular, this chapter
shows that the amplitude and the period of a wave increase proportionally to the relax-
ation of the medium. These results open up new possibilities for functional imaging of
contractile media, although the current resolution of measurement technologies is too
low to observe the effects presented in this chapter in-vivo.

Chapter 3 shifts the attention from temporal variations to spatial ones. Specifically,
this chapter is dedicated to analysing the effects of thickness variations on low frequency
Lamb waves, as are expected to be imaged in the interventricular septum. To isolate the
role of thickness, two-dimensional (2D) finite element simulations and experiments on a
tissue-mimicking phantom were employed. The results of this study shows that thickness
variations introduce an additional source of error in the estimation of the shear modulus
based on time-of-flight measurements. Moreover, when analysing waves in tapered plates
in the frequency domain, assuming a constant value of thickness can lead to very large
errors in the estimation of the shear modulus; considering the thickness to be equal to the
average thickness over the measurement area reduces the error.

Chapter 4 investigates a Local Phase Velocity Imaging (LPVI) analysis that was origi-
nally proposed for SWE with application to viscoelastic media, with the goal of determin-

ix



X SUMMARY

ing whether it can improve the analysis of Lamb waves in the heart. The advantage of this
technique would be that of reconstructing Lamb dispersion curves locally, therefore po-
tentially reducing the error caused by assuming a constant thickness over large measure-
ment regions in tapered plates. In this chapter, the LPVI approach is employed to analyse
2D finite element simulations, reconstructing local values of shear modulus within small
(4 x 2.7 mm) windows. For comparison, the same analysis is performed on data extracted
from short (4 mm long) lines. The LPVI approach is shown to be able to reconstruct 2D
maps of shear modulus within an average accuracy of 10 % in flat plates and 20 % in ta-
pered ones. Surprisingly, analysing comparably small lines in the frequency-wavenumber
domain yields comparably accurate results, despite it being traditionally understood as a
"long space" approach.

Chapters 3 and 4 shared a commonly made assumption that inverting a Lamb disper-
sion curve is a robust method to estimate material parameters such as the shear modulus.
However, it was observed that results can change depending on factors such as the fre-
quency range considered for the inversion. Chapter 5 is dedicated to analizing the robust-
ness and the precision of the Lamb wave inversion approach. In this chapter, simulated
data and experimental data extracted from a metal pipe are analysed to demonstrate that
the sensitivity of each mode to these three parameters depends on the frequency con-
tent analysed, as well as on the parameter itself. Moreover, it is shown that the results
of inverting either mode are sensitive to noise, and that small variations in the extracted
dispersion curve can result in large variations of the estimated material parameter, when
multiple parameters are being considered simultaneously.

Finally, a summary of the main achievements of this thesis is presented in Chapter 6,
together with some recommendations for future research and a brief discussion on the
relevance of these results for clinical applications.



SAMENVATTING

Diastolisch hartfalen is een van de meest voorkomende doodsoorzaken in de westerse
wereld, en er is momenteel geen behandeling voorhanden. Een vroegtijdige correcte dia-
gnose kan verdere ontwikkeling van de ziekte potentieel vermijden. Aangezien diastolisch
hartfalen gepaard gaat met een verhoogde myocardiale stijtheid, is cardiale stijtheid een
interessante parameter om de gezondheidstoestand van het hart te beschrijven.

Beeldvorming op basis van ultrageluid (echografie) stelt ons in staat om de voortplan-
ting van transversale golven in de hartspier niet-invasief te meten. De voortplantingssnel-
heid van deze golven is gerelateerd aan de stijtheid van het medium waarin de golf zich
voortplant. Echter, bepaalde karakteristieken van het hart (zoals vorm en contractiliteit)
beinvloeden deze relatie, waardoor de stijtheid van de hartspierwand niet onmiddellijk
kan worden afgeleid uit de voortplantingssnelheid.

Het doel van dit proefschrift is om te begrijpen hoe het temporele gedrag en de vari-
érende dikte van de hartspierwand de golfvoortplanting beinvloeden, zodat een correcte
analyse van de cardiale stijfheid kan worden verkregen.

Hoofdstuk 1 beschrijft de motivatie en achtergrond van dit proefschrift, waarbij kort
de theoretische concepten die nodig zijn om het werk in de volgende hoofdstukken te
begrijpen worden toegelicht.

De eerste wetenschappelijke vraag die we in dit proefschrift beschouwen betreft het
effect van het temporele gedrag van het hart op de voortplanting van afschuifgolven. Met
andere woorden: beinvloedt de contractie/relaxatie van het hart de shear wave elastogra-
fie (SWE)? Hoofdstuk 2 onderzoekt de effecten van temporele stijtheidsvariaties op een
1D-golf middels een combinatie van analytische, numerieke en experimentele middelen.
Dit hoofdstuk toont aan dat de amplitude en periode van een golf proportioneel stijgen
met de relaxatie van het medium. Deze resultaten geven aanleiding tot nieuwe mogelijk-
heden voor medische beeldvorming van contraherende media, maar de huidige resolutie
van de technologie is te laag om de in dit hoofdstuk beschouwde effecten in vivo te meten.

Hoofdstuk 3 verlegt de focus van temporele naar de ruimtelijke variaties. Dit hoofd-
stuk analyseert de effecten van wanddikte-variaties op laagfrequente Lamb-golven, welke
vermoedelijk afgebeeld worden in het ventrikelseptum. Om het effect van wanddikte
meer in detail te bestuderen, zijn er 2D eindige-elementensimulaties en experimenten
opgezet. De resultaten tonen aan dat de variaties in de cardiale wanddikte een extra fout
introduceren in het schatten van de stijtheid op basis van de time-of-flight metingen.
Bij analyses van de golfvoortplanting in taps toelopende platen in het frequentiedomein,
kan het aannemen van een constante dikte leiden tot grote fouten in de schatting van de
schuifmodulus; de foutmarge wordt verkleind door de dikte gelijk te stellen aan de gemid-
delde dikte over het meetoppervlak.

Hoofdstuk 4 onderzoekt of de analyse van Lamb-golven kan worden verbeterd door
het toepassen van Local Phase Velocity Imaging (LPVI), een techniek die nomaliter ge-
bruikt wordt voor toepassingen in visco-elastische media. Het lokaal construeren van
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Lamb-dispersiecurves heeft als mogelijk voordeel dat de fout die gemaakt wordt door
een constante dikte van de hartspierwand te veronderstellen geminimaliseerd wordt. Dit
hoofdstuk past de LPVI-techniek toe op 2D eindige-elementensimulaties om de stijtheid
te reconstrueren in kleine gebieden van 4 x 2.7 mm. Deze resultaten zijn vergeleken met
die van de oorspronkelijke analyse toegepast op korte M-lijnen (4 mm in lengte). De LPVI-
techniek maakt het mogelijk om 2D beelden van de afschuifmodulus te reconstrueren
met een gemiddelde nauwkeurigheid van 10% voor vlakke platen en 20% voor tapse pla-
ten. Verrassend genoeg leidt het toepassen van de oorspronkelijke analyse op de korte
M-lijnen tot resultaten met vergelijkbare nauwkeurigheid, terwijl deze methode traditio-
neel wordt toegepast op grotere domeinen.

Hoofdstukken 3 en 4 zijn beide gebaseerd op de veronderstelling dat het inverteren
van Lamb-dispersiecurven een robuuste methode is om materiaal-parameters zoals de
schuifmodulus te schatten. We observeerden echter dat de resultaten sterk athangen van
bepaalde factoren, zoals het beschouwde frequentiebereik, voor het inverteren van de
curve. Het doel van Hoofdstuk 5 was dan ook om de robuustheid en precisie van de
Lamb-golf inversiemethode te bestuderen. Analyse van gesimuleerde en experimentele
data van een metalen pijp tonen aan dat de sensitiviteit van elke mode van de materiaal-
parameters afhangt van de beschouwde frequentie-inhoud, maar ook van de parame-
ter zelf. De resultaten zijn eveneens zeer gevoelig aan ruis: kleine variaties in de geéx-
traheerde dispersiecurve kunnen resulteren in grote variaties in de geschatte materiaal-
parameter, wanneer meerdere parameters tegelijkertijd beschouwd worden.

Tenslotte worden de belangrijkste bevindingen van dit proefschrift samengevat in Hoofd-
stuk 6. Hierbij worden ook aanbevelingen voor toekomstig onderzoek gegeven en wordt
de relevantie van de resultaten van dit proefschrift met oog op klinische applicatie bespro-
ken.
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2 1. INTRODUCTION

1.1. HEARTS, HEART FAILURE AND HEART STIFFNESS

The heart performs a role of basic necessity to sustain our lives, that is, pumping blood
through our entire body. Impairments to blood circulation can have dire consequences:
cardiovascular diseases are in fact the number one cause of death in the world [1]. In
particular, heart failure, consisting of the heart being unable to pump enough blood to
meet metabolic requirements, is a chronic syndrome with a prevalence of over 23 millions
worldwide and a high mortality (45-60% patients die within five years from the diagnosis)
[2]. About half of all cases of heart failures consist of diastolic heart failure, which is asso-
ciated with an impairment of the diastolic phase (i.e. the relaxation) of the left ventricle
[3]: due to this diastolic dysfunction, the left ventricle cannot expand adequately to acco-
modate the influx of blood [4], leading to the inability to increase blood stroke volume and
to a large increase of diastolic pressure for even small increases of blood volume [3].

Currently, there is no specific treatment for diastolic heart failure, as its pathophysi-
ology is still poorly understood [5]. Early diagnoses may help in monitoring and under-
standing the mechanisms behind the development of diastolic heart failure, potentially
helping in developing effective treatments. Moreover, addressing early possible risk fac-
tors (e.g. hypertension, obesity, smoking [3]), it may be possible to prevent the develop-
ment of this syndrome in the first place. However, obtaining an early diagnosis is challeng-
ing, because symptoms of diastolic heart failure (fatigue, shortness of breath) are absent
or hard to detect before the heart’s conditions have deteriorated considerably [5]. More-
over, the symptoms themselves are the same as in systolic heart failure, which is related
to problems of cardiac contraction and, therefore, require different treatments [6]. Since
diastolic dysfunction is an underlying contributor to the development of diastolic heart
failure, early detection of the deterioration of diastolic functions could help provide an
early diagnosis [5].

To detect diastolic dysfunction, it is necessary to identify some parameter that is infor-
mative of diastolic function, that is measurable, and possibly that is quantifiable. More-
over, a non-invasive test would be preferable for the purpose of early detection, as it in-
volves less risks and discomforts for the patient, and it could potentially be performed
routinely. Currently, tissue doppler echocardiography and Doppler (blood) flow measure-
ments are the two most commonly used non-invasive techniques in clinical assessment
of diastolic dysfunction [5]. However, these techniques measure effects of diastolic im-
pairment (variations in blood flow and tissue mobility), rather than the conditions of the
muscle itself. A potentially more informative parameter to assess diastolic dysfunction has
been identified in the stiffness of the cardiac muscle: in fact, diastolic dysfunction is as-
sociated with an increased left ventricular chamber stiffness [3], and cardiac stiffness has
been found to present significantly higher values in patients with diastolic heart failures,
compared to healthy hearts [7, 8].

It is useful to note that many studies aimed at measuring cardiac stiffness
non-invasively use the term "stiffness" somewhat loosely, generally referring to the in-
trinsic elastic properties of a material, such as the shear modulus or the Young’s modulus
[9-17], rather than its actual stiffness, an extrinsic property (e.g. the Young’s modulus of
an aluminium spring is different from its stiffness). For the purpose of this thesis, the term
stiffness will also be used in the loose sense of "resistance to (any) deformation", and the
exact intrinsic elastic property considered will be specified where appropriate.
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Figure 1.1: Depiction of a longitudinal (left) and a transversal (right) waves.

In general, stiffness is a well understood physical property commonly measured with
mechanical tests. While mechanical tests would clearly be inadequate for monitoring the
cardiac stiffness of patients, as they would involve invasive, expensive and likely harmful
surgeries, it is possible to also measure stiffness non-invasively by exploiting wave physics,
for instance by using ultrasounds to perform so-called shear wave elastography (SWE)
measurements(9, 10, 14-16].

1.2. WAVES IN SOLIDS

WAVES IN BULK MEDIA AND WAVE PROPERTIES

To understand how ultrasounds can be used to measure non-invasively the stiffness of an
organ inside the body, let us first start by briefly discussing waves. A wave is a physical
quantity that travels through a medium following a specific law, the wave equation:

— =¢*V?u 1.1

where c represents the speed at which the quantity u propagates [18]. A shear wave is a
transverse wave in a solid, with the quantity u perpendicular to the direction of propa-
gation. Possibly the easiest way to visualize a transverse wave is to picture a wave on a
string: if we move e.g. up and down one end of the string, the displacement we cause is
transmitted across the entire length of the string; the individual particle motion is verti-
cal (as we had applied to the end of the string), but the direction in which the displace-
ment propagates is that of the string, e.g. horizontal. In contrast, a compressional wave
is a longitudinal wave in a solid in which the displacement is parallel to the direction of
propagation (see Fig. 1.1). The traveling displacement is represented by u in the equa-
tion above, which, in this case, describes how the perturbation we apply to one end of the
string propagates to the other.
There are three key features of waves that are important for SWE:

e The first is that the speed ¢ depends on the material properties of the medium. In
the simple case of a bulk elastic solid, c; = \/(G/p), that is the speed of a shear wave
(cs) depends on the density p and the shear modulus G of the medium. This means
that, assuming that one knows the density of the medium, one can reconstruct its
shear modulus by measuring the speed of a shear wave.

* The second important feature is that waves are (partially) reflected at the interface
between two media with different properties. As a consequence, receiving a re-
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Figure 1.2: The first two symmetric (red) and antisymmetric (blue) Lamb modes, calculated for a 1 mm thick
steel plate.

flected signal and knowing the speed of the wave and the time between send and re-
ceive, it is possible to derive the location of the interfaces, eventually reconstructing
entire images (this is, for instance, the principle behind the echolocation abilities of
bats). Moreover, the inhomogeneous structure of many organs (e.g. the myocardial
fibers in the heart) also generate diffuse reflections, referred to as scattering, provid-
ing a signal from throughout the entire thickness of the organ, rather than just from
the surface.

 Finally, a wave consists of the transmission of a perturbation from a particle to its
neighbours; as long as the amplitude of this perturbation does not exceed the rup-
turing limit of the medium, it does not cause any damage to it, making it the ideal
tool for non-invasive, non-destructive measurements.

LAMB WAVES

If the medium in which the wave propagates has a plate-like geometry, i.e. two of its di-
mensions are considerably larger than the third, boundary effects alter the propagation
and the wave is said to be "guided" by the boundaries in the third dimension. This situa-
tion was first described by Horace Lamb [19], and guided waves in plates are often referred
to as Lamb waves. The theory of Lamb waves treats plates with one finite dimension (the
thickness) and two infinite dimensions, in a purely elastic and isotropic medium. While,
in principle, such ideal plates do not really exist, Lamb wave theory still gives a good ac-
count of wave behaviour in plate-like geometry, and has been successfully applied to non-
destructive testing applications in a variety of situations [20-29]. As such, throughout this
thesis, the term "Lamb wave" will be used to describe any wave propagating in a plate-like
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medium, regardless of deviations from the ideal situation described in the theory.

According to Lamb theory, two infinite sets of propagation modes can be excited when
inducing wave propagation in a plate. Each of these modes is classified as either symmet-
ric or antisymmetric, depending on the distribution of u with respect to the plate thick-
ness; moreover, all the modes within a class are ordered sequentially based on the lowest
frequency at which they appear: the zeroth order modes are present at all frequencies, the
first order modes are only excited at frequencies higher than a cut-off value f, and so on
(see, for instance, Fig. 1.2). Notably, the amplitude distribution of each individual mode
in the plate varies as a function of frequency and depth, e.g. an antisymmetric mode, at
a given frequency, could have a null amplitude near the surface of the plate, while having
a large amplitude halfway through the thickness [30]. Moreover, every mode is associ-
ated with a characteristic dispersion curve, i.e. for every mode, the phase speed of a wave
depends on its frequency, as well as the plate thickness.

From a SWE perspective, this guided wave behaviour complicates considerably the re-
lation between speed and stiffness, and the relation described above for bulk media does
not hold anymore. In order to reconstruct the shear modulus G when analysing Lamb
waves, the dispersion curve of the wave should first be measured, for instance by analysing
the propagation data in the frequency-wavenumber domain [12, 22, 23]. Another ap-
proach consists in generating several monochromatic waves with different frequencies,
and then measuring the phase speed of each wave independently [31]. In any case, the
dispersion curve can then be compared to theoretical ones (for which G is known) with a
fitting algorithm, until the best matching curve is identified [12, 22, 23].

1.3. ULTRASOUND SHEAR WAVE ELASTOGRAPHY
Ultrasound machines are widely used in clinical practice, as they are a safe, non-invasive,
cheap and fast tool to obtain images of the inside of a patient (called echographies). In
essence, an ultrasound transducer produces images using the wave properties described
in the previous section: an ultrasonic longitudinal sound pulse (i.e. a soundwave with
frequencies higher than human hearing range, typically in the order of MHz for clinical
transducers) is sent through the body, and the transducer then records the reflected waves
generated by the interfaces between organs and by the inhomogeneities of each tissue.
Analysing the arrival times of the reflected 'echoes), it is possible to reconstruct an image
of the structure that generated them. This approach is referred to as "Pulse-echo" imaging.

Traditionally, the transducer is used to excite focused beams that reconstruct a single
line in an image; the focus location is then moved and the acquisition repeated, until the
entire image is reconstructed, line by line. This procedure, however, can take tens of mil-
liseconds to reconstruct a single image. Framerates in the order of the kHz can be achieved
by using the transducers to transmit plane waves instead, insonifying the entire region of
interest with one single pulse [32]. This can be necessary when imaging fast phenomena,
such as the propagation of shear waves in the cardiac muscle, which can take place over a
time of just a few milliseconds. The cost of the higher framerate is typically a lower spatial
resolution and a worse contrast, but this can be improved by compounding few acquisi-
tions at different angles [32].

The idea behind ultrasound SWE, then, is fairly simple: the ultrasound transducer is
used to perform pulse-echo imaging of a tissue deformed by a travelling shear wave. By
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acquiring a rapid sequence of several images, the propagation of the deformation can be
recorded and used to calculate the speed of the wave. Tipically, this is done by extracting
the tissue motion over time along a single line, which in this thesis will be referred to as
M-line (a motion line). Finally, knowing the propagation speed, the elastic properties of
the medium (e.g. its shear modulus) can be determined. This approach has already been
demonstrated to be successful for several applications [11, 33].

Shear waves analysed in cardiac SWE can have a natural origin, e.g. being generated
by the closure of the aortic valve [10, 13, 15, 34, 35]. Alternatively, a shear wave can also
be induced by using the transducer to transmit a focused ultrasound beam into the heart
muscle, generating a force that pushes on the tissue, the so-called acoustic radiation force
[17, 36-38]. Either source can, in principle, be used for SWE.

While the basic idea of ultrasound SWE, as described above, is simple enough, in prac-
tice there is a number of challenges that need to be overcome to obtain measurements
with diagnostic value for cardiac application. Roughly speaking, these challenges fall into
one of three categories: signal acquisition, e.g. how to obtain larger and sharper images;
signal processing, e.g. how to identify and track the wave from the images; and data in-
terpretation, i.e. how to correctly translate the wave motion into a measure of stiffness.
This thesis investigates questions essentially related to the third category, as explained in
the following paragraphs, trying to expand the knowledge necessary to interpret measure-
ments in terms of muscle stiffness.

1.4. HEART MODELLING

While acquiring clear images of wave propagation and accurately reconstructing its
space-time trajectory are necessary to perform SWE, they are not sufficient to determine
the stiffness of the muscle. In fact, the relation c¢; = 1/(G/p) holds only for a wave traveling
in an elastic, homogeneous, isotropic bulk medium. In contrast, the heart muscle is com-
prised of sheets of muscle fiber with different orientations, i.e. it is anisotropic; it exhibits
also viscous behaviours, and is therefore viscoelastic; its thickness can be comparable to
the wavelength of shear waves traversing it, breaking down the assumption of bulk ma-
terial; finally, as the heart performs its pumping function, its properties vary in time with
the contraction-relaxation cycle of each heartbeat. Without knowing how each of these
effects (and how all of them together) affect the propagation speed that is measured, it is
not possible to reliably reconstruct the stiffness of the cardiac muscle.

When performing a SWE measurement, all of the effects described above are present at
once, compounded to the intrinsic challenges of data acquisition (e.g. imaging artefacts,
noise...). For this reason, it is generally impractical to use experiments to understand how
shear waves are affected by any particular feature. A more flexible approach consists of
first developing a model, i.e. a simplified description that only contains the features one
wants to analyse; the model can then be gradually extended to include more and more
features, until it provides a complete description of the phenomenon under investigation.
To give a simple example, one might want to understand how a rock moves in free-fall
from the surface to the bottom of a sea. The simplest model would describe the free-fall
movement in vacuum, where gravity can be understood; in parallel, an experiment could
be run to determine the effect of buoyancy in sea water; next, a rock could be let fall in
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a water tank filled with sea water, where now gravity and buoyancy are known, to under-
stand the effects of viscous drag; then, the water might be forced to circulate in controlled
patterns, to analyse the effect of underwater currents. Depending on what exact informa-
tion one needs, the model could be further extended by adding new variables, one by one.
At the end of this process, a complete description of a free-falling rock in the sea is found.
With this description, one can interpret with confidence why the rock landed at a certain
location instead of another, and can even make predictions as to where the rock will land
next.

According to the definition of model given above, a model could consist of an equa-
tion (for example the Maxwell’s equations of electromagnetism) or a simplified experi-
ment (such as those presented in chapters 2 and 3 of this thesis). Typically, an equation
is the most effective description that can be given, as it represents a mathematical truth
about a specific set of conditions; however, most real-world situations are too complex to
be described with an exact analytical model. On the other end of the spectrum, simplified
experiments can be devised and implemented more easily, but they provide far less con-
trol over the phenomenon under investigation (i.e. it is not always possible to truly isolate
a single feature), and the results are in any case affected by experimental uncertainty. Yet
another approach consists of developing a computational model, where equations that
cannot be solved analytically can be approximated numerically. The disadvantage of this
approach is that an error in the implementation of the simulation can lead to un-physical
results (i.e. wrong results that violate the laws of physics): compared to e.g. experiments,
not only the interpretation of the result could be wrong, but the result itself could also be
incorrect. For this reason, simulations typically need experimental validation. However,
once the numerical implementation of a simulated experiment is validated, it offers re-
sults that are free of experimental uncertainty and noise, while also allowing full control
over all the parameters included in the model.

A considerable research effort is already directed at modeling the mechanical proper-
ties of cardiac tissue. Several studies focus on measuring the shear modulus, the viscoelas-
ticity or the varying fiber orientations of the heart muscle [14, 36, 38-41], while others aim
at formulating models to describe such features [42-45]. Fewer studies are concerned with
explicitly relating specific cardiac features to SWE measurements, for instance analysing
the impact on wave propagation of anisotropy, viscoelasticity and septal finite geometry
[12, 46-48].

1.5. THESIS GOAL AND OUTLINE

The goal of this thesis is to further the understanding of how different features of the heart
muscle impact the analysis and interpretation of shear wave measurements. To achieve
this goal, we used a combination of theoretical modeling, in-vitro and in-silico experi-
ments.

In particular:

Chapter 2 is dedicated to investigating how the temporal behaviour of the cardiac
muscle (i.e. the contractions and relaxations of the heart cycle) affects wave propaga-
tion. By using a combination of analytical, numerical and experimental tools, the main
physical phenomena affecting a one-dimensional (1D) wave due to the temporal stiffness
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variation are explored and discussed in terms of cardiac SWE applications.

In Chapter 3, a two-dimensional (2D) model is developed to account for the Lamb
wave behaviour expected to take place in the interventricular septum. In particular, fi-
nite element simulations and experiments on a tissue-mimicking phantom investigate
how Lamb waves are affected by thickness variations as can be present in a human heart.
These results are then used to discuss their impact on the accuracy of cardiac SWE, high-
lighting the need for local measurements of Lamb waves.

Chapter 4 investigates whether the Local Phase Velocity Imaging (LPVI) analysis, re-
cently proposed for SWE in the liver[49, 50], can also be applied to Lamb wave physics in
the heart. In this chapter, the LPVI technique is employed to analyse data obtained from
2D finite element simulations, and it is then compared to the standard combination of
M-line data extraction and 2D Fourier transformation, showing that both methods can re-
construct local elastic properties comparably well in a simulated interventricular septum.

Chapter 5 is dedicated to analyzing the reliability and limits of Lamb wave inversion
approaches, which are commonly used (including in chapters 3 and 4 of this thesis) to
reconstruct the material properties of a medium from the extracted Lamb curves. In this
chapter, simulated data as well as data extracted from experiments on a metal pipe are
used to determine the sensitivity of the zeroth-order Lamb modes with respect to com-
pressional speed, shear speed and thickness of a medium, as well as the precision with
which these parameters can be extracted.

In Chapter 6, the main results of this thesis are summarised and discussed in the per-
spective of cardiac SWE and clinical applications.
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13



14 2. 1D WAVES IN TEMPORALLY RELAXING MEDIA

Abstract

Shear wave elastography (SWE) might allow non-invasive assessment of cardiac stiff-
ness by relating shear wave propagation speed to material properties. However, after
aortic valve closure, when natural shear waves occur in the septal wall, the stiffness of
the muscle decreases significantly, and the effects of such temporal variation of medium
properties on shear wave propagation have not been investigated yet. The goal of this
work is to fundamentally investigate these effects. To this aim, qualitative results were first
obtained experimentally using a mechanical setup, and were then combined with quan-
titative results from finite difference simulations. The results show that the amplitude
and period of the waves increase, during propagation, proportionally to the relaxation of
the medium, and that reflected waves can originate from the temporal stiffness variation.
These general results, applied to literature data on cardiac stiffness throughout the heart
cycle, predict as a major effect a period increase of 20% in waves propagating during a
healthy diastolic phase, whereas only a 10% increase would result from the impaired re-
laxation of an infarcted heart. Therefore, cardiac relaxation can affect the propagation
of waves used for SWE measurements and might even provide direct information on the
correct relaxation of a heart.
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2.1. INTRODUCTION

Cardiac diseases are a major cause of death in developed countries. Early diagnoses might
help prevent the development of life-threatening conditions by detecting signs of dete-
rioration before cardiac functionality becomes compromised. Such diagnoses may be
obtained by monitoring the stiffness of the cardiac muscle, which has been observed to
correlate with the health condition of the heart [1-3]. In order to monitor the material
properties of the heart, however, non-invasive techniques must be employed, as invasive
measurements are highly uncomfortable and potentially harmful for patients.

Shear Wave Elastography (SWE) exploits wave propagation phenomena to explore the
elastic properties of a material, and it has already been proven to be a viable tool in clinical
applications [4-7]. Its application to cardiac settings, however, is hindered by a challenge
intrinsic to the functioning of the heart: the heart cycle.

As the heart performs its pumping function, its stiffness increases and decreases cycli-
cally to allow for the heart chambers to fill with blood and expel it. Aortic valve closure,
which provides one of the sources of waves that can be employed for cardiac SWE [8-13],
takes place at the beginning of the isovolumic relaxation of the muscle; due to the mus-
cle relaxation, the waves generated at this time could experience a change in propagation
speed of =15% in just 10 ms (estimated based on the stiffness variation measured in iso-
lated perfused rabbit hearts [14]). While SWE performed on waves naturally occurring in
the heart could be more precisely called "natural" SWE, we will refer to it simply as SWE,
because the phenomena involved are similar to those of shear waves from non-natural
sources (e.g. acoustic radiation force pushes).

Several models are employed in literature to describe the mechanical properties of the
cardiac tissue [15-18], however, to the best of our knowledge, all the models employed for
elastography assume the mechanical properties of the medium to be constant or, at most,
slowly varying [19] in the timescales of the propagating wave. This assumption may hold
true for mechanically inactive organs, yet its validity is questionable in the context of SWE
measurements performed during diastolic relaxation.

In fact, the existence of measurable effects of time-varying medium properties on
propagating waves has already been established in the field of electromagnetism, with
theoretical descriptions of media changing smoothly or instantaneously [20-27]. These
studies predict that a wave that propagates at varying speed (i.e. in a medium with tempo-
rally varying dielectric or magnetic constant) is subjected to a variation in amplitude and
oscillation period; additionally, reflected waves are generated at time-discontinuities of
the medium, similarly to what happens at the spatial interface of two media. Experimen-
tal studies [20, 28] confirmed the predictions regarding amplitude and frequency changes
by observing magnetic waves propagating in media subjected to an externally modulated
magnetic field. To the best of our knowledge, reflected waves were not observed exper-
imentally. It remains an open question whether these effects are present also in elastic
waves, and whether they should be taken into account while performing cardiac elastog-
raphy.

The goal of the present study is to observe and describe the effects that a temporally
varying propagation speed has on mechanical waves, in order to assess their relevance to
shear wave elastography of the heart. While a live heart itself could be in principle used as
amedium to perform these studies, it would be impractical, since its complicated geome-
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try and material properties would make it hard to reliably isolate and identify the specific
effects of temporal variations. For this reason, we have chosen to model a simplified set-
ting in which speed variations represent the only complication to 1D wave propagation.
We have developed an experimental setup consisting of rotating metal rods suspended
by nylon wires (a wave machine), in which the tension can be controlled in real time to
alter propagation speed. The rotational displacement of the rods can then travel through
the setup as a 1D torsional wave with varying speed. Moreover, we developed finite dif-
ference simulations that describe these phenomena numerically. We employed the setup
to obtain a first, qualitative confirmation that mechanical waves can also be affected by
variations over time of medium properties. The simulation, on the other hand, allowed us
to investigate quantitatively how the time-dependent effects are related to the dynamical
parameters of the system, i.e. the amount of speed variation and the rate at which this
happens.

We apply our findings to data on rabbit hearts [14] to predict the effects of muscle re-
laxation on cardiac elastography measurements, and we discuss their relevance and pos-
sible applications as a new diagnostic tool.

2.2. SETUP

THE WAVE MACHINE

We have built a modified Wave Machine [29] in which the speed of the wave can be con-
trolled during propagation by means of tension variations. As shown in Fig. 2.1, the setup
consists of two wooden frames, placed at 3.63 m from each other, that support three wires
on which 32 aluminum rods are suspended. Each rod is 60 cm long and hasal cmx 1
cm square cross-section. The central wire is made of steel and runs through a hole in the
midpoint of the long side of the rod, providing a pivot around which the rods can rotate
freely; bolts are fixed to the central wire before and after each rod, to prevent them from
translational movements. The other two wires, symmetrically placed at both sides of the
steel wire, are made of nylon and can freely slide through their holes in the rods, so that
stretching of these wires does not cause translation of the rods. The nylon wires provide
the restoration force that opposes rotational displacements from the mutual angular po-
sition of the rods. During experiments, the amplitude of the applied perturbation had a
gaussian-like shape, as this was the easiest to produce by hand. When a rotational per-
turbation is applied to one of the rods, it propagates along the setup through the nylon
wires, effectively creating a discretized one-dimensional torsional wave. This system can
be seen as a discrete approximation of the continuous case in which the distance between
two consecutive rods approaches zero. For our case the propagation of the torsional wave
can approximately be described by the wave equation

2r’FL %0 0%0 @1
IN 022 012 ‘
where r = 0.060 + 0.001 m is the distance between steel and nylon wires, F is the variable

tension in each wire, L = 3.410 + 0.005 m is the distance between the two extremal rods,
1=0.0049 +0.0004 kg'rn2 is the moment of inertia of a rod, N = 32 is the total number of
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rods and 0 is their angular displacement. This yields a torsional wave speed

2r2FL
c= 2.2)
IN

Lever: controls Nylon wires: Aluminium rods: rotational
Tension. rotational stiffness. inertia.

Metal wire: pivot.

~ L =341m

- N = 32 rods
— Wave source: manual excitation.

Figure 2.1: Experimental setup: the central wire (red) provides the pivot around which the bars rotate; the two
nylon wires (blue) provide the restoration force to enable waves. The lever can be used to control tension in the
wires.

TENSION CONTROL

The tension in the wires could be manually controlled, during experiments, by means of a
mechanical lever connected to the nylon wires: pulling the lever would result in stretching
of the wires, with a consequent increase in tension. Relaxation of a muscle can be mim-
icked by pre-stretching the wires, then releasing the lever over a transition time 7 during
wave propagation; with a framerate of 60 frames per second, it was not possible to deter-
mine 7 from the video recordings.

To verify the reliability of Eq. 2.2, a first experiment was run with a force gauge (Force
Gauge TMT-5020, OCS.tec GmbH & Co. KG, Neuching, Germany) connected to one end of
the nylon wire, so as to compare the values of ¢ derived from the equation and those mea-
sured directly. During this experimental validation, the tension read by the force gauge
was F =13.75+0.2 N, corresponding to a calculated speed of ¢ = 1.50 £ 0.14 m/s, a value
comparable, within the experimental tolerance, with the speed measured directly from
the video recordings, ¢ = 1.65 + 0.02 m/s. While the value of speed determined from
the tension measurement suffered from a relatively high experimental uncertainty, the
uncertainty of the direct speed measurement depends essentially on the framerate of
the recording, allowing for more precise measurements. In our experiments, therefore,
the propagation speed was measured by acquiring and analysing video-recordings of the
wave. Although not necessary, the tension of the pre-stretched nylon wires could be es-
timated from the speed measurements via Eq. 2.2: with a speed ¢; = 3.00 £0.02 m/s, the
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tension was estimated to be 57.0 + 0.1 N. With the lever in its rest position, on the other
hand, the wave travelled at a measured speed of ¢, = 1.40 +£0.02 m/s, corresponding to a
tensionof F =12.44+0.1 N.

DATA ACQUISITION

A digital single lens reflex camera (Nikon D5300, Nikon Corporation, Tokyo, Japan) with
framerate of 60 frames per second, facing the cross section of the rods, was used to record
the propagating wave from one side, with a field of view of approximately 2 m that allowed
the imaging of 18 rods in the center of the setup. In order to increase the contrast between
the setup and the background, the tips of the rods were painted with an orange phospho-
rescent paint that reacts to ultraviolet (UV) light. We performed the experiments in a dark
room illuminated only by 5 UV 60-W lamps, so that the bright orange glow of the extrem-
ities of the rods would be easily distinguishable from the background. This allowed us to
isolate and track their motion in post-processing, using the software ImageJ (National In-
stitute of Health, Bethesda, Maryland, U.S.) to isolate the motion of each individual bar,
and then importing all data in Matlab (version r2016b, MathWorks, Natick, MA, U.S.A.).
Frames of the recorded propagating wave are shown in Fig. 2.2, while Fig. 2.3 shows a
single videoframe and its numerical reconstruction.

2.3. RESULTS

During the experiments, the nylon wires were first pre-stretched to the maximum ten-
sion of 57 N. A single unipolar wave pulse was then manually generated by perturbing
the first metal rod, and the tension was subsequently dropped to 12.4 N by releasing the
lever during propagation. In order to avoid the superposition of boundary reflections with
the waves we wanted to study, the release of the lever was timed so that the waveform
would always be in the center of the system when the tension dropped. The tension drop
happens in a fraction of a period. Fig. 2.4 shows the propagation measured during an
experiment: the axes represent the time elapsed and the spatial coordinates of each rod
expressed by rod number; due to the limited field of view of the camera, the extremal rods
were not imaged and therefore do not appear in the plot. The color scheme represents
the amplitude of rotation of each bar, so that the bright yellow 'bands’ essentially corre-
spond to the positive forward traveling wave. At time ¢ = 1.5 s the effects of the tension
drop can be seen. A reflected wave appears as the broad band that moves backwards from
right to left, with its negative amplitude represented in dark blue. In addition, broadening
of the waves in the vertical (time) direction represent an increased time-period, and their
increased brightness indicates a growth in amplitude.

We note a remarkable similitude with the behaviour of waves crossing the spatial dis-
continuity between two media, the main difference being that, in the case of a temporal
discontinuity, it is wavelength that is conserved, while the period changes. In order to
better understand the parallelism, let us look at a wave equation in which the wave speed
depends on the spatial coordinate

20 020

2
@525

(2.3)
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Figure 2.2: Snapshots in time of a wave propagating in the experimental setup. From ¢ = 1730 ms onwards, a
reflected wave can also be seen propagating backwards.

Next, we consider the current situation, in which the wave speed depends on time, giving
the equation
%0 d%0

Cz(t)@ = W (24)

By defining a new parameter s(t) = 1/c(¢) called slowness, we can rewrite the equation as
S == (2.5)

This resembles Eq. 2.3, but with the roles of z and ¢ being interchanged.

From the wave behaviour at a spatial discontinuity, it is known that the spatial period
of the wave (i.e. the wavelength) varies proportionally to ¢, whereas its temporal period
remains constant. By considering Eq. 2.5 and performing the same reasoning as above,
that is inverting the roles of space and time, we can expect that at a temporal disconti-
nuity the time period will vary proportionally to s, whereas the spatial period will remain
constant.




20 2. 1D WAVES IN TEMPORALLY RELAXING MEDIA

[a]
[=]
T

L

=
T
o
°
o
°
o
o
|

=
‘e
[ ]
o
[ ]
®
o
o
1

e
[=]
T

L

Vell'i:ical coordinate [cm]
®
o
L J

40 60 80 100 120 140 160 180 200
Horizontal coordinate [cm]

Figure 2.3: Snapshot of the wave propagating in the setup (above) and reconstructed points after image process-
ing (below).

We then proceeded to implement in Matlab a 1D first order explicit Finite Difference
scheme to solve Eq. 2.1 numerically and simulate the behavior of the setup in different
circumstances. In order to test the viability of the simulation to investigate these phe-
nomena, we compared its results with experimental data: the paramenters of the wave
function, the space and the time discretizations were all chosen to match those of the ex-
perimental setup, i.e. spatial steps of 11 cm (the distance between rods) and time steps of
16 ms (the time between video-frames). The wave was simulated as a Gaussian pulse with
an e~ width of 0.3 s. A comparison between this function and the excursion of the third
rod (the first one to be imaged in our measurements) is shown in Fig. 2.5.

Figure 2.6 shows a comparison between simulation and experiment, by plotting the
amplitude over time of two rods. The rods were chosen so that one would oscillate once
before the tension lever was released, while the other would be crossed by the wave only
after the sudden tension drop, which was simulated to happen in 16 ms, i.e. one time-step.
The results of the simulation (solid line in Fig. 2.6) are in qualitative agreement with the
experiment in terms of amplitudes and period of the incident, transmitted and reflected
wave around the transition phase. This validates our numerical approach. Having thus
established its reliability, we continued our study by performing simulations only, in order
to perform a systematic, quantitative study.

First, we ran simulations to determine the relation between the deceleration of the
wave and the formation of transmitted and reflected waves. We computed the behavior of
a 1-cycle, sinusoidal wave as could be generated on a 1D string. The spatial discretization
was refined to a spacing of 0.01 m to increase spatial sampling of the waves, and the time
discretization was shortened to steps of 0.1 ms, ensuring stability of the numerical scheme
(Courant number Cy,;,;, < 0.028) as well as correct sampling of all phenomena. Fig. 2.7
shows how the amplitude and period of the transmitted and the reflected waves change
as a function of c;/c, for fixed duration 7 = 10 ms of the deceleration. We can see that
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Figure 2.4: Experimental (left) and simulated (right) wave propagation in space-time. The color map represents
the amplitude of the rotation of the bars: the bright yellow 'band’ shows the waves with positive amplitude, the
darker areas correspond to reflected waves with negative amplitude, while the brightening and the broadening
in the vertical direction, starting around ¢ = 1.5 s, represent the period and amplitude increase, respectively. The
dotted line shows the time at which the tension in the system is suddenly dropped.

both amplitude and period increase linearly with the ratio between the initial and final
propagation speed (c; and ¢, respectively), in agreement with the relations Ar/A; = (¢, +
c1)/2¢c; and Ar/ Aj = (¢ — ¢1)/2¢, detailed in the Appendix, and the relation T = ¢/ A with
constant wavelength A; here, Arepresents the amplitude of the wave, T the period, and the
subscripts I, R, and T represent the initial, reflected, and transmitted waves, respectively.
When refering to the period of the wave before and after the tension drop, the subscripts
1 and 2 will be used, so that the two periods will be indicated by T; and 7> respectively.

Furthermore, we investigated the effects of a deceleration taking place over longer
spans of time, up to about twice the period of the wave. In our numerical model, for
t < 1 the speed was 3 m/s; the speed then decreased linearly from 3 to 1 m/s, between
t1 and £, = f; + 7, and was consequently kept at a constant value of 1 m/s for ¢t > f,. As
shown in Fig. 2.8, as the ratio 7/ T} between transition time and wave period increases, the
amplitude of transmitted and reflected wave decreases; the phase of the reflected wave
appears to be opposite of that of the incident wave. Moreover, we can also notice that two
reflected waves are actually present when 7/7; = 1, whereas for shorter transition times
there appears to be only one, albeit distorted, reflected wave. The variation in period of
the wave does not seem to be affected by 7, as shown in Fig. 2.9. Based on the results of
these simulations, we conclude that reflected waves are generated at points in time when
the acceleration of the wave is discontinuous; if two such points are separated by less than
Ty, two reflected waves will be generated, but they will partially overlap with each other,
appearing to be a single, distorted waveform. On the other hand, if the distance in time
between the two points is greater than 7, both distinct waveforms will be visible.

The results of the simulations detailed above offer an overview of the general effects
that the temporal variation of a medium has on a propagating wave. In order to assess the
relevance of these effects for cardiac SWE, we can input in our model realistic values of
stiffness variation of the cardiac muscle to predict how the relaxation would affect a prop-
agating shear wave. Let us first consider the diastolic phase of a heart in which the muscle

ﬁ
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Figure 2.5: Comparison between the experimentally measured excursion of the third metal rod and the gaussian
pulse used in the simulation as source of the wave.
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Figure 2.7: Amplitude ratios Ar 7/ Ay and period ratios T»/T; as function of c¢1/c,. Both amplitude and period
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isovolumic relaxation phase can be modeled by an exponential decrease in stiffness with
time constant @ = 50 ms, as was measured in Langendorff perfused rabbit hearts [14].
Let us further consider that a shear wave traveling through the muscle is imaged (e.g. by
means of ultrasound scanners) for a duration of § = 10 ms during this phase. Fig. 2.7 and
Fig. 2.9 showed that the variation in period of the wave depends only on the ratio between
initial and final speed, T>/T] = c;/c,. The ratio itself can be easily computed knowing a
and the &, since c; /¢, = €%/2%. Considering a = 50 ms and § = 10 ms, one could expect to
observe an increase in wave period of 20%. On the other hand, an infarcted heart might
have a relaxation constant ¢ = 100 ms [14]; under the same measuring conditions, one
would then observe an increase in wave period of just 10%. Therefore, when reconstruc-
tion of the shear wave in space-time domain is possible, the broadening of the tracked
shear wave in time could be used as an indirect measure of the relaxation that took place.
The amplitude variation, however, being in the order of 3% and 2% for healthy and un-
healthy hearts respectively, would be unlikely to be detected in realistic measurements.

2.4. DISCUSSION

Our results confirm that mechanical waves show a response to temporal variations of the
medium comparable to the behavior of electromagnetic waves detailed in literature: the
amplitude and the period of the traveling wave increase proportionally to the decrease in
propagation speed, the wavelength is unaffected, and reflected waves can be generated at
points of discontinuity in the acceleration.
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Based on our numerical results, the predicted effects of cardiac relaxation are of partic-
ular interest: in fact, not only would a measured wave be affected by the relaxation of the
muscle, it would actually be affected by the specific relaxation curve within the measure-
ment. In other words, if two muscles relax at different rates, they may in principle be told
apart by observing the variation in amplitude and period of waves traveling through them.
The variations in period, in particular, could potentially be employed to directly help di-
agnoses of diastolic impairment (i.e. reduced muscle relaxation), which is connected to
diastolic heart failure. It should be noted that these results show a relation between ini-
tial and final period (or frequency), without any assumption about the initial value itself;
therefore, the results are independent of the frequencies involved, and can apply to the
frequency ranges typical of naturally occurring shear waves, as well as artificially induced
ones.

As promising as these results may be, however, their practical implementation still
presents challenges. First of all, the amplitude increase caused by diastolic relaxation is ex-
pected to be small and could be hard to measure during in-vivo experiments, due to signal
attenuation and noise. Moreover, because the relaxation of the muscle happens smoothly,
there are no discontinuities to give rise to clearly observable reflected waves. Therefore,
the only effect of temporal variations to be visible in clinical measurements may be the
shift in wave period, and measurements with high time-resolution could be necessary to
distinguish the different shifts of a healthy and a diseased heart. For example, for an initial
frequency of 50 Hz, the time difference between an increase in the period by 10% and 20%
is 2 ms, corresponding to a minimum imaging framerate of 500 Hz, while an initial fre-
quency of 100 Hz would require a minimum framerate of 1000 Hz to discern the different
period increases. Finally, due to the anisotropic, viscoelastic, three-dimensional nature
of the heart, additional effects will compound to those produced by muscle relaxation, so
that more complex models will be required in order to analyze data accurately.

Another matter to be noted is that the results presented in this study only show explic-
itly the effects of a wave that is generated before the relaxation begins; the relaxation of
the medium takes place entirely during the propagation of the wave, and the effects are
determined after the entire process has ended. However, when the closure of the aortic
valve generates a wave, the cardiac muscle has already started relaxing; moreover, a SWE
measurement based on such a wave would be over well before the cardiac relaxation pro-
cess ended. Therefore, one could question whether the predictions formulated for real
hearts can truly be trusted based solely on our numerical study. We argue that this is in-
deed the case: Fig. 2.7 and Fig. 2.9 show that the variation in period of the wave depends
only on the ratio between initial and final speeds c;/c2, where ¢; and ¢, correspond the
the speed of the wave at the beginning and at the end of a measurement; this means that,
for fixed c)/cy, the variation in period will always be the same, regardless of whether the
speed varies with a step function or a smooth curve. As mentioned above, the difference
with our simulations, introduced by the smoothness of the diastolic relaxation, lies in the
absence of reflected waves, which are generated at discontinuities. It is important to no-
tice that, during a fixed measuring time, different relaxation curves (as could characterize
healthy and diseased hearts) will result in different values of c; /¢, therefore affecting the
propagating wave differently.

Finally, we consider a wave produced by mitral valve closure, which may also be used




26 2. 1D WAVES IN TEMPORALLY RELAXING MEDIA

to perform SWE. The mitral valve closes at the onset of systole, the contracting phase of
the heart cycle, and, due to the stiffening of the muscle, waves traveling during this phase
experience an increase in propagation speed. Based on our results, we expect that the am-
plitude and period of an accelerating wave will decrease proportionally to the increase in
speed, and reflected waves will be once again generated at discontinuities in the acceler-
ation.

From an experimental point of view, compared with other approaches proposed in
literature to investigate waves in temporally varying media, the use of our setup shows
several advantages. To begin with, the setup allows to observe the full phenomenon in
its complexity, including not only the initial and final state of the wave, but its transition
phase as well. Moreover, it can be easily built and modified so as to tailor the wave param-
eters (speed, amplitude) to specific needs, and the tension can be varied directly and in
real time during an experiment; thanks to these features, more complex interactions (e.g.
combining temporal variations with viscous behaviors) could be investigated with minor
modifications of the setup.

There are a few limitations in our choice of setup as well: in particular, non-ideal
matching of wires and rods, non-ideal fixed boundaries, and friction, are all factors that
play a role in altering the behavior of the wave, degrading the match between experiment
and idealized numerical simulation, as can be observed e.g. for the reflected wave in Fig.
6 at times greater than 1.5 seconds. Moreover, due to the limited resolution and spatial
window with which the motion of the bars can be detected by the camera, only wave am-
plitudes between 3 and 20 cm could be reliably detected. This meant that only a restricted
parameter space could be practically investigated with the experimental setup. Never-
theless, the setup provided useful qualitative information, as well as a validation of our
numerical approach; together, experiments and simulations proved to be a robust tool to
investigate waves in time-dependent media.

2.5. CONCLUSIONS

We conclude that the variation over time of the stiffness of a medium, such as the beat-
ing heart, produces an inversely proportional variation in amplitude and period of a wave
traveling through it. Furthermore, if the stiffness variation presented discontinuities, re-
flected waves would be generated. Based on the results of our numerical simulations and
literature data, we predict that a healthy diastolic relaxation will affect propagating waves
differently than an impaired process, producing a wave period increase twice as large as
the one that might be observed in a dysfunctional organ. This difference may potentially
be exploited to directly obtain information on diastolic functionality with one SWE mea-
surement.

2.6. APPENDIX: REFLECTION AND TRANSMISSION COEFFICIENTS

We show here how the reflection and transmission coefficients can be calculated for a 1D
transverse wave travelling on a string that undergoes an instantaneous material property
variation (e.g. a decrease in tension). This situation can be considered to be the temporal
equivalent of a wave travelling across the interface between two different, ideally bonded,
strings. Let us assume that the instantaneous variation happens at time #, = 0, and let
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us consider an initial wave function y; = fj(x —c;t) for all £ < 0. As we have seen, after
the temporal discontinuity, in the setup two waves are present, a transmitted wave ¢ 1 =
fr(x—cyt) and areflected wave ¢ = fr(x+c2t). Notice that the transmitted and reflected
waves travel at the same speed c,, with opposite signs. We can then consider two instants
in time, before (B) and after (A) the discontinuity, and define two waveforms

wp=v;= filx—ct), 2.6)

and
YA=Yr+yr= fr(x—ct)+ fr(x+c2), 2.7

representing the deformation of the string in these two instants. Let us now make two
considerations:

1. The deformation of the string has to evolve continuously from g to ¥ 4 at all co-
ordinates x (a discontinuity of ¥ between two consecutive instants requires move-
ments at infinite speeds). Therefore, it follows that for all x:

YB(x,0) =y a(x,0) 2.8)
= f1(x) = fr(x) + fr(x).

2. The vertical speed of each individual particle in the string also needs to be continu-
. . . . oy (x,t)
ous over time (a discontinuity of =77~

We can write this condition as:

01;/3 (xr t) — OWA(xv t)
ar 0 ot

in time would require infinite acceleration).

l¢=0 (2.9

= —c1f](x0) = —co fp (%) + 2 fr(x).
Integrating the equation above and setting the integration constant to 0, we find that:
c1f1(x) = 2 (fr(x) = fr(x). (2.10)

We can then solve Egs. (A.3) and (A.5) for fg and fr in terms of f7, finding:

22—

fr(x) = 20 fix), (2.11)
_Cz+6‘1
frx) = Y fix). (2.12)

We have thus shown that the ratios of the amplitudes of initial, reflected and transmitted
waves (Aj, Ag, and Ar, respectively) are equal to

Cr)—C
AR/Afzzszl, (2.13)

and
Co+ (1
ArlAp= ——. (2.14)
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Abstract

Shear wave elastography (SWE) has the potential of determining cardiac tissue stiff-
ness from non-invasive shear wave speed measurements, important e.g. for predicting
heart failure. Previous studies showed that waves traveling in the interventricular septum
(IVS) may display Lamb-like dispersive behaviour, introducing a thickness-frequency de-
pendency in the wave speed. However, the IVS tapers across its length, which complicates
wave speed estimation by introducing an additional variable to account for. The goal of
this work is to assess the impact of tapering thickness on SWE. The investigation is per-
formed by combining in-vitro experiments with acoustic radiation force (ARF) and 2D
finite element simulations, to isolate the effect of the tapering curve on ARF-induced and
natural waves in the heart. The experiments show a 11% deceleration during propagation
from the thick to the thin end of an IVS-mimicking tapered phantom plate. The numer-
ical analysis shows that neglecting the thickness variation in the wavenumber-frequency
domain can introduce errors of more than 30% in the estimation of the shear modulus,
and that the exact IVS shape, rather than the absolute amount of tapering, determines the
dispersive behaviour of the wave. These results suggest that septal geometry should be
accounted for when deriving cardiac stiffness with SWE.



3.1. INTRODUCTION 33

3.1. INTRODUCTION

Shear Wave Elastography (SWE) has been the subject of research, over the past decades,
because of its potential to improve clinical diagnoses by non-invasively determining tissue
stiffness [1-3] in radiology. In particular, SWE could have important applications in the
field of cardiac imaging [4-8] as a way to assess the stiffness of the heart muscle, which
has been identified as a relevant parameter in the diagnosis of heart failure [9, 10].

In cardiac ultrasound SWE, waves are typically tracked along the interventricular sep-
tum (IVS), and can have two different excitation sources: either they are generated by the
natural physiology of the heart, e.g. valve closure [7, 11-14], or they are generated by an
external source, such as acoustic radiation force (ARF) [15-18]. After wave excitation, the
waves are recorded using high frame rate imaging, and their propagation pattern in the
time domain is used to extract their propagation speed. Under idealized conditions (i.e.
in a bulk, purely elastic, time-invariant, linear, isotropic and nearly incompressible ma-
terial), the speed of a shear wave is proportional to the shear modulus of the medium,
following the relation:

G=pc? (3.1

where p is the density of mass (in kg/m®), c is the bulk shear speed (in m/s), and G is the
shear modulus (in Pa).

However, the IVS is far from these idealized conditions, and waves traveling along the
plate-like heart wall show a dispersive behaviour similar to that of Lamb waves [4, 19—
22]. These are waves characterized by two infinite sets of guided modes (symmetric and
antisymmetric) that propagate with speeds dependent not only on the shear modulus,
but also on the thickness of the medium and the frequency of the waves themselves [23].
Moreover, when a plate is loaded by a fluid (as is the case with the IVS, which separates the
two blood-filled ventricles), the dispersive behaviour also depends on the properties of
that fluid [23, 24], further complicating the relation between wave speed and muscle stiff-
ness. Varying thickness of the IVS could further affect wave propagation speed, and might
be one of the underlying causes for the large reported variability of shear wave speeds in
literature on healthy volunteers: natural shear wave studies report speeds with differences
of up to 60 % between studies [8, 25] and up to 20 % within individual works [8], while stud-
ies employing acoustic radiation force can show inter- and intra-study differences of 60 %
[17,18].

Efforts have been made in the cardiac SWE field to account for the dispersive be-
haviour of the wave in the material characterization algorithms. Instead of studying the
wave propagation characteristics in the space-time (x-t) domain, various studies [4, 19,
20, 26, 27] have analysed waves in the frequency-wavenumber (f-k) domain to recon-
struct the dispersion curves. When approaching the IVS as a fluid-loaded elastic plate, the
shear modulus can be extracted by fitting a theoretical Lamb wave dispersion curve to the
experimental ones. The advantage of this approach is that the dispersion curves allow to
directly retrieve the bulk shear speed of a medium rather than the dispersive propagation
speed in a plate. The first can be easily translated into the stiffness via Eq. 1, while the lat-
ter cannot. In fact, it was shown for ARF-based SWE in flat [28] and curved plates [26] that
space-time analyses could underestimate the shear modulus by approximately 50 % and
40 % respectively, while analysis in the frequency-wavenumber domain yielded errors in
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shear modulus of approximately 8 % and 4 % respectively, compared to mechanical elas-
ticity tests.

An underlying assumption of the dispersion curve analysis is that the thickness of
the plate is constant. However, it is generally known that the cardiac wall thickness can
vary by up to a factor 3 from the equatorial point to the apex in healthy volunteers [29],
and this variation could be even more dramatic in hypertrophic patients [30]. Thickness
variations are expected to have a significant impact on the propagation of guided waves
due to their dependency on the frequency-thickness product, which is especially strong at
lower frequencies for zero-order modes. In fact, it has already been shown that, when the
slowly varying thickness of a waveguide reaches the frequency-thickness cut-off of a cer-
tain mode, mode conversion and reflections take place [31-33]. Interestingly, natural and
ARF-generated waves are expected to be affected differently by the thickness variation,
due to their different frequency contents (up to around 150 Hz and 1000 Hz, respectively
[19, 22, 27, 28]).

To the best of our knowledge, the effects of cardiac thickness variations on shear wave
propagation characteristics has not been studied yet. The goal of this work is to determine
if and how the natural IVS thickness variations could affect cardiac SWE measurements.
Therefore, to untangle the complex relationship between wave properties and myocar-
dial material characteristics, we isolated the effects of geometry by studying an elastic
plate with varying thickness using numerical simulations and experiments. The experi-
ments were analysed in space-time domain and were used as a proof-of-principle to show
that the speed of the waves typically used in SWE varies along the tapered plate. They
also served for validation purposes of our simulation settings; the numerical settings were
further verified by comparing quantitatively the simulation results in a flat fluid-loaded
plate to the theoretical Lamb wave propagation. The simulations allowed a greater de-
gree of flexibility in modelling different excitation sources and geometries: the effects of
geometry on both natural and ARF-induced waves were studied in space-time as well as
in frequency-wavenumber domain, and it was possible to assess whether the waves are
affected only by the total amount of thickness reduction, or rather depend on the specific
tapering curve.

3.2. METHODS

3.2.1. EXPERIMENTAL SETUP

To isolate the effects of tapering on wave propagation, a polyvinyl alcohol
tissue-mimicking phantom was created following the recipe in [34]. A mould was shaped
to produce a phantom plate with a tapered section: 12 cm long, 5 cm wide and with thick-
ness varying between 9 mm and 3 mm [29]. In terms of geometry, the phantom can be
schematically divided into three sections, each 4 cm long: first, a flat section with a con-
stant thickness of 9 mm, followed by a section in which the thickness decreases linearly
from 9 mm to 3 mm, and, finally, another flat section with a constant thickness of 3 mm
(see Fig. 3.1a). The flat sections of the phantom served two purposes: they extended the
propagation medium, reducing boundary effects at the edges of the tapered section, and
they provided flat regions of the same sample that were used to obtain reference mea-
surements. The phantom was then entirely submerged in a water tank to simulate the
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blood that surrounds the IVS. The plate was held in position halfway across the depth of
the water tank by 3D printed supports, ensuring that the central section of the sample was
loaded by water on both sides and the sample would not float (see Fig. 3.1b).

SWE measurements were performed using a P-4-2 probe connected to a Verasonics
Vantage research platform (Verasonics, Kirkland, WA, U.S.). A wave was generated in the
centre of the phantom by focusing a push pulse with frequency of 2 MHz, F-number of 1.9,
duration of 400 pus and a focus depth of 40 mm. After wave generation, the probe switched
into tracking mode to record the traveling wave for 20.2 ms using high frame rate imaging
with plane wave compounding (—7deg, 0deg, 7deg) [32] resulting in an effective frame
rate of 3223.5 Hz.

a) I
\ e [\ |

| I |

cm 4dcm 4cm

i L |

Figure 3.1: Schematic representation of the experimental setup. a) side view; b) rear view; ¢c) B-mode image. The
phantom (in light grey) consists of a 4 cm long, 9 mm thick flat section, followed by a 4 cm long section that
tapers from 9 to 3 mm, and ends in another 4 cm long flat section, 3 mm thick. 3D printed supports (dark blue)
held the phantom halfway through the depth of the tank, while allowing the central section of the plate to be
loaded by water on both sides.
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3.2.2. EXPERIMENTAL DATA ANALYSIS

Analytic data were obtained by beamforming the radio frequency (RF) data using the Ve-
rasonics software. One-lag autocorrelation [35] was applied to the IQ-data to obtain the
axial particle velocity field. Before calculating the phase differences, the tissue velocity
data were smoothed with a Gaussian spatial smoothing filter with total sigma-widths of
0.47deg in the azimuthal direction by 0.5 mm in the axial direction. The obtained velocity
matrix has a temporal resolution of 0.3 ms, and a spatial resolution of 0.24 mm in both the
lateral (x) and axial (z) direction. All post-processing was performed using Matlab R2018b
(MathWorks, Natick, MA, U.S.).

Particle velocity data was extracted along nine M-lines (virtual lines of receivers) ap-
proximately 2 cm long, which were placed at a depth of 10 % to 50 % of the phantom thick-
ness with respect to its top surface, in increments of 5 %. The velocity data in the lower
half of the phantom had too low signal-to-noise ratio (SNR) and was therefore excluded
from shear wave speed analysis. The extracted data along each line was then spatially up-
sampled to a spacing of 0.015 mm. As the ARF was applied in the centre of the x direction,
a left and right propagating shear wave was observed. The space-time trajectories of both
waves were subsequently analysed by means of a Radon Sum algorithm [36] to determine
their slopes, which correspond to wave propagation velocities. The difference in speed of




36 3. WAVE PROPAGATION IN THE TAPERED SEPTUM

the left- and right-propagating waves was calculated for all the m-lines. The average and
standard deviation of the speed differences were then computed and used to compare
wave propagation in the flat and the tapered sections.

3.2.3. NUMERICAL CONFIGURATION

The numerical model was implemented in Abaqus CAE (Abaqus Inc., Providence, RI, U.S.A.)
using the Finite Element Method (FEM), which has already been extensively used for mod-
elling ARF-based SWE in biological tissue [37-39] and for waves in curved plates [26]. Sim-
ilar to the experimental geometry, the IVS was modelled as a 2D plate under plane strain
assumption, with its thickness tapering linearly from 9 mm to 3 mm [24] and a length of 4
cm, as shown in Fig. 3.2. Symmetric boundary conditions were applied in the x-direction
to the left side of the plate in Fig. 3.2 to avoid boundary effects on the wave excitation.
The other sides of the plate were surrounded by a 4 cm thick layer of water, the motion of
which was coupled to that of the plate through tie-constraints. The outer boundaries of
the water were modelled with absorbing boundary conditions to absorb all arriving wave
energy. In this model, the plate was described as an isotropic nearly-incompressible elas-
tic material with a density p of 1045 kg/m3 [26], a Poisson’s ratio v = 0.49999 [40] and a
Young’s modulus of E = 9 kPa [18], to represent the cardiac muscle in its diastolic phase.
This corresponds to a shear modulus of 3 kPa and thus a bulk shear speed of 1.69 m/s. The
water was modelled as an acoustic medium, with a bulk modulus of 2.2 GPa and a density
of 1000 kg/m3, corresponding to a bulk compressional wave speed of 1483 m/s.

The plate was modelled with quadrilateral elements with a length and thickness of 0.2
mm (in the flat plate) or length of 0.2 mm and thickness between 0.2 and 0.07 mm (for the
tapered plates). Based on the bulk shear speed, these mesh sizes resulted in frequencies
up to 600 Hz being sampled with at least 15 points per wavelength. The solution computed
by Abaqus was then sampled with a temporal resolution of 0.038 ms, corresponding to at
least 43 samples per period in the frequency range mentioned. To reduce computation
time, the water domain was meshed with quadrilateral elements with length and thick-
ness of 0.2 mm only in proximity of the plate domain. The mesh size was then allowed to
increase up to 2 mm at the outer boundaries of the water domain (see also Fig. 3.2).

Natural and ARF waves were simulated by applying a Gaussian-shaped velocity pulse
in the transversal direction at the left edge of the plate (see Fig. 3.2), with peak amplitudes
of 2 cm/s. The pulse simulating natural waves had a total duration of 10 ms, while the
ARF wave was simulated with a 2 ms pulse, corresponding to full-width half-maximum
frequency contents of around 100 Hz and 500 Hz respectively.

The wave propagation was simulated for a total duration of 40 ms, which is long enough
for one pulse to be excited and reach the opposite side of the plate. The simulations were
run using an explicit solver.

3.2.4. NUMERICAL MODEL VALIDATION

The model validation of the numerical model consisted of two steps. First, the chosen
numerical settings of our FEM model were verified for a fluid-loaded tissue-mimicking
plate by comparing the dispersion characteristics of the simulated ARF wave to those of
theoretical Lamb waves. For this purpose, we considered a 4 cm long plate with a constant
thickness of 9 mm, surrounded by water, as illustrated in the top right panel of Fig. 3.2.
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Figure 3.2: The simulation setup. On the left the numerical FE model is shown, with the plate highlighted in blue
and the water in grey. The top right image depicts the 9 mm thick flat plate, below which is shown the plate with
linear tapering and, at the bottom, the plate with convex tapering.

The material properties of plate and water were the same as described in section 3.2.3.
The theoretical A0 curve was calculated with the equation for soft tissue mimicking plates
in blood [24]:

4k3 Beosh(kzh) sinh(Bh) — (k2 — 2k3)? sinh (k. h) cosh(Bh) = k¢ cosh(kzh) cosh(Bh) (3.2)

where k; = w/cy is the Lamb wave number, ¢y, is the frequency dependent Lamb wave

velocity, ks = w/ ¢, is the shear wave number, ¢, is the bulk shear wave speed, = k% - k2,
and h is half the thickness of the plate.

The A0 mode was chosen for validation because the employed source generated mainly
antisymmetric modes, and because the zeroth- order mode is present at all frequencies,
thus yielding more data for comparison with a theoretical curve.

Second, a more qualitative validation of our FEM model was performed with the ta-
pered plate model, described in section 3.2.3, by analysing the simulated ARF wave in
space-time, as well as the speed difference between left and right halves of the M-lines, in
comparison to the experimental ones. The duration of the pulse used in the simulations
of this validation step was 5 ms, corresponding to a full-width half-maximum frequency
content of around 250 Hz, to better match our experimental data.

3.2.5. NUMERICAL DATA ANALYSIS
The simulated data was processed in Matlab. A 2.5 cm long M-line was positioned at a
depth of 10 % of the plate thickness. The M-line was drawn 1 cm away from the left edge
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of the model (where the source is applied), in order to reduce the effects of proximity to
the source [41]. The particle velocity data was then interpolated from the FEM-grid to an
equidistant grid with 0.05 mm spacing along each M-line. Distances were consequently
measured along the M-lines. Because the simulated wave propagated from one end of
the plate to the other, as opposed to being generated in the centre (as was the case in the
experiments), a single one-directional shear wave propagated from left to right across the
whole plate, from which the Radon Sum algorithm can extract only a single propagation
speed. To observe possible decelerations, therefore, the propagation path was split into
a left- and a right- half, and each half was analysed with the Radon Sum algorithm sepa-
rately.

For the wave analysis in the frequency-wavenumber domain, the space-time velocity
data recorded on one single M-line (at a depth of 10 % of the plate thickness) was further
processed with a Tukey window (with cosine fraction r = 0.2) to reduce windowing-related
artefacts after Fourier transformation. The data was then converted to the f-k domain
by means of a 2D Fast Fourier Transform, where the areas of maximum amplitude corre-
spond to the dispersion curves. To reduce clutter, an amplitude mask was applied to the
f-k data, filtering out amplitudes below 20 % of the maximum. Only data for frequencies
up to 600 Hz was considered during the analysis, to guarantee correct sampling of every
wavelength included.

Only for the validation step, nine M-lines were drawn at depths from 10 % to 50 % of
the thickness of the plate, with 5 % increments, to enable a comparison with the experi-
ments. The propagation measured on the nine M-lines were then split in left- and right-
halves, and the difference between left- and right-speeds at all depths was computed and
averaged.

3.2.6. NUMERICAL DISPERSION CURVE ANALYSIS AND ERROR MAP RECON-

STRUCTION

While space-time domain analysis is still common in cardiac SWE studies, a more ap-
propriate and theoretically sound approach to extract stiffness from wave propagation
measurements is to analyse dispersion curves. The approach used to analyse f-k domain
data is summarised in Fig. 3.3. For each of the simulated waves, the data was extracted
following the method described in section 2e (panels 1-3 in Fig. 3.3). The extracted curve
was then compared to a theoretical A0 curve with a specific bulk shear speed and thick-
ness (panel 4 in Fig. 3.3). A Root Mean Squared Percentage Difference (RMS-PD) error
function was introduced to quantify the comparison:

N (100(k; — k1) /kI)?
Err= Z( (le) ) (3:3)

i

where Err is the RMS-PD error, k; is the wavenumber of the extracted curve at the ith fre-
quency, le is the wavenumber of the chosen theoretical curve at the same frequency, and
the sum runs over all N frequencies at which the curve was extracted. This comparison
was repeated for all the theoretical curves within the parameter space (panel 5 in Fig. 3.3),
which comprised bulk shear speeds between 0.5 m/s and 3.0 m/s (with resolution of 0.001
m/s) and thicknesses between 2 mm and 10 mm (with resolution of 0.1 mm). Plotting the
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RMS-PD value of each comparison in the same figure results in a 2D RMS-PD map (panel
6 in Fig. 3.3). The theoretical A0 curve that best fits the simulated one can then be iden-
tified as the minimum in the RMS-PD map. At the same time, the map shows how much
the error grows when moving in the parameter space, and allows to fix one parameter (e.g.
thickness) and identify which value of the other one generates the lowest RMS-PD.

The shear speeds extracted from the x- f data and from the best fitting curves in the f-k
domain were converted into values of the shear modulus G through Eq. 3.1, which is com-
monly used in most cardiac SWE studies. However, this equation only holds when c is the
bulk shear speed. It should be therefore kept in mind that the speed derived from the x-¢
data does not represent the bulk speed, since dispersion is occurring. At the same time,
the f-k analysis extracts the bulk shear speed for a flat plate, which is used as an approxi-
mation for the bulk shear speed in tapered plates in this study. To study how to minimize
the impact of this approximation, different values of constant thickness were considered
when extracting the speed from the RMS-PD maps: the extremal thicknesses of the plate
(9 mm and 3 mm), the arithmetic mean of the thickness, and its harmonic mean. It can be
shown that, at low frequencies, an A0 wave propagates across a tapered plate in approx-
imately the same time it would take it to propagate across a plate of constant thickness
equal to the harmonic mean of the tapered thickness; at higher frequencies, the same re-
sult holds true for the arithmetic mean of the tapered thickness.
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Figure 3.3: Procedure to reconstruct RMS-PD maps. (1) Retrieve f-k data, (2) mask out 20% lowest amplitudes,
(3) identify coordinates of maximal amplitude at every frequency, (4) compare with a theoretical A0 curve corre-
sponding to one point in the parameter space and compute its RMS-PD, (5) repeat for all points in the parameter
space, (6) make RMS-PD map for all parameters.
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3.2.7. EFFECTS OF DIFFERENT IVS SHAPES

Since the real IVS can present a variety of different shapes, we simulated another tapered
plate with the same material properties as before, the same total amount of tapering (i.e. a
thickness variation between 9 and 3 mm), but a different shape, specifically a convex one
(see Fig. 3.2). This model, in combination with the linearly tapered plate, allowed us to
investigate whether the effects of tapering depend on how the thickness varies over space
or rather just on the total thickness variation. For the purpose of this comparison, the M-
lines in the two tapered plates were drawn along their entire modelled length to ensure
the same initial and final plate thickness along the M-line.
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3.3. RESULTS

In this section we will first present the results of the experiments on a tapered phantom
(Fig. 3.4 and 3.5), showing that waves propagate differently when they travel towards the
thin or the thick ends of the plate. Then we show numerical results that allow a compari-
son of the simulations with theory and with the experiments (Fig. 3.6 and 3.7), for valida-
tion purposes. All subsequent results (Fig. 3.8 and 3.9, Tables 3.1 and 3.2) are produced
by simulations to investigate in more detail the effects of tapering on the propagation of
Lamb waves.

3.3.1. EXPERIMENTS

Experiments were conducted on a PVA phantom to assess whether there are measurable
differences in the propagation of a wave along flat and tapered sections of a plate. Fig. 3.4
show snapshots of the propagating wave in two sections of the phantom (the upper panels
depict the flat part of the phantom, whereas the lower panels illustrate the tapered part of
the phantom). Three key features can be observed in the propagation patterns. First,
the waves propagating in the tapered section attenuate less rapidly than the one in the flat
section. Second, the wave traveling in the flat section develops, during propagation, a split
in left and right wavefronts at depths greater than approximately 20 % of the thickness;
this feature has already been reported in literature [26] and is probably associated to the
presence of the A1 mode besides the A0 mode. Third, close to the top surface in the flat
section, the split is not present and the attenuation appears to be weaker.

t=24ms t=3.8ms t=54ms

Particle velocity (cm/s)

Particle velocity (cm/s)

30
X (mm) X (mm) X (mm) X (mm)

Figure 3.4: Snapshots of experimental wave propagation recorded in the flat (above) and tapered (below) sections
of the PVA phantom, and B-mode view of the two sections (rightmost column). The ARF push was applied at
t = 0.0 ms and was centered at x = 34 mm. The colours in the propagation snapshots represent particle velocity.

In Fig. 3.5, the two panels show the experimental wave propagation measured along
a single M-line at a depth of about 10% of the plate thickness in the flat (left panel) and
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tapered (right panel) sections. In the flat section, both branches of the wave propagate
with a speed of 1.55 m/s, whereas, in the tapered section, the two branches have different
speeds: the branch propagating towards the thicker end travels at 1.13 m/s, while the other
branch travels at 1.07 m/s. Analizing nine M-lines across the phantom thickness in the
flat section, the average speed difference (with standard deviation) between left and right
branch is 0.01+0.04 m/s, which is negligible in magnitude with respect to the standard
deviation. In contrast, performing the same analysis on data measured in the tapered
section, and taking into account nine M-lines again, the average difference between left
and right speeds is 0.16+0.07 m/s, which is considerably larger than its standard deviation.
We can conclude that tapering causes the wave to decelerate during propagation towards
the thinner end. An example wave propagation pattern of the top M-line in the tapered
plate is shown in the right panel of Fig. 5, where the wave branches traveling towards the
thick and thin ends have speeds of 1.13 m/s and 1.07 m/s, respectively.

Flat Tapered

(e
Particle velocity (cm/s)

0.01 0.015 0.02
Time (s)

Figure 3.5: Experimental wave propagation recorded in the flat section (left) and tapered section (right) of a PVA
phantom. The m-line (in red) was placed at about 1 mm of depth with respect to the top surface of the phantom
(red line in the B-mode panels), centred with respect to the lateral coordinate of the focus of the ARF push beam.
The propagation speed of the two wave branches is comparable in the flat section, whereas it decreases with
thickness in the tapered part of the phantom.

3.3.2. SIMULATIONS

VALIDATION

The two panels in Fig. 3.6 present the propagation of simulated ARF waves obtained in the
flat plate along a 2.5 cm long M-line placed at a depth of 0.9 mm in x-¢ and f-k domains
(left and right panels, respectively). In the x-¢ domain plots, the superimposed white lines
show the propagation trajectory estimated by the Radon Sum algorithm, corresponding
to speeds of 1.35 m/s and 1.38 m/s. The white line in the f-k domain plots represent the
theoretical AO mode, computed for a flat 9 mm thick fluid-loaded plate. The gradient of
this line indicates a propagation speed that ranges between 0.5 m/s for f = 10 Hz and
1.4 m/s for f = 600 Hz. In particular, the good match between the simulated and the
theoretical A0 curves (RMS-PD of 0.12 %) confirms that the numerical settings employed
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in our model are adequate for reliable simulations.

To compare numerical and experimental results, the speeds were further analysed sep-
arately for the left and right halves of nine M-lines at depths between 0.9 mm and 4.5 mm.
The speed difference between left and right branches was averaged over these nine M-
lines, yielding an average difference 0f0.01+0.02 m/s, confirming that the simulated wave
does not undergo variations of speed in a plate with constant thickness. Moreover, per-
forming the same analysis for the simulated tapered plate, the average propagation speed
difference between left and right halves was found to be 0.10+0.05 m/s, confirming that
the simulations capture correctly the deceleration introduced by tapering.
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Figure 3.6: Simulated ARF wave propagation obtained along a 2.5 cm long m-line in a 4 cm long, 9 mm thick flat
plate, at a depth of 0.9 mm. On the left, the wave is represented in the x-f domain: the colour scheme represents
particle velocity and the white lines show a Radon Sum estimation of the trajectory of the wave. On the right, the
wave is represented in the f-k domain, with the white line representing the theoretical A0 dispersion curve for a
plate surrounded by water with the same geometry and medium properties. The colour scheme represents the
magnitude of the Fourier-transformed velocity recorded along the M-line.

Figure 3.7 shows snapshots of the propagation of the simulated ARF waves propagat-
ing in a flat 9 mm thick plate (top) and a plate with thickness tapering between 9 mm
and 3 mm (bottom). Comparing qualitatively the experimental and simulated propaga-
tion snapshots in the flat plate, we can notice that the three features identified in the ex-
perimental data are also present, to some extent, in the simulations: the wave appears to
attenuate less in the tapered plate and closer to the surfaces, and the wavefront in the cen-
tral section of the simulated plate presents a distortion similar to the wavefront splitting
observed in the experiments. In the simulated data, however, a wavefront with positive
amplitude also appears in front of the original wave, which was not observed in the exper-
imental data and which appears to increase in amplitude during propagation.

ARF VERSUS NATURAL WAVES IN A LINEARLY TAPERED PLATE

Due to their different frequency contents, natural and ARF-generated waves can be ex-
pected to be affected differently by the tapering of the plate. To investigate this, Fig. 3.8
shows two simulated waves (one ARF-based and one natural) in the x-¢ domain, tracked
on an M-line at a depth of 10 % of the plate thickness. The black lines indicate the Radon
sum extracted trajectory. While the ARF-induced wave propagates with an essentially con-
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Figure 3.7: Snapshots of the propagation of a simulated ARF wave in a 4 cm long, 9 mm thick flat plate (top) and
9 mm to 3 mm tapered plate (bottom), both submerged in water.

stant speed along the entire length of the M-line (1.40 m/s in the first half, 1.39 m/s in the
second half), it is clear that the x-¢ trajectory of the natural wave is curved: two lines
with different inclinations fit the first and the second halves of the trajectory, resulting in
speeds of 1.27 m/s and 0.99 m/s, respectively. This result is in agreement with theoretical
expectations, since the phase speed of the A0 mode is lower at lower frequency-thickness
products.
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Figure 3.8: Space-time propagation of ARF waves (left) and -naturally generated waves (right) in a plate with
linear tapering between 9 and 3 mm. The black lines show the Radon Sum estimation of the wave trajectories,
considering the first and the second half of the travel path separately.
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Figure 3.9 displays the error maps corresponding to an ARF wave (left panel) and a
natural wave (right panel), computed as described in Fig. 3.3. As can be observed in Fig.
3.9, the RMS-PD maps for ARF waves and naturally generated waves are quite different,
with the natural waves showing a greater sensitivity to the thickness parameter, as can be
expected: at the higher frequencies typical of ARF waves, the A0 curve is flat and insensi-
tive to thickness variations, whereas at the low frequencies of natural waves the dispersion
curve is slanted and the phase speed varies considerably with the thickness. Indeed, with
natural waves, depending on which thickness value is used as input to identify the best-
fitting bulk shear speed, the value of the latter can vary greatly. Moreover, it can be seen
for both waves that neglecting the tapering and assuming a thickness of 9 mm results in
a higher RMS-PD than, for instance, assuming a thickness of 6 mm (corresponding to the
average thickness of the plate). Underestimating the thickness also leads to higher RMS-
PD, as well as higher estimated speed for both waves.
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Figure 3.9: RMS-PD maps for the ARF (left) and natural (right) waves in a with plate linear tapering between 9
and 3 mm. The white star shows the coordinates of the curve with minimal RMS-PD; the white filled polygons
indicate the coordinates of the best fitting curves at a fixed thickness of 3 mm (star), 5.5 mm (square), 6 mm
(circle), and 9 mm (triangle). The dashed line shows the true value of bulk shear speed in the simulated material.
The colour scheme represents the amplitude of the fitting error, i.e. the RMS-PD value.

To obtain Table 3.1, first the curves with lowest RMS-PD were identified for different
fixed values of plate thickness. Then, the shear modulus G was computed (via Eq. 3.1)
using the corresponding bulk shear speed. Finally, the value of G thus obtained was com-
pared with the input value of the simulation. As can be seen from this table, assuming
an unchanged equatorial thickness of 9 mm leads to underestimation of G, resulting in
especially large errors when analysing natural waves (4 % underestimation for ARF waves,
27 % underestimation for natural waves). Furthermore, as was already visible from the
error distribution portrayed in Fig. 3.9, underestimating the thickness of the plate (e.g.
assuming a thickness of 3 mm) can lead to overestimations of G for both wave types, espe-
cially severe in the case of natural waves. Finally, Table 3.1 reports the results of assuming
a constant thickness corresponding to either the arithmetic mean (6 mm) or harmonic
mean (5.5 mm) of the plate thickness.
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Error in shear modulus estimation
Excitation x-t domain [k domain analysis
type analysis h=9mm | h=6mm | h=5.5mm | h=3mm | Bestfit
ARF -34.7% (left) -4.0% -2.9% -2.8% +7.9% -2.9%
-35.6% (right)
Natural -46.2% (left) -27.8% +0.7% +11.6% +192.9% +3.0%
-67.3% (right)

Table 3.1: Percentage error in the estimation of modelled G (3 kPa), based on the bulk shear speed extracted from
x-t data and by fitting the simulated A0 of a linearly tapering plate. For the A0 fitting, theoretical curves were
considered corresponding to flat plates with different constant values of thickness. 6 mm is the arithmetic mean
of the thickness of the plate, 5.5 mm is its harmonic mean. The best fitting curve for the ARF data corresponds
to a thickness of 5.7 mm, while for the natural wave it corresponds to a thickness of 5.9 mm. In the x-t domain
column, two percentages are given, representing the values computed for the left and right halves of the M-lines.
The positive sign indicates overestimation, the negative sign underestimation.

ARF VERSUS NATURAL WAVES IN A CONVEX TAPERED PLATE

The RMS-PD maps for the curves extracted for the convex plate were used to produce Ta-
ble 3.2, from which it can be seen that the shape plays a role on how the wave is affected by
the tapering. The difference between the G estimated for the left and right halves of the M-
line in x-t domain is smaller in the convex plate, meaning that the wave decelerates less
during propagation. Moreover, we note that fitting the A0 mode assuming a thickness of 6
mm, aviable solution in the linearly tapered plate, now can result in severe overestimation
of the shear modulus, especially for the natural waves. Smaller deviations from the actual
implemented shear modulus are obtained by setting the thickness to either 6.9 or 7.7 mm,
the harmonic mean and arithmetic mean of the thickness of the convex slab, respectively.
Moreover, the bulk shear speed of the curve with lowest RMS-PD for a thickness of 3 mm
was greater than 3 m/s, outside the boundaries of the parameter space considered to build
the RMS-PD maps (as indicated by > +213.5 % in Table 3.2).

3.4. DISCUSSION

3.4.1. EFFECTS OF TAPERING ON SWE MEASUREMENTS

In this work, we have investigated how cardiac SWE measurements of material properties
may be affected by the tapering of the IVS. The effects of tapering have already been inves-
tigated [31-33] in the non-medical field for waves with relatively high frequency contents
(e.g. from 0.7 MHz to 3.3 MHz [32]), where multiple higher order symmetric and anti-
symmetric modes are present. These studies showed that such higher modes, which only
appear above well-defined values of the frequency-thickness product, can be reflected or
converted into lower order modes when the thickness decreased sufficiently. However, the
waves analysed in cardiac SWE have a relatively low frequency content (typically within
1000 Hz [19, 22, 27, 28]) and are therefore characterized mainly by the zero-order modes
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Error in shear modulus estimation
Excitation x-t domain f-k domain analysis
type analysis h=9mm | h=77mm | h=6.9mm | h=6mm | h=3mm | Bestfit
ARF -25.7% (left) -2.9% -1.7% -1.7% -1.7% +10.4% -1.7%
-27.7% (right)
Natural -35.6% (left) -5.2% +7.9% +19.2% +39.3% | >+213.5% | +12.9%
-44.7% (right)

Table 3.2: Percentage error in the estimation of modelled G (3 kPa), based on the bulk shear speed extracted from
x-t data and by fitting the simulated A0 of a linearly tapering plate. For the AO fitting, theoretical curves were
considered corresponding to flat plates with different constant values of thickness. 7.7 mm is the arithmetic
mean of the thickness of the plate, 6.9 mm is its harmonic mean. The lowest RMS-PD curve at a thickness of
3 mm, for the natural wave, corresponded to a bulk shear speed greater than 3 m/s, outside the boundaries of
the parameter space considered. The best fitting curve for the ARF data corresponds to a thickness of 6.7 mm,
while for the natural wave it corresponds to a thickness of 7.3 mm. In the x-t domain column, two values of
percentages are given, representing the values computed for the left and right halves of the M-lines.

and the first-order modes: the former are present at all frequency-thickness products,
and, for the latter, cardiac thickness reductions are not large enough for mode conver-
sion. Therefore, the effects described in literature would be hardly observed in the context
of cardiac SWE.

Nevertheless, the thickness variation of the IVS can introduce effects that are relevant
for cardiac SWE, especially for natural waves, as these are characterised by a stronger dis-
persion due to their lower frequency-thickness product. Both experiments and simula-
tions showed that the wave speed extracted in the x- ¢ domain can vary considerably along
the plate with decreasing thickness, especially for waves with lower frequency contents (a
~10 % speed decrease between the two branches in the experimental ARF data, and ~ 29
% speed variation in the simulations of the natural waves, as shown in Figs. 3.5 and 3.8). As
shown in Table 3.1, shear moduli obtained from the wave speed in the x-t domain severely
underestimate the input value of G = 3 kPa for both ARF (G = 2 kPa) and natural waves (G
=1.7kPa and G = 1.0 kPa for left and right wave, respectively) simulations. For comparison,
the values of G extracted from x-¢ data in the simulated flat plate are G = 2.1 kPa for the
ARF wave and Gy a1 = 1.8 kPa for the natural wave. From these results, we conclude that
thickness variations exacerbate the error that is already introduced by analysing waves in
the IVS in the x-t domain, with an additional decrease in stiffness estimation of 3 % for
ARF waves and even 27 % for natural waves.

Interestingly, as we mentioned in the introduction, Keijzer et al. [8] have recently re-
ported that by using x-¢ domain analysis, a variability of up to approximately 40 % in the
speed of naturally induced aortic valve closure (AVC) waves can be found between dif-
ferent studies, with variations in the order of 20 % between measurements within each
study. As shown in Fig. 3.8, even the same measurement of natural wave propagation in a
tapered plate could yield speeds that vary by 30 % from each other using the time domain
analysis. It is also reasonable to assume that different hearts would present slightly differ-
ent shapes, even among healthy volunteers, potentially increasing further the difference
between measurements, as suggested by Tables 3.1 and 3.2. Based on our results, there-
fore, we suggest that geometry of the IVS plays a role in the variability of the speeds being
reported.

In principle, analysing the propagation data in the f-k domain should provide a more
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robust method of deriving G, since fitting the dispersion curves allows to determine the
value of the bulk shear speed, which is directly related to the shear modulus [4, 11, 19, 20,
26, 27]. However, as is apparent from Tables 3.1 and 3.2, knowledge on the specific shape
of the observed IVS is necessary in order to perform the fit correctly. Our results show, in
fact, that neglecting the thickness variations can lead to considerable over- and underes-
timation of the shear modulus, and that a significant role is played by the exact shape of
the plate, as opposed to the overall thickness reduction. The relevance of accounting for
the correct thickness of the plate was also observed, for plates of constant thickness, by
Maksuti et al. [42], who showed the error introduced by inaccurate thickness assumptions
in arterial SWE.

The RMS-PD maps demonstrate a sub-region of the parameter space corresponding to
dispersion curves with RMS-PD < 1 % (see Fig. 3.9). Within this region, especially for natu-
ral waves, small variations on the thickness axis can lead to big variations of the bulk shear
speed with minimum RMS-PD, while still generating very similar dispersion curves. When
using the global minimum of the RMS-PD map, even small errors in the reconstruction of
the experimental or simulated dispersion curve could then lead to the wrong parameters.
For this reason, it is our opinion that the global minimum of the two-parameters space
should be avoided for reconstructing material properties of the IVS; rather, a priori knowl-
edge of one of the two parameters (e.g. the thickness) should be used as input to identify
the other.

In terms of clinical applications, our results confirm that f-k data, rather than x-¢
data, should be used to estimate the shear modulus from SWE measurements, as had al-
ready been suggested in literature [26, 42]. The thickness of the IVS can be measured for
instance from B-mode images and used as input in the fitting procedure employed for the
dispersion curves. In particular, to obtain more reliable results when there are thickness
variations over the M-line, the thickness at each point should be measured and combined
to compute some mean value, as opposed to averaging the total thickness variation. If
precise information about the thickness is not available, our results suggest that overesti-
mating the thickness leads to smaller errors than underestimating it, which is due to the
shape of the dispersion curve of the A0 dispersion curve and corresponds with earlier ob-
servations [42]. A major challenge to this application, however, lies in the reconstruction
of the experimental dispersion curve: resolution in the f-k domain depends on the size
(in space and time) of the acquisition of the x- ¢ signal, which is typically limited in cardiac
applications to a few milliseconds over a couple of centimetres (determined by acquired
field-of-view for the IVS) [22, 26]. The resulting resolution in the f-k domain is thus low
and potentially compounded to imaging artefacts and gross motion of the heart, which
could lead to inaccuracies in the reconstruction of the dispersion curve, therefore affect-
ing the result of the fit. This issue can be especially significant for natural waves, due to
their longer wavelengths.

From a theoretical point of view, it is incorrect to talk about Lamb dispersion curves
in plates of varying thickness, as these curves are defined for flat plates. Regardless, as a
practical attempt to extract the shear modulus from wave measurements, it may still be
useful to fit the known curves of a fluid-loaded flat plate to the f-k data. Performing the fit
by using the average thickness of the plate, for example, yielded relatively accurate results
for the linearly tapered plate; however, it did not show any advantage over using the max-
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imal thickness for the fit performed for the convex plate. Moreover, while the harmonic
mean could be expected to provide a better approximation (since a wave traveling in a flat
plate of equivalent thickness propagates with the same average speed as one traveling in
a tapered plate), it did not yield better results. This suggests that an average thickness can
be a useful first approximation that should be improved upon.

3.4.2. SIMULATIONS VERSUS EXPERIMENTS

The numerical settings of the simulations were validated by comparing the A0 curve of a
simulated flat plate with the corresponding theoretical curve, showing a good correspon-
dence between the two. Furthermore, the deceleration introduced by tapering observed
in experiments is also present in the simulation data, confirming that our simulations can
reliably reproduce wave physics also in the case of a tapered plate. To some extent, the
main features of the propagation patterns in x-t domain of the experimental data are visi-
ble also in the simulations. However, in the simulations of the flat plate the splitting of the
wavefront is not as clearly visible as in the experiments. Moreover, in the simulations, a
positive wavefront appears during propagation, while this is not observed in the exper-
imental data. The imperfect match between the simulated and experimental patterns
could have several causes: for one, the wave source employed in our numerical study was
meant to simulate the frequency content of the experimental wave, but the space-time
distribution of the simulated source in the plate was kept much simpler. Additionally, the
modelled plate is perfectly elastic, homogeneous and isotropic, whereas the plate used
for the experiments could contain imperfections due to fabrication, which could in turn
affect the wave patterns.

3.4.3. LIMITATIONS

In order to model a realistic cardiac shape, the fabricated phantom resulted in a relatively
wide and thin plate with density just slightly higher than that of water. When submerged,
the phantom tended to float around and curl at the thin edges. To prevent these effects, 3D
printed PLA supports were fabricated and place underneath and on top of the plate at two
opposite ends. While the supports were never included in the field of view of the probe
during experiments, their presence and contacts with the plate may also have affected the
wave propagation by changing the actual boundary conditions of the wave guide.

To show the effects of tapering on propagation in x-¢ domain, we reported two values
of speeds (corresponding to the first and second halves of the propagation). This approx-
imation is useful to offer a clear, simple view of the effect of tapering, especially in the
experimental data, where the resolution may not be high enough to discern local, small-
magnitude variations. However, the propagation speed is a continuous function of space,
since the tapering is, and the propagation trajectory is curved. By reporting only two val-
ues of constant speed, information on the precise variation of propagation speed over
space is therefore lost.

Finally, to isolate the effects of tapering, several simplifications were made in our ex-
perimental and numerical models compared to actual cardiac settings: the IVS was mod-
elled as a purely elastic, isotropic plate, whereas cardiac tissue is known to show both vis-
coelastic and anisotropic behaviour, as well as inhomogeneities near the valves. In con-
junction with the three-dimensional curvature of a real IVS, all these parameters would
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likely affect the trajectory, attenuation and dispersion of the propagating waves. Such
effects were beyond the scope of this study, but should be included in future work to
produce a more realistic model for the interpretation of SWE measurements in terms of
medium properties.

3.5. CONCLUSIONS

In conclusion, this work shows experimentally and numerically that the specific (variable)
thickness of the IVS can affect the estimation of the shear modulus obtained by SWE, es-
pecially when low frequency waves, such as natural waves, are tracked. Experiments show
a deceleration of 11 % with the decreasing thickness. The numerical results show that
neglecting tapering in f-k analyses can result in errors greater than 30 % in shear mod-
ulus estimation, and that x-t analyses are even less accurate. Finally, the exact tapering
curve of the plate, rather than its absolute thickness variation, determines these effects,
and more accurate results can be obtained when the constant thickness value considered
for the f-k analysis equals the mean thickness of the plate.
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Abstract

Previous studies reported that the accuracy of Lamb wave analysis for cardiac elas-
tography is affected by local thickness variations. A technique referred to as Local Phase
Velocity Imaging (LPVI) was recently proposed for local elasticity measurements in bulk
viscous tissues (e.g. the liver). The goal of the present work is to assess whether the same
method can be employed to improve Lamb wave analysis in cardiac elastography. To
achieve this, finite element models simulated the propagation of a shear wave in cardiac-
mimicking plates of different geometries (e.g. with constant or varying thickness). The
LPVI was applied to these datasets, showing that it can correctly reconstruct A0 and Al
dispersion curves. However, when comparing the shear modulus reconstructed by using
a small (4 mm by 2.7 mm) LPVI window and an M-line of the same length, at various lo-
cations throughout a flat plate, LPVI did not show any significant improvement compared
to the M-line analysis. These results were also confirmed in a tapered geometry, where us-
ing a long M-line yielded the most accurate estimate of the shear modulus, despite local
thickness variations.
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4.1. INTRODUCTION

Shear Wave Elastography (SWE) can provide clinically relevant information about biolog-
ical tissues by measuring the speed of a shear wave propagating through them and re-
lating it to the stiffness [1, 2]. An ultrasound transducer is used to non-invasively image
the propagation of the pulsed wave, which can be induced by external means (e.g. by the
transducer itself) [3-5] or by the natural physiology of the organ under investigation, e.g.
the closing of a heart valve [6-8].

The most common approach to determine stiffness from a shear wave measurement
makes use of time-of-flight measurements, i.e. tracking the movement over time of a spe-
cific feature of the pulsed wave (e.g. the peak particle displacement or peak particle ve-
locity) to determine the propagation speed (3, 5, 7-14]. This approach assumes that the
measured speed depends only on the stiffness and the density of the medium, which is
the case for the shear speed in a bulk elastic material. However, time-of-flight measure-
ments are inadequate to reconstruct stiffness in media where the propagation speed, or
more precisely, the phase speed is dispersive, i.e. dependent on the frequency of the wave
[15, 16].

A different approach consists in analysing the tracked wave in the
frequency-wavenumber (f-k) domain. This can be done by considering the space-time
propagation along one line of virtual receivers (M-line) and applying to this data a 2D Fast
Fourier Transform (FFT). Data in the f-k domain is useful to analyse waves with a dis-
persive behaviour, such as can be caused by viscosity or geometry. Several studies have
reported reconstructing the dispersion curves and then using inversion algorithms, such
as least-square fitting, to find the bulk shear speed and, therefore, the shear modulus of
the medium [16-19]. Notably, when using the M-line approach, the longer the M-line, the
higher the accuracy of the resolution in the transformed domain; as such, local informa-
tion is usually lost with this approach.

Several methods to reconstruct local material properties with shear wave measure-
ments have been proposed over the past few years. For instance, Ormachea, Parker et al.
showed the possibility of reconstructing local wavenumbers by analysing diffuse, rever-
berant wavefields [20, 21]. Other approaches, specifically aimed at reconstructing local
viscoelastic properties, employed the analysis of phase and amplitude decay of a single
shear wave at varying distances from the source [22], or local model-based estimators to
analyse the shear wave patterns [23, 24].

Recently, Kijanka and Urban proposed a local phase velocity imaging technique in-
volving the local analysis of shear wave propagation in a short-space
frequency-wavenumber domain [25, 26], based on a local wavenumber analysis proce-
dure used in non-destructive testing [27]. In particular, this method was shown to retrieve
local phase speeds more accurately than other methods [25], allowing for instance the
imaging of small inclusions. Moreover, the LPVI approach was used to accurately and lo-
cally reconstruct viscosity-induced dispersion curves [26]. In contrast with the more com-
mon M-line approach, the results shown with the LPVI technique were extracted from rel-
atively small windows (in the order of millimetres, as opposed to the centimetres typical
of M-lines).

The LPVI approach could also be beneficial for performing SWE in media whose thick-
ness is comparable to the wavelength of the shear wave, such as arterial walls [17], car-
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diac muscle [6, 28] and the cornea [29], where Lamb (or at least Lamb-like) behaviour
is observed. Lamb waves are characterised by two infinite sets of guided modes, either
symmetric or antisymmetric. Each mode corresponds to a curve that associates every
frequency to a different value of phase speed, depending on the material properties and
the thickness of the plate [30, 31]. The benefit offered by LPVI would be to reconstruct
Lamb dispersion curves locally, therefore accounting for local parameter variations (e.g.
of thickness).

Reconstructing a Lamb mode locally would be particularly important for cardiac ap-
plications, since the thickness of the interventricular septum (IVS) can vary considerably
from base to apex [32]. In fact, as we showed in the previous chapter, this thickness vari-
ation can introduce errors in stiffness estimation, when analysing in the f-k domain data
extracted from an M-line (referred to in this paper as “f-k domain M-line approach”)
[33]. These errors were especially significant (up to more than 200 % deviation from the
true stiffness) when analysing low frequency waves, since Lamb dispersion is more pro-
nounced at low frequencies.

The present work investigates whether the LPVI technique could prove useful for car-
diac SWE to improve local stiffness estimation. More specifically, we aim to answer three
questions: (i) whether LPVI can reconstruct Lamb dispersion curves in a muscle-like flat
plate, (ii) whether in such a medium LPVI is more accurate in stiffness estimation than
the f-k domain M-line approach, and (iii) whether LPVI improves stiffness estimation
in more realistic cardiac geometries (tapered plates) for low frequency waves. To per-
form this study, finite element simulations are used to model waves with low and high
frequency content (10-200 Hz and 10-600 Hz, respectively) in both flat and tapered sep-
tal models. The validity and accuracy of the LPVI approach is studied for various LPVI
window sizes in a flat IVS-like plate for a high frequency wave(10- 600 Hz), simulating an
Acoustic Radiation Force (ARF) push pulse. The resulting reconstructed 2D stiffness map
was compared with that of the traditional f-k domain analysis of M-lines. Finally, LPVI is
applied to a low frequency simulation (10-200 Hz) , representing cardiac natural waves, in
a linearly tapered plate, and its results are again compared to the stiffness estimations of
the f-k domain analysis of M-lines.

4.2, METHODS

4.2.1. NUMERICAL SETUP

The simulated data was obtained using the same numerical implementation employed
in the previous chapter, where a detailed description can be found. In brief, Abaqus
CAE (Abaqus Inc., Providence, RI, U.S.A.) was used to model a 4 cm long, elastic, quasi-
incompressible plate immersed in water. The thickness of the plate was either 9 mm, or
decreased from 9 mm to 3 mm from the left to the right ends (see Fig. 4.1). The shear
modulus G was equal to 3 kPa, the bulk shear speed was 1.69 m/s, the density 1045 kg/m?3
and the Poisson’s ratio was 0.49999.

The plate was meshed with quadrilateral elements with a length and thickness of 0.1
mm (for the flat plate) or length of 0.2 mm and thickness between 0.2 and 0.07 mm (for the
tapered plate). These mesh sizes ensure that frequencies up to 600 Hz are sampled with
at least 15 points per wavelength, based on the bulk shear speed. The solution computed
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by Abaqus was then sampled with a temporal resolution of 0.038 ms, corresponding to at
least 43 samples per period in the frequency range mentioned.

A Gaussian-shaped vertical displacement pulse with peak amplitude of 0.2 mm was
applied to the left edge of the plate in the transversal direction (see Fig. 4.1), simulating
the wave source. The pulse simulating natural waves had a total duration of 10 ms, while
the ARF wave was modelled with a 2 ms pulse, corresponding to full-width half-maximum
frequency contents of around 100 Hz and 500 Hz, respectively [4, 16, 34, 35]. The wave
propagation was simulated for a total duration of 40 ms, using an explicit solver.
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Figure 4.1: The two geometries of plates that were simulated: flat (left) and linearly tapered (right). In both, the
thickness at the left side is 9 mm. In the tapered plate, the thickness decreases linearly until it reaches 3 mm at
the right side.

4.2.2. LPVI ANALYSIS
While a detailed description of the LPVI method can be found in the works of Kijanka and
Urban [25], we report briefly the implementation employed in the present work.

The simulated dataset in Abaqus is a 3D matrix of displacements at coordinates ¢-x-y
(time, lateral direction, axial direction). The basic blueprint of the LPVI approach con-
sists of applying a 1D Fast Fourier Transform (FFT) in the time direction, converting the
dataset into a f-x-y matrix. Then, for each frequency of interest f;, the 2D matrix f;-x-
y is windowed, zeroing out all data outside of the window. The data inside the window
is then transformed using a 2D FFT along the spatial dimensions, resulting in the matrix
K(fi, kx;m, ky;n), where ky,, and ky;,, are the wavenumbers in the lateral and axial direc-
tion, respectively. For a given f;, the maximum of K is assumed to correspond to the dis-
persion curve. Therefore, the wavevector (ky;;, ky;;) at the maximum of K(f3, kx;m, ky;») is
identified and used to calculate the phase speed at frequency f; :

|V(fi» kx;iv ky;i)l = |max(m,n) (V(fi; kx;mv ky;n))|; (4.1)
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ki = ,/kfm. + ki;i’ (4.2)

c;',h =27 filk; 4.3)

In our implementation, before applying the FFT in the temporal direction, the particle
displacement values corresponding to the last 0.18 ms were artificially tapered to zero with
a cosine window; then, the entire matrix was padded on both ends of the t axis with 212
zero elements; finally, the matrix was artificially down-sampled, increasing the distance of
consecutive points on the t-axis by a factor 10. This processing steps reduced windowing-
related artefacts in the Fourier domain, while increasing the frequency step to a Af of
about 4 Hz.

To isolate a local region of interest, a 2D Tukey window was applied at each frequency
to the f;-x-y data. Each side of the Tukey window had an r-factor of 0.33. Several window
widths were investigated, ranging from 4 mm to 29 mm (i.e. from 10 % to approximately 70
% of the plate length), while in the y-direction the window height was kept to 30 % of the
local thickness: in a flat plate, this meant a height of 2.7 mm; in a tapered plate, the window
was also tapered, so that, at each x-coordinate, the height of the window corresponded
to 30 % of the plate thickness there. In the tapered plate, it was not possible to directly
apply a 2D FFT to the entire window as the mesh grid is not rectangular. Therefore, the
window was first transformed with a 1D FFT into a f;-k,-y matrix, then the y data at each
k. coordinate was also transformed into wavenumbers.

Repeating this procedure for different frequencies f; results in reconstructing the dis-
persion curve of the wave, localised within the given window.

4.2.3. f-k DOMAIN M-LINE ANALYSIS

For the f-k domain M-line analysis, space-time simulated propagation was tracked along
a single line, centred at the centre point of the window used for the LPVI approach. This
data was further processed with a Tukey window with cosine fractionr =0.2. A 2D FFT was
then applied to transform the propagation data to the f-k, domain, in which the areas of
maximum amplitude were assumed to correspond to the dispersion curves. The f-k, data
was then masked, filtering out amplitudes below 20 % of the maximum.

4.2.4. SHEAR MODULUS ESTIMATION

The curves extracted from the M-lines and the LPVI windows were then compared to the-
oretical zero-order antisymmetric (A0) curves, each with a different combination of bulk
shear speed and thickness. As was done in Chapter 3, a Root Mean Squared Percentage
Difference (RMS-PD) error function was introduced to quantify the correspondence:

N (100(k; — kT)/kT)?
E= Z( (’N’) ) (4.4)
1
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where E is the RMS-PD error, k; is the wavenumber of the extracted curve at the i fre-
quency, le is the wavenumber of the chosen theoretical curve at the same frequency, and
the sum runs over all N frequencies at which the curve was extracted. The RMS-PD was
then calculated for theoretical curves corresponding to bulk shear speeds between 0.5 and
3m/s with a resolution of 0.001 m/s and thicknesses between 2 and 10 mm with a resolu-
tion of 0.1 mm. The bulk shear speed of the extracted curve was then estimated by iden-
tifying the theoretical curve with lowest RMS-PD, for a fixed value of thickness equal to
the average thickness of the plate in the region of interest. Finally, the shear modulus was
calculated as G = pc?, where p is the density of mass (kg/m?®) and c is the bulk shear speed.

4.2.5. SHEAR MODULUS 2D MAPS

2D shear modulus maps were obtained for the flat plate by moving the centre position of
the window and the M-line within the plate. The window width and M-line length had a
constant value of 4 mm. The height of the window was 2.7 mm. The x-coordinate of the
window centre ranged between 6 and 34 mm, whereas the y-coordinate varied between
15 % and 85 % of the local thickness of the plate. Before calculating the RMS-PD values,
all the reconstructed curves were further processed by removing all the points (kx;m, ky;n)
that were further from the theoretical A0 curve than half the distance between the theo-
retical curves for the A0 and Al modes. This data removal was performed to guarantee
that only data corresponding to the A0 mode was used for calculating the RMS-PD, and
no interference with data of the Al curve would occur.

4.3. RESULTS

4.3.1. VALIDATION OF LPVI IN A PLATE (FLAT PLATE, ARF WAVE)

Our implementation of the LPVI algorithm was first tested using a relatively long window
(2 cm long) in a flat plate with ARF pulse excitation. The height of the window was 2.7 mm.
The window was centred at different x-coordinates, ranging from 1 cm to 3 cm, while the
y-coordinate of the centre of the window remained fixed at 7.65 mm. For each location of
the window, the phase speed was extracted using the LPVI at two frequencies, 100 Hz and
400 Hz. The extracted phase speeds are shown in Fig. 4.2, together with the theoretical
values expected for the A0 mode at the same frequencies. Calculating the average phase
speed and standard deviation at each frequency, we conclude that the speeds extracted
using the LPVI approach are consistent with the theoretical values (see Table 4.1).

Average c,,;, | Standard deviation | Theoretical c,,
100 Hz 1.296 m/s 0.016 m/s 1.292 m/s
400 Hz 1.410 m/s 0.015m/s 1.421 m/s

Table 4.1: Extracted phase speed at 100 Hz and 400 Hz, averaged over 11 locations along the x-axis, with standard
deviation and reference theoretical value for the A0 mode.

Next, we employed the LPVI to reconstruct the dispersion curve within the 2 cm long,
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Figure 4.2: Phase speeds extracted using the LPVI technique at different x coordinates at frequencies of 100
Hz (blue) and 400 Hz (red) for a simulated ARF-induced wave. The error bars show the standard deviation.
The dotted and dashed lines represent the theoretical phase speeds of the A0 Lamb mode at those frequencies,
respectively.

2.7 mm high window, at frequencies between 10 Hz and 600 Hz with a sampling interval
of 5 Hz. Along the x-axis, the centre of the window coincided with the centre of the plate.
Along the y-axis, two locations of the centre of the window were considered (see Fig. 4.3):
close to the top surface (7.65 mm) and at the axial centre of the plate (4.5 mm). The LPVI-
derived and theoretical dispersion characteristics matched well for the window near the
top surface (left panel of Fig. 4.3). For the axial centre of the plate (right panel of Fig.
4.3), both the A0 and Al modes are detected by the LPVI technique. This agrees with the
findings of our previous chapter.

4.3.2. COMPARING LPVI AND f-k DOMAIN M-LINE AT DIFFERENT EXTRAC-
TION LENGTHS (FLAT PLATE, ARF WAVE)

The accuracy of the shear modulus estimation with the LPVI method was investigated for

a fixed window height of 2.7 mm and window widths varying between 4 mm and 29.2

mm. The centre of the window was placed at x- and y- coordinates of 2 cm and 7.65 mm,

respectively; this location was chosen to avoid proximity to the boundaries on the x-axis,
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Figure 4.3: Dispersion curves reconstructed with the LPVI technique (blue circles) and obtained with a simu-
lated ARF-induced wave, for windows centred vertically near the top surface (left plot) and near the plate axial
centre (right plot). The red and yellow lines represent the theoretical dispersion curves for the A0 and A1 modes,
respectively. In the bottom right corner the plate (in red) and the LPVI window (in yellow) are shown.

while also ensuring that only the AO mode was included in the analysis. Each window was
then compared to an M-line with the same length and centre-point coordinates. Figure 4.4
shows the results of this comparison, expressing the extracted values of G as percentage
deviations from the true value (3 kPa). At the coordinates considered here, the LPVI yields
more accurate values of G than the f-k domain M-line analysis when the window width
and M-line length are shorter than 24 mm. Window widths smaller than 4 mm were also
tested, but failed to reconstruct the A0 mode (data not shown).

Subsequently, a LPVI window and an M-line of 4 mm were used to reconstruct the
2D shear stiffness map of the plate. Figure 4.5 shows, for both approaches, the variation
between reconstructed and true values of the shear modulus G, expressed as a percentage
of the true value. The absolute mean variation from the theoretical value and its standard
deviation are reported in Table 4.2 for both approaches, showing comparable results: on
average, the error in G for the LPVI approach is roughly 2 % lower than that of the f-k
domain M-line analysis.

Average |[AG/G| | Standard deviation
LPVI 10.8 % 15.9%
M-line 13.0 % 173 %

Table 4.2: Average and standard deviation of the absolute percentage deviation from the true value of G, retrieved
from the 2D maps obtained using the LPVI and M-line approaches for the flat plate.
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Figure 4.4: Percentage deviation of the extracted bulk shear speed from the true value in a flat plate, for different
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a simulation of ARF-induced waves.
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Figure 4.5: 2D shear modulus maps of the flat plate, reconstructed using an LPVI window (left) and an M-line
(right) with a length of 4 mm. The colors represent the percentage deviation from the true value of G (3 kPa).
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4.3.3. LPVI IN TAPERED PLATES (LINEARLY TAPERED PLATE, NATURALLY-

INDUCED WAVE)

The performance of the LPVI-technique for natural cardiac waves, which are more sensi-
tive to thickness variations due to their lower frequency content (up to 200 Hz), is demon-
strated in Fig. 4.6 for a linearly tapered plate. Similarly to Fig. 4.5, Fig. 4.6 shows the 2D
shear stiffness maps reconstructed using the LPVI approach (left) and the f-k domain M-
line analysis, using a 4 mm long and 2.7 mm high window and a 4 mm long M-line. The
average and standard deviation of the absolute percentage deviations from the true value
of G (3 kPa) is shown in Table 4.3. On average, both methods show an absolute deviation
of around 18 % from the true value of G. For comparison, the value of G reconstructed by
analysing a 2 cm long M-line in the middle of the plate is just 1.9 % larger than the true
value.

LPVI M-line
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= 0 0
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0 1 2 3 4 0 1 2 5 4
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Figure 4.6: 2D shear modulus maps of the tapered plate, reconstructed using an LPVI window (left) and an M-line
(right) with a length of 4 mm. The colors represent the percentage deviation from the true value of G (3 kPa).

Average |[AG/G| | Standard deviation
LPVI 18.8 % 23.3%
M-line 18.7 % 22.6 %

Table 4.3: Average and standard deviation of the absolute percentage deviation from the true value of G, retrieved
from the 2D maps obtained using the LPVI and M-line approaches for the tapered plate.

The tapered plate was then analysed at its axial centre and different x-coordinates,
from 0.6 to 3.4 cm, using 4 mm long LPVI windows of different heights: one as thick as 30
% of the local plate thickness, the other spanning the entire local thickness. The resulting
values of G are shown in Fig. 4.7, expressed as percentage variations from the true value
(3 kPa) and compared to those obtained from a 4 mm long and 40 mm long M-lines at the
same locations. In both geometries, the long M-line yields the most accurate result; both
window heights produce, on average, comparable results (approximately 18 % of average
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error), slightly more accurate than the short M-line (approximately 21 % of average error).
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Figure 4.7: Comparison between the extracted values of G from the LPVI approach and the f-k domain M-line
analysis. The LPVI windows were 4 mm long, with heights equal to 30 % and 100 % of the local thickness of the
plate. The two M-lines considered were 4 mm and 2 cm long.

4.4, DISCUSSION

In this chapter we have investigated whether the LPVI technique, proposed in literature
for viscoelastic bulk media [25, 36], can be applied to bounded elastic media. More specif-
ically, we have investigated this technique for SWE applied to the heart muscle, which
poses intrinsic challenges that could not be addressed in studies focusing on bulk media:
(i) the dispersive behaviour of waves due to the plate-like structure of the IVS is differ-
ent from the dispersive behaviour due to viscosity, (ii) several modes of propagation can
be present at once, and (iii) the ability to detect specific Lamb modes that are excited
will depend on the depth within the plate. For example, a 4 mm square window as was
used in the previous studies could simultaneously collect data from regions with different
modes. Moreover, while the accuracy of the LPVI approach was validated in the studies
mentioned above, it was not compared to the f-k domain M-lines approach with similar
line lengths. As such, the performance of the LPVI approach remained to be determined
for plate structures.

The implementation of the LPVI technique in our work differs slightly from that de-
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scribed in literature. In particular, our work only involves a single propagating wave, as
opposed to two pulses coming from opposite directions. Moreover, in our case the choice
of dimensions for the LPVI window was at least partially determined by the physics in-
volved in our study: 2.7 mm was the largest window height that still allowed to only detect
the A0 mode near the top surface of the plates, and as such it was considered the best
value to investigate the validity of the LPVI approach. On the other hand, the width of 4
mm was selected as the shortest width that could still reconstruct the A0 mode. Smaller
windows, probably due to the limited number of datapoints they contained (less than 3
points per fixed y-coordinate for a 2 mm wide window), failed to reconstruct dispersion
curves at most locations.

Applying the LPVI to a simulated shear wave in a flat plate, we have observed that
this technique can, indeed, reconstruct Lamb dispersion curves in cardiac-mimicking set-
tings. By using a rectangular window of 2.7 mm height and 2 cm length, we were able to
study separate regions characterised by different modes, showing that the A1 mode coex-
ists with A0 near the axial centre of the plate, whereas close to the top only A0 is excited
(see Figure 4.3). This confirms previous observations obtained from f-k domain M-line
analyses [15, 16, 33]. Notably, the curve reconstructed near the axial centre transitions
smoothly from AO to Al (see Fig. 4.3).

As is shown in Fig. 4.4, the LPVI method can reconstruct the bulk shear speeds of
ARF-generated waves more accurately than an M-line of equal length and positioning. In-
tuitively, this result could be expected, since the LPVI method makes use of more data, i.e.
data coming from a 2D window as opposed to a 1D line, to reconstruct the same infor-
mation. Comparing the results of the two approaches at different locations, however, as
is shown in Fig. 4.5, shows that the improvement provided by the LPVI approach is not
the same everywhere. In fact, on average, the two methods produce comparable results.
Moreover, both methods show a similar non-uniform pattern in the spatial distribution
of their deviation from the true G. A possible explanation for this might be that, due to
the proximity to the source location, the guided mode is not fully developed yet (see also
the Supplementary Materials at the end of this chapter); however, further research will be
necessary to investigate the validity of this hypothesis, possibly considering longer plates
where larger distances from the source can be analysed. Regardless, it should be noted
that the error in parameter estimation is relatively low, on average: a 10 % deviation from
the true G corresponds to a an error in estimated shear speed of approximately 0.08 m/s
(about 5 % of the true value); this would likely not affect the overall accuracy of a clinical
measurement, where the variations in measured shear speeds are usually much higher
[14].

From a theoretical point of view, Lamb dispersion modes are derived for a plate with a
constant thickness. As we have previously reported, errors can occur when the thickness
of plate varies, especially for low-frequency (i.e. highly dispersive) waves. In that case,
the average thickness can reduce the error, but it is an inadequate approximation if there
are large variations over the length of the measurement section considered. If this length
is small, on the other hand, the approximation should describe a situation closer to the
truth and, therefore, yield more accurate results. While we had hypothesized that the LPVI
could provide such improved results, our results do not support this: despite the thickness
variation, extracting the value of G by analysing a 2 cm long M-line in the centre of the
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plate yielded a better result (1.9 % error) than using either a 4 mm long M-line or a 4 mm
by 2.7 mm window at the same location (14.1 % error in both cases). The same conclusion
can be drawn when considering the average values of G extracted throughout the plate
(errors of 18.8 % and 18.7 % for LPVI and M-line approaches, respectively).

Analysing the data near the axial centre of the plates, we showed that using a short (4
mm) but high window, spanning the entire thickness of the plate, yielded better results
than an equally short M-line. However, the long M-line still produced the most accurate
results. This result suggests that the information retrieved from the perpendicular direc-
tion (the y-direction) plays a less significant role in reconstructing the dispersion curve.
Notably, for the local measurements, the error increased towards the thin end of the plate.
Reflections at the boundary are unlikely to be the cause of this increased error, as they
were not observed in the data and are naturally filtered out by the f-k domain approach.
It should also be noted that the problem of incorporating areas where different modes can
be detected was not an issue in these measurements, since only AQ is present at the low
frequencies considered, and this mode has a uniform distribution over the entire thick-
ness of the plate.

A limitation of the present work lies in the analysis of the central section of flat plates,
where the LPVI approach reconstructs a curve that transitions from A0 to Al. Due to the
smooth transition, it was not possible to fit the extracted curve entirely with the dispersion
curve of any single theoretical mode to obtain the material properties. As a consequence,
when analysing the central region of the plate, only the lower frequencies (corresponding
to AO) could be analysed, reducing the amount of data available. Moreover, part of the
transition region of the curve was included in the analysis because the cut-off was chosen
in correspondence with the frequency at which the A1 mode was closer to the curve than
the A0. This affected the accuracy of the reconstruction by introducing overestimations of
the phase velocity.

Future work will be dedicated to obtaining a better understanding of the error distri-
bution in the 2D stiffness maps, as well as developing and validating techniques to anal-
yse several Lamb modes simultaneously. This could enable the use of taller windows (e.g.
square windows) in flat plates, increasing the amount of information obtained from the
y-direction and, potentially, improving the accuracy of the LPVI approach.

4.5. CONCLUSIONS

The LPVI technique can be used to perform SWE on IVS-like plates to reconstruct Lamb
dispersion curves. Analysing in the f-k domain M-lines that span comparable spatial
domains, on average, yields equally accurate results, even in the presence of thickness
variations.
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SUPPLEMENTARY MATERIALS
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Figure 4.8: Panel a): 2D shear modulus error map reconstructed with the M-line approach in a flat plate for an
ARF-induced wave. Panels b), c), d): f-k domain representation of the shear wave measured along a 4 mm long
M-line at y = 4.95 mm, at different x coordinates. The black lines show the extracted dispersion curve, while
the white circles and crosses show the theoretical A0 and Al curves, respectively Panels e), f), g): x-t domain
representation of the shear wave measured along a 4 mm long M-line at y = 4.95 mm, at different x coordinates.
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Abstract

In recent years, several fitting techniques have been presented to reconstruct the pa-
rameters of a plate from its Lamb wave dispersion curves. Published studies show that
these techniques can yield high accuracy results and have the potential of reconstructing
several parameters at once. The precision with which parameters can be reconstructed
by inverting Lamb wave dispersion curves, however, remains an open question of funda-
mental importance to many applications. In this work, we present an approach that allows
both the simultaneous extraction of the thickness of a plate and the shear and compres-
sional bulk wave sound speeds, as well as the provision of quantitative information on the
precision with which these parameters can be extracted. As opposed to the error mini-
mization algorithms commonly employed in fitting techniques, our approach compares
a target curve to a database of theoretical ones that covers a given parameter space. For
every point in the parameter space, a measure of dissimilarity (error) is calculated, thus
showing not only the location of the minimum error, but also the distribution of the error
itself. We use this approach to reconstruct the parameters of a plate from Finite Element
simulations and experimental measurements of the zeroth order Lamb wave modes (AO
and S0), showing that the precision with which each parameter is reconstructed depends
on the mode used, as well as the frequency range in which it is considered.
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5.1. INTRODUCTION

In a variety of fields, from medical research to industrial applications, measurements of
the propagation of a mechanical wave through a medium are used to reconstruct its ma-
terial properties [1-6]. In the simple case of a fluid bulk medium, the propagation speed
of a wave is proportional to the inverse square root of the density and the compressibility
of the medium. However, when the object under investigation is a solid plate or a plate-
like geometry, waves are characterized by sets of symmetric and antisymmetric dispersive
wave modes. Waves characterised by these modes are referred to as Lamb waves [7]. The
propagation speed of these wave modes depends not only on the elastic properties of the
medium, but also on the product of its thickness and the frequency of the wave [7, 8].

Due to the dispersive behaviour of Lamb waves, time-of-flight measurements of wave
speed cannot be employed directly to reconstruct the properties of a medium [9, 10], as
shown also in Chapter 3 of this thesis. Rather, a common approach consists in assuming
that a given combination of shear speed (ct), compressional speed (cy) and thickness (h)
defines uniquely a set of dispersion curves; based on this assumption, these three param-
eters can be reconstructed by extracting the dispersion curves from a measurement and
then finding the parameters that generate the same (or most similar) curves [11-15]. Sev-
eral techniques have already been developed to extract the dispersion curves from mea-
sured data and to solve the so-called inverse problem for one or more parameters simul-
taneously [12, 14-20]. In most of these studies, the accuracy of the techniques is then
compared with benchmarking methods, such as mechanical testing or pulse-echo mea-
surements. However, little to no information is available on the reliability of the Lamb
dispersion curve approach: whether the solution is unique and independent of the inver-
sion algorithm employed, how robust this approach is with respect to noise, how sensitive
different modes are to the three parameters and whether this sensitivity depends on the
frequency range available, and, in general, how precise the results are. This information,
however, is crucial to assess whether and when this approach can be used in practical ap-
plications. If, for instance, two different sets of material properties generated similar AO
curves, and if noise would cause these curves to become indistinguishable, the inversion
would not necessarily be able to distinguish between the two sets in practice.

In the first part of this work we present our approach to simultaneously extract cr, ¢,
and & from measured or simulated dispersion curves. In addition to parameter extrac-
tion, this method provides quantitative information on how sensitive a mode is to each
of the three parameters, as well as an indication of whether a solution is at least locally
unique. We then employ this method to show numerically how random noise applied to
the dispersion curves in the wavenumber direction can affect the results. Moreover, we
show how the sensitivity of the zeroth order wave modes (A0 and S0) to cr, ¢r and & varies
between modes and how it depends on the frequency range available. Finally, we show
applications of our approach to simulated and experimental data.

5.2. SETUP

5.2.1. NUMERICAL SETUP
The Finite Element software package PZFlex (Onscale, Redwood City, CA, USA) was used
to simulate the acoustic wave propagation of Lamb waves in a & = 1 mm thick stainless




78 5. MULTI-PARAMETER LAMB WAVE INVERSION

Figure 5.1: Experimental setup, consisting of two ATL P4-1 probes held in contact with a 1 mm thick stainless
steel pipe.

steel plate, which was simulated using nominal values of c¢; = 5800 m/s and c¢r = 3100
m/s. Guided waves were excited in the plate by placing a small transducer on one of the
surfaces and exciting it with a broadband ultrasound pulse with a center frequency of 2.7
MHz. Considering the lowest sound speed of the geometry, a mesh consisting of square
grids with a length of 30 points per wavelength was defined to properly sample the guided
waves. Along one of the surfaces of the plate, virtual receivers were placed over a distance
of 90 mm to record the time signals of these waves. Finally, a 2D Fast Fourier Transform
(FFT) was applied to visualize the propagating wave modes, i.e. the dispersion curves, in
the f-k, domain .

5.2.2. EXPERIMENTAL SETUP

The experiments were conducted on a 40mm -inner diameter 304-stainless steel pipe
(nominal values: c;, = 5920 m/s and cr = 3141 m/s) with a wall thickness of # = Imm. Two
ATL P4-1 probes (Philips, Bothell, WA, USA), one functioning as an ultrasound source and
the other as a receiver, were placed in line on the pipe wall (see Fig. 5.1), with a center-to-
center distance of 10 cm, and were driven with a Verasonics Vantage 256 (Verasonics Inc.,
Kirkland, WA, USA) system. A 1-cycle pulse with a center frequency of 2.25 MHz was used
to excite one element of the source probe, and all 96 elements of the receiver probe were
used to record the propagating guided waves.

5.3. METHODS
5.3.1. DISPERSION CURVE EXTRACTION
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Figure 5.2: Algorithm to extract the dispersion curves from experimental data in the frequency-wavenumber
domain.

MEASURED DATA

The following procedure was adapted from [20] to isolate and extract the A0 and SO modes
(see Fig. 5.2). First, all the local maxima of the f-k, surface were found and connected by
straight lines, so as to generate a new, smoother dataset. This interpolation removes the
valleys between consecutive peaks, e.g. turning a sawtooth pattern into a straight line. The
new dataset, converted to decibel scale, was then squared (to increase the prominence of
the highest peaks) and thresholded (to remove the lower values), thus partially isolating
the modes and removing noise. The local maxima of the treated data were then extracted
again and stored into a database (e.g. "data,").

The mode identification was then executed as a search for chains of neighbouring
maxima: starting from a point in datay,, it was determined which (if any) other local max-
imum was the closest neighbour within a given radius; if such a point was found, the start-
ing point would be moved from data, into a different database (e.g. "mode;"), and the
neighbour would become the next starting point. Once no neighbour was found within
the searching radius, a new starting point was chosen from data, and a new database
(e.g. "mode,") was created to store the next chain. Finally, spurious chains were sepa-
rated from the real modes on the basis of chain length because a mode, being a set of
points ordered along a curve, forms a consistently longer chain than randomly distributed
spurious clusters of maxima). The modes themselves were identified on the basis of the
order of appearance along the ky direction: at every frequency, the k, belonging to the A0
mode have a lower value than those belonging to the SO mode.
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Figure 5.3: Magnitude of a 2D FFT applied to time signals obtained on the surface of a Imm-thick simulated
stainless steel plate (left) and measured on the surface of a 1 mm-thick stainless steel pipe (right). The white
lines show the reconstructed SO curve, the black lines indicate the reconstructed A0 mode.

SIMULATED DATA

The extraction of dispersion curves from the simulated data was more straightforward,
thanks to the comparatively low level of noise: the curves were found by extracting directly
thelocal maxima in the untreated f-kyx domain, and were then sorted out according to the
last step of the procedure described above. The results of the curve extraction algorithms
are shown for both experiment and simulation in Fig. 3.

5.3.2. CURVE FITTING AND ERROR VOLUMES

Once an experimental or simulated curve has been extracted, a fitting procedure can be
used to identify the set of c7, ¢y and h (shear bulk wave speed, longitudinal bulk wave
speed and thickness) that generates a theoretical curve that best matches the extracted
ones. Typically, such fitting procedures consist in defining an error function that describes
the discrepancy between the target and the model, and then applying an optimization
algorithm to minimize this error. For instance, a least squares fitting algorithm can be
used [12, 17].

In contrast with other studies, the present work does not make use of an optimization
algorithm to find the best fitting curve. Instead, a 3D parameter space of ¢t € [2000—4000]
m/s, ¢z € [4500 —7500] m/s and k € [0.1 —4.0] mm was considered, with speed resolution
of 50 m/s and thickness resolution of 0.1 mm. For each point in this space the theoret-
ical curves of A0 and SO were computed at frequencies comprised between 50 kHz and
3.6 MHz, sampled every 50 kHz. Each curve was then stored in a database. Similarly to
other fitting procedures, an error function E was then introduced, defined here as a Mean
Absolute Percentage Error (MAPE),

100 X
E:WZm}h-kiuk{h (5.1)

1

where N is the number of frequencies considered, the index i runs from 1 to N, k; is
the wavenumber corresponding to the i-th frequency of the measured dispersion curve,
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and kl.Th is the wavenumber of the theoretical curve at the same frequency.

The extracted curves were compared to every theoretical curve in the corresponding
database, and the MAPE of each comparison was added to a 3D plot. The resulting image
shows the volumetric distribution of the MAPE in the entire parameter space. We will re-
fer to this distribution as “error volume”. Once the error volume has been reconstructed,
it is possible to identify the best fitting theoretical curve by finding the coordinates of the
global minimum of the MAPE. Moreover, this approach allows one to observe the distri-
bution of the error in the parameter space.

5.3.3. FITTING RELIABILITY

To study how noise can affect the correct identification of ¢z, ¢z and h, we employed as tar-
get curves the theoretical dispersion curves corresponding to the A0 and SO wave modes,
with random noise assigned to the wavenumber coordinate of each point on the curves.
At each point, the noise applied was drawn from a uniform distribution of values between
-0.5 % and 0.5 % of the wavenumber value of the point. The boundaries of the noise distri-
bution were chosen so that the minimum MAPE would be between 0.2 and 0.4 %, which
were the values observed for the global minimum in simulated data of A0 and SO, respec-
tively. Repeating the analysis for ten different realizations of the noise, we observed that
the minimum MAPE value could vary by up to approximately 10 % of its average value.

Within the resolution of the database, it is possible to determine whether the mini-
mum is global, as well as how sensitive the error is to the different parameters. For in-
stance, if many points along the c;, axis correspond to comparably low values of MAPE,
similar curves can be generated by different values of longitudinal speed; the optimal
value of c; may therefore be not reliable.

A traditional sensitivity analysis would be ill suited to describe the reliability of MAPE
minimizations, due to its local nature (see Appendix 5.1). Instead, to quantify this concept
of reliability based on the error volume analysis, we introduce two parameters: a low er-
ror volume (LEV) and a spread around the minimum (SAM). The LEV value indicates the
number of theoretical curves whose MAPE is at most 10 % greater than the global min-
imum,; this boundary was chosen based on the 10 % variation in minimum MAPE that
was observed to come from random noise. Notably, the points within the LEV form a
curved shape within the 3D space, thus the LEV cannot be described as a rectangular vol-
ume (i.e. as the product of three orthogonal coordinates). The SAM values indicate how
far the points within the LEV are spread along each axis. The SAM values are computed
as a weighted mean absolute percentage deviation from the coordinates with minimum
MAPE:

1
Ei_Emin

SAMy = .100 lix — iminy!

Iminy 5 Ei—Emin

(5.2)

i

where SAMy is the SAM value along the X axis (e.g. longitudinal speed), i(X, Y, Z) =
(ix,iy,iz) is a point within the LEV, iy is the X coordinate of the i point, E; is its cor-
responding MAPE, i;,;,, is the X coordinate of the point with minimum MAPE, E,;, is
the minimum value of MAPE, and the sum runs over all the points i € LEV, excluding the
global minimum (the point with minimum MAPE). This function was chosen so as to give
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more relevance to the points whose MAPE is the most similar to the minimum. The per-
centage term 100/i,,;,, was included to allow the comparison of SAM values of different
axes.

5.4. RESULTS

5.4.1. ERROR VOLUMES

SIMULATED DATA

Figure 5.4 shows slices of the error volume computed for an A0 curve extracted between
1.5 and 3.1 MHz from simulated data. A global minimum exists within the parameter
space considered, and corresponds to a MAPE of 0.218 % at coordinates c;, = 4800 + 25
m/s, cr =3200+25 m/s, and h = 1.1 +£0.05 mm. The indicated variations are due to the
step-sizes of the parameters. The material properties corresponding to the best fitting
curve, therefore, are in poor agreement with the actual values ¢; = 5800 m/s, ¢t = 3100
m/s and h = 1 mm. As can be seen in the plot, however, there is an extended volume in
the parameter space in which the MAPE is within 1 %. In fact, the third-lowest error point
corresponds to a MAPE of 0.225 % at coordinates: ¢y = 5850 + 25 m/s, cr = 3100 + 25 m/s,
and & = 1.0 + 0.05 mm, which are in much better agreement with the input parameters of
the simulation.

The same analysis was performed for the SO mode extracted from the simulated data,
see Fig. 5.5. Once again, there is a global minimum error within the parameter space,
corresponding to a MAPE of 0.551 % at coordinates ¢y = 5850 +25 m/s, ¢ = 3100 £ 25
m/s, and h = 1.0 £0.05 mm. As can be seen in Fig. 5.5, the distribution on the c;-cr
plane is similar to that of the A0 mode, while the distribution on the other planes is clearly
different. Interestingly, while the coordinates of the global minimum are much closer to
the expected values than those of A0, overall the MAPE is higher. This result suggests that,
at the frequencies considered, variations in the parameter space of material properties
causes greater variations in SO than in A0 curves. As a consequence, an extracted SO curve
that deviates more from the theoretical one may still yield parameters that are closer to
the actual ones, as compared to the A0 case.

Comparing the A0 and SO error volumes, we can observe that they show a similar trend
for the distribution of the low errors along the longitudinal speed axis (almost uniform for
cr > 5000 m/s, indicating a low sensitivity to overestimations of this parameter), whereas
the distribution in the cs-h plane is different: for the SO mode, the coordinates of low er-
ror points on the cg axis increase with increasing thickness, while for the A0 mode the
distribution along £ is similar to that along c;, indicating low sensitivity to thickness over-
estimations.
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Figure 5.4: The top-left panel shows slices of the error volume for the simulated A0 mode of a stainless steel plate
at frequencies between 1.5 and 3.1 MHz . The slices represent planes at the fixed values c;, = 5800 m/s, c = 3100
m/s, and & = 1 mm, which are the actual values of these paramaters . Each other panel shows the frontal view of
a single plane (cp-ct,cr-h,cp-h, in clockwise order). Colors represent the value of MAPE at each coordinate in
the parameter space. The white dashed lines show where the planes intersect in each view.
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Figure 5.5: The top-left panel shows slices of the error volume for the simulated SO mode of a stainless steel plate
at frequencies between 1.5 and 3.1 MHz . The slices represent planes at the fixed values c¢;, = 5800 m/s, c = 3100
m/s, and h = 1 mm, which are the actual values of these paramaters . Each other panel shows the frontal view of
a single plane (cp-cT,cT-h,c-h, in clockwise order). Colors represent the value of MAPE at each coordinate in
the parameter space. The white dashed lines show where the planes intersect in each view.
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MEASURED DATA
Figures 5.6 and 5.7 show the error volumes computed for the A0 and SO curves extracted
from the experiment. Qualitatively speaking, the volumes appear very similar to those
of the simulated data. The material properties identified by the minimum of the error
volume of A0 are c; = 5500 + 25 m/s, ¢y = 3100 + 25 m/s, and i = 1.0 +£ 0.05 mm; those
extracted from SO are ¢y = 5250425 m/s, cr =3250+25m/s, and & = 1.0+ 0.05 mm.
Subsequently, the LEV and SAM values were computed for the two modes for both
simulated and experimental data, and are reported in Table 5.1. For each dataset, the SO
mode appears more sensitive than the A0: the LEV and all the SAM values are smaller,
confirming that variations in the parameter space of material properties lead to greater
variations in SO than in AO.

Simulated data 1 mm thick stainless steel plate

LEV | SAM,, | SAM,, SAM,,
A0 | 50 | 208% | 3.2% 10.0 %
SO | 14 | 08% | 00% 0.0%

Experimental data 1 mm thick stainless steel pipe

LEV | SAM,, | SAM,, SAM),
AO | 209 | 13.0% | 21% 7.0%
SO | 7 | 38% | 04% 0.0 %

Table 5.1: Values of LEV and SAM for the A0 and SO modes extracted from a simulated 1 mm thick stainless steel
plate (above) and from an experiment on a 1 mm thick stainless steel pipe (below) at frequencies between 1.5
MHz and 3.1 MHz.
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Figure 5.6: The top-left panel shows slices of the error volume for the A0 mode extracted from an experiment on
a1 mm thick stainless steel pipe at frequencies between 1.5 and 3.1 MHz . The slices represent planes at the fixed
values c¢;, = 5800 m/s, c7 = 3100 m/s, and & = 1 mm, which are the actual values of these paramaters . Each other
panel shows the frontal view of a single plane (¢ -c7,c7-h,c-h, in clockwise order). Colors represent the value
of MAPE at each coordinate in the parameter space. The white dashed lines show where the planes intersect in
each view.
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Figure 5.7: The top-left panel shows slices of the error volume for the SO mode extracted from an experiment on
a 1 mm thick stainless steel pipe at frequencies between 1.5 and 3.1 MHz . The slices represent planes at the fixed
values ¢y = 5800 m/s, c7 = 3100 m/s, and i = 1 mm, which are the actual values of these paramaters . Each other
panel shows the frontal view of a single plane (cy-ct,c7-h,cp-h, in clockwise order). Colors represent the value
of MAPE at each coordinate in the parameter space. The white dashed lines show where the planes intersect in
each view.
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5.4.2. ROBUSTNESS AGAINST NOISE

The theoretical curves of A0 and SO were calculated between 50 kHz and 3.5 MHz for a
1 mm thick stainless steel plate. As described in section 5.2.3, random noise was added
to the wavenumber coordinates of both curves. For each curve, the error volume was
reconstructed and used to identify the best fitting curve, i.e. the curve with minimum
error . This procedure was repeated ten times for each mode. Table 5.2 shows the average
and highest minimum MAPE, and the mean absolute error (MAE) and maximum error of
cr, ¢; and h, compared to their true values (c;, = 5800 m/s, ¢y = 3100 m/s, and h = 1.0
mm), for each mode.

E (%) Enin MAE c¢1 | Ac;max | MAE  c¢r | AcT;max | MAE h | Ahy,
(%) (m/s) (m/s) (m/s) (m/s) (mm) (mm)
A0 | 0.25 0.27 95 1000 10 100 0.01 0.1
SO0 | 0.24 0.26 5 50 0 0 0.00 0.0

Table 5.2: Results of generating ten A0 and ten SO curves affected by uniformly distributed random noise applied
to the wavenumber coordinates. Entries in the table show, from left to right: the average minimum MAPE (B),
the highest value of minimum MAPE (E,;;;,,), the mean and maximum absolute error of c; compared to the true
value (MAE ¢y and Ac;;4x), the mean and maximum absolute error of cr compared to the true value (MAE cr
and AcT;max), and the mean and maximum absolute error of h compared to the true value (MAE h and Ahpqx
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5.4.3. FREQUENCY RANGE ANALYSIS

During data analysis, we observed that theoretical curves generated for different values of
one parameter could be more similar to each other at certain frequencies than at others.
For example, the MAPE between two SO curves corresponding to thicknesses of 1 mm and
1.2 mm, for shear and compressional speeds fixed at 3100 and 5800 m/s respectively, was
less than 1 % at frequencies between 0 and 1 MHz and around 18% between 1.5 and 2.5
MHz.

To investigate how different frequency regions affected the LEV and SAM results, com-
parison of noiseless theoretical AO and SO curves to the database was performed at various
frequency ranges. The frequency ranges considered included bands with a width of 0.2 to
2.9 MHz, within an overall range of 0.1 - 3.1 MHz. For each frequency range, the LEV and
SAM values were computed and plotted. For this calculation only, the LEV was defined as
all the curves whose MAPE was within 110 % of the second-lowest error, instead of the low-
est error. This choice was made because the lowest error was always zero, since theoretical
curves were considered and the database contained the theoretical curves themselves.

Figures 5.8 and 5.9 show the values of LEV and SAM at different frequency ranges for
the noiseless theoretical A0 and SO curves, respectively, of a 1 mm thick stainless steel
plate. The vertical axis represents the starting frequency for each of the ranges considered,
while the horizontal axis represents the bandwidth of each range. Since only frequencies
between 0.1 and 3.1 MHz were considered in this analysis, the maximum bandwidth of the
frequency ranges decreases with the increase of the starting frequency. Each point in the
plots shown in figures 5.8 and 5.9 thus corresponds to an analysis performed at a different
frequency range, determined as the combination of a starting frequency and a bandwidth.

For A0, considering only higher frequencies introduces a greater variability of longi-
tudinal speeds within the LEV, while the highest precision seems to be achievable for all
three parameters within the first MHz; the value of SAM of the shear speed appears to be
relatively low (within 50 m/s) at most frequencies. The LEV itself can vary considerably de-
pending on the frequency band considered. In contrast, the SAM values for the SO mode
are almost uniformly low at the higher frequencies, while there is a region of frequencies
around 0.5 MHz in which they increase, especially for the thickness.
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5.5. DISCUSSION

Several studies can be found in literature detailing techniques to extract Lamb dispersion
curves and inversion methods to reconstruct material properties [11-22]. However, these
studies rely on minimization techniques that only yield information about the (possibly)
global minimum of a given error function. When employing such an approach, therefore,
all information about how the error is distributed over the parameter space is lost. One of
the advantages of the comparison approach presented in this chapter is that information
about the matching error of the dispersion curves (the MAPE defined in Eq. 5.1) is ex-
tracted along with the coordinates of the global minimum, at the cost of having to initially
compute and store dispersion curves for the entire parameter space. This additional infor-
mation is necessary to assess how reliable the results of the inversion are, both in a general
sense (i.e. how precise can we expect a multi- or single-parameter inversion to be) and for
a specific measurement (e.g. how reliable a measurement is performed with a given setup
under specific experimental conditions and corresponding experimental noise). More-
over, our results identify which zeroth order wave mode is the most sensitive to what ma-
terial property at what frequencies, and the approach we have presented here could also
be employed to extend these results to higher order modes and higher frequencies, pro-
viding a toolset to maximise the precision of the results of inversion.

To better understand how information on the MAPE is connected to the precision of
the inversion, let us consider the following: if, along a given axis (e.g. longitudinal wave
speed), there are multiple coordinates at which the MAPE is comparable to the global min-
imum, then many curves corresponding to different material properties are comparably
similar to the target one (e.g. the one extracted from experiments). Small variations in the
target curve, for instance due to experimental noise or poor reconstruction of the wave
mode, could then greatly shift the location of the global minimum and therefore the val-
ues of the reconstructed properties. Knowing the distribution of the MAPE, then, allows
one to know how much the material properties can vary with small variations of this er-
ror. Intuitively, the larger the range of parameters with a low error, the less reliable are the
properties corresponding to the global minimum.

To provide a quantitative measure of the sensitivity described above, we have intro-
duced the values of Low Error Volume (LEV) and Spread Around Minimum (SAM). The
LEV value represents how many different curves have a MAPE comparable to the min-
imum one. Here, ‘comparable’ is defined as a threshold of up to 10 % higher than the
minimum MAPE. By itself, however, the LEV is not sufficient to tell whether a result is
reliable: if there were 100 curves represented within the LEV, but all located at similar co-
ordinates, even if the global minimum was shifted to another point (e.g. due to noise),
the result would not be affected greatly. The SAM values represent how the error spreads
along each parameter axis: a lower spread along one axis means a higher precision with
respect to the corresponding parameter. This is different from a standard sensitivity anal-
ysis, in that the SAM values consider all the points within the LEV to determine how much
a coordinate could vary, whereas the sensitivity analysis only looks at the derivatives in the
neighbourhood of the minimum, fixing two coordinates out of three at a time. A more de-
tailed explanation of why this local information is not sufficient is given in the Appendix.

Practical observations guided the choices made for the LEV and SAM thresholds: the
LEV boundary (110 % of the minimal MAPE) was established based on the observed vari-
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ability in minimal MAPE when the target curve was a theoretical curve with uniformly dis-
tributed random noise on the wavenumber coordinates; the SAM values were computed
as an average weighted by the inverse of the MAPE, to reflect that lower error curves are
more likely to be mixed up with the curve of the global minimum. As long as LEV and SAM
are defined consistently, they allow to compare different curves of the same wave mode,
different wave modes and frequency ranges, and even different experiments.

By employing the LEV and SAM parameters, it was also possible to analyse how the
sensitivity of the A0 and SO modes varies with the frequency range over which the curves
are compared. In particular, figures 5.8 and 5.9 show that the AO mode can be more reli-
able than S0 in estimating the longitudinal wave speed and the thickness when only low
frequencies are available, i.e. up 1 MHz for a 1 mm plate. At higher frequencies, the SO
mode appears to provide more precise information about all three parameters. Notably,
in our study we have only focussed on zeroth order modes, and these two modes were
only analysed separately. As mentioned above, however, our approach can be used also
to analyse higher order modes. It would be interesting to investigate, then, if combining
multiple modes at their “best” frequency ranges, e.g. by combining their error volumes by
sum or multiplication, could improve precision or accuracy.

Low values of LEV and SAM, however, don't guarantee that the minimum error curve
corresponds to the true values of the properties of the medium; they should be interpreted
as a measure of precision, rather than accuracy. In fact, when comparing the A0 and SO
modes in the experimental data, the SAM and LEV values are lower for SO, but the param-
eters identified by the minimum of the error volume of A0 are more accurate compared
to the expected nominal properties of the pipe. This result means that, in this one mea-
surement, the curves extracted from the experiment yield a more accurate result for AQ
than for SO; however, given the higher values of SAM and LEYV, it is reasonable to expect
that repeated experiments would show a greater variation in results for A0 than for S0.
It is also worth mentioning here that the central assumption of this paper, i.e. that we
can use the Lamb characteristic equations to describe our measurements, is verified only
in an approximate sense: the equations, in fact, are defined for infinite plates with per-
fectly parallel, smooth surfaces and elastic, homogeneous and isotropic materials, while a
real metal plate necessarily presents surface roughness and imperfections, warping, and
anisotropic behaviours due to sheet fabrication process. For finite element simulation,
moreover, the applied discretization scheme (size and shape of the elements, interpola-
tion between nodes) can alter the accuracy with which results are calculated. All of these
factors are likely to cause deviations from the theoretical curves, and it is reasonable to ex-
pect that different modes will be affected differently, due to their different particle motion
patterns and wave velocities.

Besides providing information on the distribution of the matching error, the approach
we employ in this study has several other advantages over traditional optimization algo-
rithms. For one, its results don’'t depend on initial guesses. Moreover, most of the compu-
tational cost lies in the generation of the database of theoretical curves that is used for the
comparisons with the target curve; once the database exists, it can be used any number
of times on any number of different experimental or simulated curves. In contrast, every
time an optimization algorithm runs, it has to re-compute each theoretical curve it uses.
While the number of curves thus computed is usually lower than that necessary to create
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a database, the cost for the database is paid only once, whereas that of the optimization
is paid every time it is employed. In terms of real-world applications, this approach could
benefit greatly the efficiency of in-situ non-destructive tests, such as pipe inspections,
where the database could be computed during the fabrication of the testing instrument,
ready to be used at every subsequent test.

A drawback of the database approach, however, is that it only provides results within
its parameter space, which is defined at the moment of the creation of the database. More-
over, there is a trade-off between accuracy (limited by the resolution of the database),
range of parameters explored (defined by the boundaries of the database) and size of the
database itself (for reference, the database used in the present work has a size of 55 Mb).
This problem can be circumvented by preparing various application-specific databases,
in which resolution and boundaries of a database are tailored to the use it has to serve,
e.g. analysing a steel pipe with nominal thickness of 1 mm.

Finally, the results presented in Table 2 highlight a potential general weakness in the
approach of inverting dispersion curves to reconstruct material properties. In fact, while
the SO curve showed less sensitivity to the random noise, one out of ten noise-affected
A0 curves yielded a longitudinal speed 1000 m/s lower than the true value. Repeating the
same analysis with noise randomly distributed across a wider range (between -1 % and
1 % of each wavenumber coordinate), comparable to the average variations observed in
the experiment, yielded three cases out of ten in which the longitudinal speed extracted
from the A0 curve was between 800 and 1000 m/s lower than the true value. These results
would suggest that the properties found by inverting the A0 curve can be considerably
affected by noise, undermining their reliability in practical applications. Moreover, here all
three parameters (transverse and longitudinal wave speeds, and thickness) were extracted
simultaneously, but it would also be reasonable to investigate whether prior knowledge on
some of the parameters would improve the results. Indeed, for a noise-affected theoretical
A0 curve in which three-parameters estimation yielded c;, = 4800 m/s, we observed that
fixing the thickness at 1.0 mm corresponded to a minimum error curve generated by ¢y =
5500 m/s; fixing both the thickness at 1.0 mm and the shear speed at 3100 m/s yielded
an estimated c; = 5850 m/s, suggesting that a priori knowledge of some parameters can
increase the robustness of results against noise.

In principle, using our results, it could even be possible to extract a single property
using the most precise combination of mode and frequency range, then use that property
as input fixed value and extract the second property, again based on its corresponding
best mode and frequency range, and iterate until all properties are extracted. This boot-
strapping approach could be very useful in applications where a priori knowledge is not
available; however, it remains to be proven whether it would have the same effect, which
likely depends on the accuracy with which the first property is extracted. In any case, it
would be interesting to perform a more extensive analysis, both on noise-affected theo-
retical curves as well as on repeated experiments, to determine what percentage of cases
leads to significant over- or underestimations of material properties.

5.6. CONCLUSIONS

In this work we have presented a new approach for the extraction of parameter values from
Lamb wave dispersion curves. This approach yields simultaneously three parameters of
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the wave guide (thickness, longitudinal speed and shear speed), as well as quantitative
information on the precision with which the information is extracted. We have observed
that low amplitude random noise can affect the results of Lamb wave dispersion curve
inversion, with few A0 curves yielding longitudinal speeds far off their true value, thus
highlighting the importance of having such a measure of precision. Moreover, using the
proposed method, we have shown that the SO mode is more sensitive than the A0 mode
to all three properties at higher frequencies, and that both modes are more sensitive to
shear speed and thickness than to compressional speed. These results could therefore be
employed to increase the precision with which the material properties are reconstructed,
by identifying the optimal combination of wave mode and frequency range for each.
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5.7. APPENDIX: SENSITIVITY ANALYSIS

In the main text, we often refer to the reliability of extracting parameters by comparing dis-
persion curves of Lamb modes, or the sensitivity of such a procedure to each parameter.
A well-known approach to quantify this information is to perform a so-called sensitivity
analysis. In our case, this could be done by considering the error function E (correspond-
ing to the MAPE values) and computing its first derivatives around the minimum. For
example, the sensitivity of E with respect to variations on the compressional speed axis
can be calculated as:

S(cr,P)=(0E/0cr)|p (5.3)

where S is the sensitivity, ¢y is the compressional speed, and |p indicates that the
derivative is evaluated at the coordinates (cf , c?, hP) of the point P, which corresponds
to the minimum MAPE value. This value of S expresses how fast the function E grows for
small variations of the c; coordinate. However, it does not provide any information on
the existence and location of the local minima of comparable depth that can exist within
the MAPE space. As such, the sensitivity analysis does not show that a small variation in
MAPE could lead to large variations in e.g. ¢;. The SAM and LEV values were introduced
to provide this necessary information.

In Figure 5.10, the left panel is the same as in Fig. 5.6, while the right panel shows all
the points within the LEV, projected onto the h-cy, plane. The points highlighted as P; and
P, in the right panel correspond to the minimum and second-minimum MAPE points,
respectively. The coordinates of P; are: ¢; = 5500 m/s; cr = 3100 m/s; h = 1.0 mm; The
coordinates of P2 are: ¢y = 4850 m/s; cr = 3150 m/s; h = 1.1 mm. The MAPE of P; is 0.439
%, the MAPE of P, is 0.441 %. These numbers show that the two curves corresponding to
P; and P, are very similar to each other; the smallest alteration of P; could turn it into P»,
resulting in an extracted compressional speed of 4850 m/s instead of 5500 m/s.

The sensitivity analysis of E in the ¢y direction around P, S(cz, P1) = 0.5 ms/m (i.e. the
MAPE grows by approximately 6 % in a step of 50 m/s on the ¢ axis) is limited to a local
description along a single axis, and it does not provide any information to describe the
situation shown in Fig. 5.10. The SAM cy, value of 604 m/s, on the other hand, accounts
for the entire LEV (across all three axes), and it does show that small variations of the
MAPE could potentially lead to large variations in compressional speed. As such, in this
situation the LEV and SAM values are necessary to provide the quantitative description
that a standard sensitivity analysis cannot supply.
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6.1. CONCLUSIONS

Based on the results of the research presented in this thesis, the following conclusions can
be drawn:

» The frequency of a propagating wave carries information about the heart cycle.
As the heart contracts or relaxes, its stiffness varies over time. This variation leads to
shifts in the amplitude and the frequency of the wave, which can be distinguished
from the effects of spatial inhomogeneities (since these would alter the wavelength,
rather than the frequency).

¢ The thickness variations of the interventricular septum can have a significant im-
pact on wave propagation. The plate-like shape of the septum leads to Lamb dis-
persion effects, which severely undermine the reliability of converting time-of-flight
speeds into stiffness. Moreover, Lamb wave analysis assumes constant values of
plate thickness, which is not the case in the septum; as a consequence, the disper-
sion curve of a mode (e.g. A0) can be distorted by the thickness variations in the
region where the M-line is placed. In this thesis, we have shown that the shear mod-
ulus can be reconstructed more accurately if the average thickness of the plate is
considered when fitting theoretical curves to the measured one.

* The Local Phase Velocity Imaging (LPVI) approach and frequency-wavenumber
domain analyses of short M-lines provide comparable estimates of shear modu-
lus in cardiac-mimicking plates. Both methods can reconstruct Lamb dispersion
curves by analysing data contained within a short horizontal space (4 mm, in a 40
mm long plate), and both can yield an estimate of shear modulus deviating less
than 20 % from the true value. In our implementation, the computational time
of the short M-line analysis was approximately five times shorter than that of the
LPVI approach. Surprisingly, restricting the analysis of tapered plates to local in-
formation did not yield more accurate results than assuming an average thickness
over longer M-lines. As such, among the methods considered in this work, using
the longest M-line available remains the best approach to analyse homogeneous
cardiac-mimicking plates, even in the presence of thickness variations.

¢ Inverting zero-order Lamb modes can simultaneously yield the thickness and the
shear and compressional speeds, but the process can have low precision and is
susceptible to noise. In fact, during the analysis of the results from Chapters 3 and
4, we observed that small variations of the input parameters (e.g. a slightly different
frequency range) could yield significantly different results of global optimizations;
these observations were further confirmed with experients and simulations of Lamb
propagation in steel plates and pipes. The error maps showed that numerous sim-
ilar curves are spread over the parameter space ¢, — ¢; — h (compressional speed,
shear speed and thickness, respectively). By performing controlled numerical tests,
we demonstrated that even using a theoretical curve as target can result in large
errors, in the presence of low-amplitude random noise. To provide a quantitative
description of the error distribution, we have introduced new parameters, the SAM
and LEV values.
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The propagation of shear waves in the heart has been extensively investigated over the
past decades. Many studies have focused on developing and refining different approaches
to acquire and analyse [1-7] wave propagation images. A lot of progress has been made,
and there are already reports of shear waves being detected and analysed in-vivo [8-11],
correlating the results with pathologies such as cardiac hypertrophy and amyloidosis [11,
12].

Fewer studies have focused on investigating the interplay between physical properties
of the heart and wave propagation, analysing e.g. the impact of muscle fiber orientation
[13-16], viscosity [3, 17-19] and curvature of the muscle [18]. These results are of great
importance to the interpretation of shear wave measurements, as they provide the link
between the raw number (e.g. wave speed) and the physical state of the muscle (e.g. its
stiffness). At the start of this thesis, however, several fundamental aspects of the heart still
remained to be investigated in relation to wave propagation.

For example, Chapter 2 deals with the effects of temporal variations of stiffness on
wave propagation, such as take place during the natural contraction-relaxation cycle of
the heartbeat. This topic has been under investigation for over half a century in the con-
text of electromagnetic waves [20-27] but had never been considered before in the field
of medical imaging. On the other hand, many studies of cardiac elastography do measure
wave propagation during transitional phases of the heart cycle, where the muscle is ei-
ther contracting or relaxing [1, 10, 11, 28, 29]. The effects that we observed in our model,
considering realistic relaxation values, are small compared to the resolution of current
technologies, and as such it could be tempting to ignore them. However, if identified and
resolved correctly, they could offer direct insight on the relaxation or contraction of the
muscle, and consequently on its functioning.

Another important aspect of the heart is the relatively small thickness of the mus-
cle, which, in first approximation, can be modeled as a plate, where the physical be-
haviour of waves is radically different from propagation in bulk media [30, 31]. Interest-
ingly, despite several studies having shown that time-of-flight measurements of propa-
gation speed cannot be directly converted to accurate values of the stiffness of plate-like
media [18, 32], many contemporary studies still report these speeds as a direct measure
of stiffness [11, 12, 29]. In this context, the results of Chapter 3 reinforce the evidence
discouraging time-of-flights measurements for direct stiffness quantification, providing a
quantitative estimation of the error that can be incurred even in a controlled setup (i.e.
in simulations). Moreover, it extends the understanding of the relation between muscle
shape and shear wave elastography by showing the effects for thickness variations, which
had been previously shown to affect the dispersion curves of waves propagating in metal
plates [33, 34].

The research presented in Chapter 4 is a direct consequence of the results of Chapter
3: since local variations of the cardiac thickness can impact the dispersion modes of prop-
agating waves, a method to analyse these modes locally is necessary. Several methods
had already been proposed in literature. For example, it was shown that diffuse rever-
berant fields can be analysed to reconstruct local wavenumbers[6, 35]; the applicability
of analysing diffuse fields for cardiac elastography, however, remains to be proven. Other
studies analysed local shear wave patterns with model-based estimators [36, 37], while
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others still focused on the phase and amplitude decay of a shear wave at increasing dis-
tances from the wave source [38]; these works aimed at reconstructing viscoelastic proper-
ties in bulk media, thus neglecting Lamb-like dispersion. More recently, the LPVI method
was proposed for the local analysis of viscosity-induced dispersion [7, 39, 40], based on a
method used in non-destructive testing with guided waves [41]. This approach was proven
to yield accurate results from data coming from a 2D window as small as 3x3 mm, and it
was proven to perform better than other local elastography methods [7]. As such, it was
considered to be a good candidate for the analysis of dispersive waves in heart-like plates.
Our results show that, indeed, the LPVI can be succesfully employed to reconstruct Lamb
dispersion curves and, therefore, calculate local values of shear modulus within an ac-
curacy of 30% from its true value. Moreover, in Chapter 4 we also present a significant
comparison that was lacking in previous literature, that is a comparison with the results
that can be found by performing the analysis of data extracted along a single M-line in the
frequency-wavenumber domain, which is commonly done for non-local measurements
[3, 18, 19]. The M-line approach was proven to yield, on average, equally accurate informa-
tion on a local scale as the one provided by the LPVI approach, at a smaller computational
cost. However, even in the presence of thickness variations, the values of shear modulus
extracted locally were less accurate than those extracted using the approach of Chapter
3; from these results, it appeared that local dispersion measurements did not provide any
advantage over global ones in homogeneous tapered plates.

In Chapters 3 and 4, the analysis of Lamb waves is limited to the antisymmetric modes,
as is commonly done in SWE research [3, 18, 19, 42, 43]. The reason is that most of these
studies, including the research presented in this thesis, consider as the wave source a
transversal line source (e.g. induced by ARF) and record the transversal displacement
from a parasternal point of view (i.e. with the axial direction of the transducer oriented
transversally to the long side of the septal wall); these conditions result in the antisym-
metric modes being primarily generated and detected. Keijzer et al. hypothesised that
symmetric Lamb modes could also be generated by valve closure, and that they would be
detectable when imaging the heart from an apical point of view (i.e. with the axial direc-
tion of the transducer oriented in parallel to the long side of the septal wall) [44]. However,
they concluded that their results did not support this hypothesis. For this reason, symmet-
ric modes were not considered in the present research.

Finally, the approach we propose in Chapters 3 and 4 to calculate the shear modu-
lus shares many similarities with most the studies that focus on reconstructing material
properties based on the propagation of Lamb waves: that is, given an experimentally ex-
tracted dispersion curve, parameters such as stiffness and thickness can be identified by
fitting the curve with a theoretical one [3, 18, 45, 46]. In fact, recent studies have shown
the possibility of reconstructing several parameters at once [47-49]. Two fundamental as-
sumptions at the core of all these methods, including the one presented in this thesis, is
that a single set of parameters corresponds to a unique dispersion curve, and that sim-
ilar curves correspond to similar parameters. However, we could not find in literature a
proof of the validity of this assumption. Chapter 5 was then dedicated to exploring this as-
pect of Lamb wave analysis, to determine the limitations of (multi-)parameter Lamb wave
inversion approaches.
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The work shown in these pages may seem far removed from real-world clinical applica-
tions; after all, all the results come from either very simplified experiments or abstract
numerical simulations. However, the improvement of our theoretical understanding of
the behaviour of waves in the heart has a direct impact on how a real-world measurement
is acquired and interpreted.

Let us make an example: A and B are two patients; a clinician performs an ultrasound
SWE measurement in both, and observes clearly comparable time-of-flight speeds. This
would be a very good and relevant achievement. Without further theoretical knowledge,
it would also be where the clinician stops, concluding that the stiffness values are also
similar and within normal parameters. However, using the knowledge presented in Chap-
ter 3, the clinician knows that it is important to also account for the thickness of the heart
where the measurements were taken: if, for example, it turned out that the heart of patient
B was measured in a thinner area at the same frequencies, the same time-of-flight speed
would have to correspond to a higher value of stiffness, perhaps indicating the onset of a
pathology.

The one above is, of course, an ad-hoc example that greatly simplifies a complex situa-
tion to prove a point. It does help, however, in visualising how a practical, clinical activity
could be informed by theoretical results such as those presented in this thesis.

In this optic, Chapter 2 suggests that, when technological developments will allow for
a greater resolution in the frequency domain, it may be possible to perform functional
imaging of diastolic relaxation based on frequency shifts. Chapter 4 shows the viability of
a new method to analyse wave motion when the window in which it is visible is limited
to a fraction of the septum. Chapter 5 provides new tools to quantify the reliability of
the information extracted by analysing Lamb modes, which can be essential when this
information is used for e.g. deciding on risky surgeries.

The results of this thesis point at a general consideration that could guide future re-
search in this field: without a theoretical model of the heart as propagation medium for
waves, SWE measurements have limited value. In fact, as has been shown in this thesis
and in literature [14, 18], several parameters of the heart muscle (e.g. its curvature, its
thickness variations, its anisotropic structure...) contribute to determine the speed of a
traveling wave, not just the elastic moduli of the muscle; as a consequence, without know-
ing the role of each parameter (i.e. without a model), it is not possible to determine what
a given measurement of speed means, for instance whether a high propagation speed in-
dicates a stiffer muscle or simply a thicker one. This does not mean that all cardiac SWE
research should focus exclusively on developing such a model, or that any other venue of
investigation is useless: it is absolutely important that image acquisition and reconstruc-
tion techniques keep improving, and that in-vivo and in-vitro measurements provide the
information necessary to develop the understanding of the cardiac muscle, which, in turn,
informs the models.

6.4. LIMITATIONS AND FUTURE WORK

The entire research presented in this thesis constitutes but one step forward towards the
realization of a cardiac SWE procedure suitable for clinical use. While each result adds
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information on how to either measure or interpret SW propagation speed, each is also
limited to the single facet it studied. As such, there is still a considerable gap between
what can be expected from an in-vivo measurement and what can be observed.

A comprehensive model, one to account for all the features of a heart simultaneously
to predict wave behaviour, should probably not be expected in the near future. However,
there is a number of research avenues that would constitute a natural continuation of the
work of this thesis, addressing current limitations and adding relevant pieces to the puzzle
of the heart as a wave medium.

e The study of the effects of cardiac relaxation on waves provided interesting insights
both from a physics perspective and in consideration of actual applications. How-
ever, one of the core simplifications that were made is also the one that brings the
model furthest from reality: waves in the heart clearly cannot be assumed to be
one dimensional! This simplification was necessary to isolate the effects that de-
rive specifically from the stiffness temporal variation, but more interesting physics
becomes involved once one considers at least one additional dimension: if we con-
sider a 2D wave in a plate, in fact, Lamb dispersion also starts playing a role. Im-
portantly, Lamb dispersion depends on the frequency content of the wave, which is
altered by temporal variations of stiffness. The interplay of these two factors would
likely affect the outcome of a SWE measurement performed e.g. at the onset of di-
astole. Future research could therefore be dedicated to shedding light on the be-
haviour of Lamb waves in temporally varying media. Moreover, once a clear un-
derstanding of wave behaviour in such a circumstance was achieved furthermore,
another natural step would be to include in the model the thickness variations of
Chapter 3.

» The analysis of Chapter 3 on Lamb waves in tapered plates could also be extended
in several interesting and relevant ways. First of all, the surface of the interventric-
ular septum is irregular and corrugated, e.g. due to the presence of the trabeculae.
These irregularities effectively are thickness variations on a smaller scale than stud-
ied in this thesis, and they would likely impact wave propagation; how large their
impact would be, and whether it would be relevant on a global scale or remain a lo-
cal effect that averages out over a long sampling region, remains to be determined.
Moreover, the theory of Lamb waves assumes a 2D plate (i.e. a plate of infinite extent
and uniform shape and properties in the third dimension). An interesting research
direction then could be aimed at determining whether irregularities and thickness
variations in the third dimension would also affect a measurement.

e The research in Chapters 2 and 3 focused on understanding the effects that spe-
cific features (i.e. muscle relaxation and thickness variations) had on a propagating
wave. As such, it was natural to choose the simplest form of wave that still con-
tained the necessary information of each study -typically, a single sinusoidal cycle
or a Gaussian pulse. Implementing a more realistic wave source could also con-
tribute in bringing the model closer to the experimental observations. This can be
more easily done when modelling ARF-induced waves, since the pulse generated by
a transducer can be modelled numerically and then be implemented in FEM sim-
ulations. On the other hand, the exact mechanisms with which natural waves are
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generated in the heart are not yet fully understood, and should be investigated in
future studies.

e Throughout the entire thesis, when Lamb wave modes were used to reconstruct ma-
terial properties, only a single mode at a time was considered (e.g. A0). This is also
the approach generally described in literature, at least in the field of elastography in
biological tissues. As we have shown, this puts a limitation on the data that can be
collected and analysed in plates such as the septum: the entire spectrum of a wave
(e.g. ARF-induced) follows a single mode only close to the surfaces; near the center
of the plate, the wave energy is split between the A0 and the Al mode, thus each
provides less data. In principle, it is possible to extract and use both modes in con-
junction. However, how the two modes should be combined is an open question:
should they be fitted separately, and then the resulting parameters averaged? Alter-
natively, the error function for each could be computed separately, then combined
(and then: adding the errors? Multiplying them? Which weight should a specific
mode be given?), or the two modes could be considered a single entity and be com-
pared to theoretical A0 and Al simultaneously. Answering these questions requires
careful investigation, but it could drastically improve the flexibility and accuracy of
Lamb wave analysis for cardiac applications.

heart to enable the interpretation of a shear wave measurement in terms of stiffness.
However, assuming that a single, constant value of stiffness (or, more precisely, of
Young’s and shear moduli) can describe entirely the heart muscle implies assuming
that the heart muscle itself is isotropic and linearly elastic; on the other hand, it is
known that the orientation of the muscle fibers causes the heart to be anisotropic
[13-15, 50], while viscoelasticity and hyperelasticity introduce non-linear effects in
how the tissue responds to deformation [50, 51]. Including all of these features into a
single, comprehensive model of wave propagation would allow for a more accurate
and complete description (and, therefore, interpretation) of the cardiac muscle as
propagation medium, which, in turn, would inform on how to use shear waves to
fully characterize the heart.

e The goal of this thesis is to improve the understanding of wave behaviour in the m
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