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Abstract

Abstract

The aim of this thesiss to measurethe mechanical properties of brain
matter to aid clinical decisions in tissue resecti@mnain tissue has proven
difficult to model in part due to its extreme softness, requiring specialised
mechanical testingprotocols and devicesand nonlinear constitutive
modelling.

First, amethod for noninvasively monitoring the potential heating effects
from transcranial shear wave ultrasound elastography (SWE) is proposed.
This near reatime method utilised proton resonance frequency (PRF) shift
thermometry and was found to be accurate to within 2.3% @mergy
depositions as low as 0.42 W/kg.

Then, a firstof-its-kind torsion study of exivo ovine brain tissue was
conducted. A method to quantify the 2 dzymb@uéus of a material by
measuring both the torque and the normal force is demonstrated and its
limitations are discussed. A2 dzyhddulas of 0.€0.9kPa was found which
agreed with previously published indentation tests.

Finally, SWE of exivo ovine brain tissuavas conducted to measure the

. 2 dzymb@uius. Resultsof 19¢26 kPawere recorded, wkch are much
larger than the rheometry results. This may demonstrate the straie
dependence of the brain response due to viscoelastidiyisting clinical
methods such as ultrasound and magnetic resonance imaging (MRI) were
used for anatomical imagin@hanging the angle of the transducer appeared

to change the value of the recorded stiffness value for ovine brain, but not
for agar gel, which may suggest anisotropic mechanical effects, though it is
noted that further testsare required to prove theseesults.

In conclusion, this thesis demonstrateome of the different waysboth
destructive and nordestructive that brain tissue can be tested and
highlights some of the shortcomings in current testing and modelling
methods.
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About this Thesis

About this Thesis

Palpation is a physical examination where the clinician presses on areas of
the patient to detect, by touch, abnormalities in superficial organs such as
breast, skin and liver. It is traditionally the first step in a physical
examination, though this meth is qualitative and can have high inter
operative error depending on the experience of the cliniqiratkinson et

al., 1990. The introduction of shear wave ultrasound elastography (SWE)
into the modern clinic has seen a paradigm shift in medical diagnostics. The
GSNY St adz23aNI LIKe & HeyeSnaps af thE stiffnéssdf OA 1 & A Y| :
the tissusOl £ f SR & S fnibadgeremted; Wwhéré are@d of abnormal
stiffness could prompt the clinician to do further testinlj. has been
established that many solid tumours have different mechanical properties
than the surrounding healthy tissy€han et al., 2021; Sigrist et al., 2017)
With the aid of thismaging modalitycliniciars no longer must solely rely on
palpation, ormore expensive and timeonsuming diagnosticodalities

such as magnetic resonance imaging (MRI) and cordgataography (CT).

While SWEhas seen extensive use imaging breas{Papaeorgiou et al.,
2022) liver (Ferraioli, 2019) prostate (Anbarasan et al., 20213nd the
musculoskeletadystem(Davis et al., 2019braintissuehas not been studied

in such devel of detailwith this modality This is due in part to the difficulty

in accessing the braifor imagingand the extreme softness of the brain
tissue itself(Budday et al., @1.9). Transcranial SWE has been documented
by means of trepanation in rats and humaf@han, 2016pr through the
fontanelle in infantgAlbayrak & Kasap, 2018; Dirrichs et al., 2019; Su et al.,
2015) These methods were implemented because conventional ultrasound
cannot penetrate the relatively thick bone of the skull. New research has
shown that shear waves through the intact skull can be generated by low
intensity focused ultrasoundSalahshoor et al., 2020jhough potential

heating effects may be a concefissaoui et al., 2020)
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About this Thesis

The overarching themef this thesis is to gain an understanding the
mechanics of shear wave elastograpnyd how it can be applied to brain
tissue. Moreover, torsion testing is paired withonlinear constitutive
modelling to get a separate measure of the mechanical progerof the
tissue. These values are compared to those in the literature and to results
from the SWE scanner output to validateodels presented in this thesia
method for measuring potential heating effects caused by this modadity

also demonstrated.

Previous comparable SWE imaging studies feviex animalbrain tissues
have studied ra{Chan, 2016)porcine(Jiang et al., 2015a; Urbanczyk et al.,
2015)and rabbi (Liu et al., 20183pecimens. As far as the author is aware,
there are no published SWE studies ofv@o ovine brain tissuél'his study
also appears to be the first to compare standaremBde ultrasound,
diagnostic SWE, MRI tractography and mechanical torsion testing\avex
brain tissue. By using this multimodality approach, it is hoped that a greater
understanding of the sisue mechanics of the brain can be obtained and

identify any gaps in the current knowledge.

Chapter One introduces the reader sbme of the topics that will be
explored in more detail in later chapters. An overview of the gross anatomy
of the human brains given and compared to that of a sheep brain, with an
explanation of why it was used as a surrogate in this study. A summary of
the relevant Continuum Mechanics principles for SWE and torsion testing
are provided. Finally, the chapter describes fitg/scal principles of both
ultrasound and magnetic resonance imaging (MRI) along with their

associated artifacts.

Chapter Two discusses the literature and principles specifically relating to
the mechanical properties of brain by both destructive and-destructive
means. Destructive methods such as uniaxial compression and tension along
with simple shear and torsion are describdthe concept of a shear wave

in contrast toa conventionalultrasoundlongitudinal waveis introduced,

and various methods of sheawave generation are discussed. The

XiX



About this Thesis

supersonic shear imaging (SSI) method has seen the greatest use in the
clinic Consequentlyit isthe method used in this thesis and its principles are
given the most consideration The topic of transcranial ultrasound
elastography is discussed and the potential heating effects of the technique
are detailed.Additionally, the chapter introduces the concept of magnetic
resonance thermometry and provides a detailed description of its

application within the scope of this thesis.

ChapterThreedescribes a potential method to quantify heating from SWE
using magnetic resonancéMR) thermometry using an agdrased head
phantom and highpower 2D fluid attenuated inversion recovery (FLAIR)
sequence as a proxy for the energy deposited by focused ultrasound. The
results are validated using whole body calorimetry and fibre optics. Future

commercial outputs from this method are also discussed.

ChapterFourdescribes the creation of a torsion tesgiprotocol for exvivo
ovine brain tissue. The protocol was first verified using tigsimaicking agar
gels before testing on ewivo ovine brain tissue. Cylindrical samples
underwent torsion using a rheometer and various measures such as torque,
deflection angle and normal force were recorded. The resulting data was
then used to fit a Mooney Rivlin strairenergy function and estimate the
shear modulus of the material and therefore, the2 dzyfmddulas. This was
then compared to existing values for ti@urd @@édulus of ovine and other

animal brain tissue in the literature.

ChapterFivestudiesthe physical and mechanical properties of ovine brain
samples using diagnostic shear wave elastography. Ovine brain hemispheres
from freshly slaughtered animals amseannedusing an Aixplorer® SWE
ultrasound system to measure the 2 dzyhwdukus of both the white and

grey matter. SWE values for ovine brain were not found in the liteeatur
instead, the, 2 dzynduks values areompared to published results on
ex-vivo porcineand invivo & exvivo rabbit and human braindhe effects

of varying thedirection of shear wave propagation wstsidied for both agar

gel and ovine brains tmvestigatepotential mechanical anisotropy.
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About this Thesis

The Conclusion summarises thmain findings from published and
unpublished workgelating to this thesisand discussethe achievements
and limitations of this project. The novelty of the project and its contribution
to knowledge is reported ancurrent knowledge gapswhere future

research in this field is neededre identifiel
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Chapter lintroduction

Foreword

The aim of this chapter is farovide the reader with a general introduction
to the topics that will be further explored in the literature revieand

subsequent chapters

First, an overview of the gross anatomy of the human brain is given.
interpret results from experiments thatiWinvestigate the tissue mechanics

of brain, an understanding othe brainQ @natomical structures is crucial

Then, themotivationbehind the use of an ovine animal model as a surrogate
to human brain is exploredThis model has been used to study was

neurological conditions due to the similarities in the basic structure and
physiology of the sheep and human brains, making it an effective alternative

to human subjects in research.

Next, asynopsiss providedof the relevantContinuumMechanics priniples

for shear wave elastography and torsion testing, which are two commonly
used methods for charactesng the mechanical properties ebft biological
tissues. Shear wave elastography measures spheed of shear waves
through tissues, while torsion s#ing measures the twistinigrces ina tissue

sample in response to a known torque.

Finally, the chapter describes tiplysicalprinciples of both ultrasound and

magnetic resonance imaging (MRI) along with their associated artifacts.

Overall, this chamr aims to provide the reader with a broad understanding
of the fundamental concepts and principles related to the study of the
brain's mechanics and imaging techniques. Subsequent chapters will explore

these topics further and their applications in peinical research.
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Background

Brain

The human central nervous system is the most compigansystemknown

to man (Miller, 2011) with a multitude of textbooks(Arslan, 2014;
Harnsberger et al., 2007; Standring, 202hd atlaseg§DeArmond et al.,
1989; Dimitrova et al.,, 2002; Ength & Wakely, 2006)written on the
subject This thesis will not go into such detail,ottyh the reader is
encouraged to read the aforementioned sources for further information.
Instead, an overview of the gross anatomy of the brain and its components
is providedto give the reader an understanding of the largest regions of the

brain and thedifferences in their composition.

The central nervous system consists of the brain and the spinal cord. The
brain is suspendedn cerebrospinal fluid (CSF) within the crani(ifiller,
2011) while the spinal cord is located in the spinal caeratlosed bythe
vertebra (Schoenberg & Scott, 2011Jhe brain and spinal cord are
surrounded by three layers of protective membranes called the meninges.
These arg¢he dura mater,arachnoid mater and pia mater. The inelashica
mater is the thickest layerandadheres to the skull. The next layer is the
arachnoid, an elastic fibrous membrane lining the inner surface otitina
mater. The pia mater is a fine membrane with a bttod supply that closely
coats the surface of the braihe meninges serve to anchor and insulate
the brain, protecting it from sid¢o-side movements and impacts. The CSF,
in which the brain floats, also cushions it against impgBtscimo et al.,

2012; Telano & Baker, 2022)

Brain Parcellation

Brain parcellatn is the process of defining distinct portions in the brain,
either by regionor by networks which comprise multiple discontinuous but
closely interacting regiongEickhoff et al., 2018)'he brain can be broadly

parcellated into three maicomponents: Cerebrum, cerebellum (the little
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brain) and brainstemsee Figurd.l. For this thesis, the main focus of study

was the cerebrum.

Cerebrum

Figurel.1 An external, side view of the parts of the braine Terebrum, the
largest part of the brain, is orgasad into folds (called gyri) and grooves
(called sulci). The cerebellum sits behind (post&r)aand below (inferioto)

the cerebrum. The brainstem connects the brain with the spinal cordgsand
continuous withthe ventral side of the brain. Reproduced with permission

from Henley (2011).

The cerebrum is comprised dhe left and right cerebral hemisphergthe
diencephalm, the central portion of the brain between the cerebrum and

the brainstem and deep grey nuclei.

The cerebral hemisphereare the largest secti®of the brain and are
interconnected by white matter fibreghe largestbundle of which is called

the corpus callosunThese hemispheres are composed of outer grey matter
called the cerebral cortexand inner white matter surroundg the
diencephalon and deep grey nucl€he cerebral cortex contains many folds
called gyri which are separated by grooves called sulci or fissures (deep
sulci).The gyri and sulci increase the surface area of the brain to allow for a
higher density ofneurons in the brainThe cerebral hemispheres can be
parcellated into five lobesthe frontal lobe temporallobe, parietal lobe,

occipital lobe limbiclobe, see Figurd 2.
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Frontal lobe
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Temporal lobe

Figurel.2 The frontal, parietal, temporal and occipital lobes. The limbic lobe
is on the medial surface of each cerebral hemispherage by Steve Garvie,

distributed under &€GBY 2.0 license.

Brain tissue is composed of grey and white matter, with different regions of
the brain containing different ratios of grey and white matter. White matter
largely consists of myelinated axons of nerve fibres, while grey matter is

composed of unmyelinated axs and cell bodie@Miller, 2011)

Ovine Brair8ructure

While using human brain tissue for this study wob&lebeen preferable,
due to the obvious practical and ethical limitations of obtaining fresh
samples, an alternative model was us@ine brain tissue has been shown
to have physiological and neuroanatomical similari{snstola & Reynolds,
2022) to human brain tissue in areas such a®vhite matter distribution
(Back et al.,, 2012)cerebral cortexes that contain gyri (gyrencephalic)
(Morton & Howland, 2013; Piumatti et al., 2018¥erebral cortices
containingfour lobes(Sun & Hevner, 2014nd thick meningegMorton &
Howland, 2013)

Additionally, a sheep has a relatively round skull which is comparable to the

human head, unlike the flat and thick skull of porcine (pig) skiuéle et al.,
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2015) Drawbacks includedvine brains are an order of magnitude smaller
than the human brain by mags13@;140g v1300;1400 g) e Figire 1.3
(Banstola & Reynolds, 2022; Morton & Howland, 20&8Rgller frontal lobe
(Treuting et al., 2017gnd kss abundant white mattePieri et al., 2019)

Despite these drawbacksyine brain appears to be a valid large animal
model that can be used for this studi.local EC2875 compliant abattoir
(Athenry Quality Meats Ltd, Irelang)rovided the samples ands the

animals were not slaughtered for this stdethical approval was not

required
r . b
Brown rat Domestic cat Domestic dog Domestic sheep
Rattus norvegicus Felis catus Canis familiaris Ovis aries domestica

&L
Domestic pig Common Rhesus monkey [ Human
Sus scrofa Marmoset Macaca mulatta Homo sapien
domesticus Callithrix jacchus 0 1 2 3 4 S(m)
L1 1 1 1 |

Figurel.3 Gross comparative neuroanatomy of various large animal species
used to model cerebral injury. Note the lissencephalic (lack of gyri) brain
structure of the common marmoset and brown rat compared with the larger

size and gyrencephalic structure of the dpig, sheep, and rhesus monkey.

Reproduced with permission frddorbyAdams et al. (2018)



Introduction

Mechanics of Brain Tissue

Brain tissue is an ultrasoft, nonlinearly viscoelastic solid material with a very
low linear strain limiton the order of 01¢0.3%(Budday et al., 2019; Miller,
2011) To discuss this area properly, an introduction @ntinuum

Mechanics and the theory &onlinearBasticity must first be given.

Nonlinear Elasticity

An elastic material is termed linear elastic or Hookean if the force required
to extend it or compess it by some distance is proportional to that distance
(Timoshenko, 1983; Mihai & Goriely, 201The assumption that materials,

if under a small strain regime, are linearly elastic is used in many engineering
applications. Many biological tissues, such as brairgergo inherently
large,nonlinear deformations. An approach to characterisesé materials

is to use a hyperelastic model, where the strefigin relationship is derived
from a strain energy density function. Here tbenstitutive parameters are
functions of the deformation and from thesthe material properties can be
estimateddirectly from the experimental measuremen{Brozdov, 1996;
Goriely et al., 2015; Mihai & Goriely, 2017)

In this thesis, both shear wave ultrasound elastography (SWE) and torsion
testing are used to characterise brain tissliae majority of brain modelling
techniques assume that brain tissueni®chanicallyisotropic. Also, die to

its high water content, brain is assumed to be incompressible or nearly
incompressible with a Poisson ratio of QBrands et al., 2004; N#r &
Chinzei, 1997)The topic of brain isotropyassumingthat the mechanical
propertiesof the tissueare the same in all directions, will be discussed later
in the literature reviewFinally, brain is said to be nonlinearly viscoelastic
(Budday et al., 2017bps it exhibits time-dependent strain Experiments
have shown that the viscosity of brain changes depending on the strain rate
and thatmodelling at moderate strain rates 90 s! is nontrivial (Gilchrist

et al., 2013)
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Continuum Mechanics
ContinuumMechanicss a mathematical frameworksedto describe how
the properties of alensematerial vary in spacandin time. The simplifying
assumptions madethat the matter is distributed continuously without gaps
or empty spaces. This hypothetical continuous matter is then termed a
continuum. This assumption allows onestorinkmathematicallythe volume
of a material similarly to as one would take the limitdefining a derivative
to define quantities of interest at a poinAn example would béhe mass
density (mass per unit volume) of a material at a given paimng defined in
Equation(1.1) as the ratio of the mas¥a of the material to its volumé&/c
surrounding the point in the limit wére Yo becomes a value , when§ is
small compared with the mean distance between molecules

" EGs o

yo o Yw

If one takes the limit © mhthe mathematical study of the mechanics of this
idealised continum is calledContinuum Mechanics(Reddy, 2013)The
techniques used in this thesis involve imposing a mechanical loatieon
tissue and measuring the response of the tissue to characterise its
mechanical properties. This is an inverse problem that can be solved using

Continuum Mechanicsif properly posedLi & Cao, 2017a)

There are twadifferent coordinate systems used to descri@eontinuum.

The Lagrangiacoordinates(Xt) are used to describe a body in its reference

configuration B) where the spatial coordinat&is fixed in space,e.is in a
fixed reference framéLiu, 2002)If a deformation is applied to the material
and it movesand deformsas time evolvs, then Euleriancoordinates X,t)
are used to describe thmaterialin the current configuration (3 see Figure

14.
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Reference Configuration (B,) Current Configuration (B,)

€,

€1

Figurel.4 The reference (Band current (B configurations of the continuum

body B and associated deformatirm x(Xt).

Imagine from Figurd.4 that a small segmentor vector)dX originates at
Point P in the reference configuration (B This segment undergoes a
combination of rotation and stretch to becomengw vectordx in B.. This

deformation carbe described using theaformation gradient-as

Qe 30th P&
where
y Lip

The Cauchy Green deformation tensors can be used to measure

deformation independent of both translation and rotatigReddy, 2013)
Cis called the right CauchyGreen deformation tensor

F 3i8h P&
Bis called the left CauchyGreen deformation tensor

I 38 h P&
and their principal invariants are

'O oifp oi|h o}
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AsdifF 0133 0ig31 01| ,etc the invariants ofCandBare

equal.An important difference between these tensors is tls objective
(independent of the observer) whil€ is nonobjective. The principle of
material indifference requireghat the constitutive equation must be
invariant under a change of framé&urther informationon this topiccan be
found from(Lai et al., 2009Reddy, 2013)

The Cauchy stress tens@rs defined to be the current forcdf per unit

deformed areada measured in B
JJ «d a-Q p&y
wheret is the stress vector and is a point function of the unit normal

For nonlinear elastic materialghe equations which govern the motion of a

continuum include the equation of mass conservation

"7 Q'Q0 mh PP T
the equation of motion

Q@ "f "oh pd p

and the equation of angular momentum balance

a an PP ¢

where b is the body force, is the mass density; is the velocity,and the

material time derivative is denoted by the d@langan, 2018)
To describe a state of stress in a boa, solve the eigenproblem
ao _os8 PP 0
Theassociated characteristic equation
AAD® _E mh PP T

gives threeeigervalues called the principl stresses, and the associated

eigenvectors ar@longthe principalstress directiongReddy, 2013)

9
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To fully solve the system, constitutive equations are required. For
incompressible isotropic hyperelastic materials such as brain, the Cauchy
stress,” , is derived from the straienergy density furtion @ @ "CHO
where ‘TiOare thefirst and secondhvariants ofCdefined inEquations (.6-

1.8). The relationship is given bfHolzapfel & Mechanics, 2000; Mangan,
2018)

d Nk co | co || h PP L
where p is a Lagrange multiplier which is associated with the constraint of

incompressibilitydet(F) = 1(Reddy, 2013andW1, W> are the derivatives of

W with respect toly, b, respectively.

By performing experiments such as torsion afyéindrical samplea stress
strain curve can be generated. This curve can be fitted using the theoretical
stress relationship from the constitutive model and alfovior the

determinationof the materials parameter@angan, 2018)

ContinuumMechanicof ShearWaves
Thebalanceequation describes the conservation of linear momentum of a

system as

(T e
o EQQ) a=Q0 o & PP @

whereuis the mechanical displacement of a particle, t is tiines the mass
densityand-H—is the body force

For small deformations such as those caused by shear waves, the small

strain tensor can be usedtis defined as

" §n<> 10 fi g 0B X

For a linear elastjcompressivésotropic solid, the constitutive law is
a ‘no ot _ng ly PP Y

where_and* are the Lamé constantselated to the , 2 dzyndulisE

and Poisson ratio by the equations

10
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‘* ———h h PP w

and conversely,

The constitutive law (1.18) can be inverted to give

el P
5 © a o ¢ pE P
By inserting Equation (18) into the differential form ofEquation (113) the

equation of wave motion is obtained as

o

0
‘rl ] rl rl ”
o _ 8 B " P& ¢

assuming the body forc’eﬂ-to be zero.

The displacement of a wave in a sdliasboth longitudinal and transverse
(shear) componerst The longitudinal component of motioaccurs when

the deformation is not accompanied by rotation, such that
nng n o8 p8 o

The equation of wave motion, Equation 2P), then becomes

Q% - n Oh

® ¢ P& T
where

@ =TCF1 pg v

is thelongitudinal wave speed.
The transverse (shear) component of motisrsuch that

ng 8 pg @
The equation of wave motion, EquationZ2), thenbecomes

Q0 Hn Oh
o @ pPg X

11
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where

® h pg Y
is the shear wave speed.
Combining Equationd.(17), (1.21) and (1.2) we find that
"D o0 TR . PO  Cw
O I X h ' _ﬁ?) p& w
W W Cw

Most soft tissuesre almost incompressiblevhich means that their volume
does not change. Mathematically it means th&tA® = 1 for large
deformations, andtr* = O for infinitesimal deformationsAccording to

Equations (1.16), (1.17), (1.21) we then have

~

' MmO o h.O KO Hb PR T

Once theshear wave velocity and the density of the incompressible material
are measuredthe, 2 dzyimddul@s of the material catihen be determined
as

0 o o n8 P& p
This is the common equation used to describe most types of shear wave
elastography modesTg, ARFlased SWEI, SSI, CUSE and SMURF). However,
it relies on many assumptions that one needs to be aware of, namely
homogeneity, incompressibility, isotropy, linearity, elasticity and bulk
medium. Many tissues that contastiff collagenfibres are arsotropic and
have nonlinear elastic properties. Some soft tissues are thin membranes so
that geometry and finite dimensions might also play a role. Similarly, pre
stress, viscosity and attenuation might affect the propagation of shear
waves. For example,if the brain is deformed prior to the wave speed
measurement then therior stressinduces anisotropy and Equation 1)

no longer applies.

12
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ContinuumMechanicsn Torsion

The Poynting effect is a ndimear phenomenon that arises when a soft
object undergoes simple shear or torsion between two platens. For isotropic
hyperelastic materials, a positive normal force is required to maintain the
relative distance between the piens. This measurement of the normal
force has seen increased attention in recent years as a method to
characterise soft tissues such as brain tis@@bi et al., 2019; Destrade et
al., 2015) The author of this thesis, aided in the design of a classroom
experiment to demonstrate the Poynting effect and -@mthored the

resulting paper on this topi@urlo et al., 202Q)see Appendix

For torsion testingarheometer is used to measure the variations of both
the normal forceN;and torquet with the twist , which gives access to the

mechanical properties of the material.

The underlying theory is explained in detail by Balbi et al. (2018)

summary, the deformasn is written in cylindrical coordinates as

Y

%

for a sample of initial height, where<is the axial prestretch, =h k dis [ 0

~

i h — g %_f a _® PR ¢
the twist per unit current height andl is the angle of rotation in radians.
Here R¢,2 and (—z) are the coordinates of material poinis the

undeformed (initial) and deformed (twisted) configurations, respectively

see Figure 1.5

13
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N
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i

Figurel.5 Diagram of a cylindrical sample of current length _ ({initial

(N (D

length L) and radius r undergoing torsion. The rheometer measures the
G§2NJjdzS _ | yR INESG dsANBRI {0 2F INB S b G KS
A prestretch_his introduced to accant for a possible small precompression

or tension occurring when the top platen is put in gluing contact with the

brain sample.

If the variations o, with and of_ with 2 are linear, then the material
can be modelled using the MooneyRivlin strain engy function(Destrade

et al., 2015; Rashid et al., 2013)

®w ®O o w0 oh p® o
where ¢; and ¢; are positive constants, ands, |2 are the first twoprincipal
invariantsof C The constants arthen deduced from the slopes of the lines

14
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T versus%oand N versus%o. , and the initial shear and 2 dzynbQuius
follow as(Destrade et al., 2015; Nowicki & DobreSbbczak, 2016)

‘¢ woh ©O oo 38 PR T
Ultrasound

Ultrasound has become a widely used Aomasive imaging modality in
medical diagnosis, with 9.2 million ultrasound scpagformed on patients

in the UKNational Health Service (NHS) between July 2016 and July 2017
(Hoskins et al., 2019)This is nearly twice the number of compdte
tomography (CT) scans and almost three times the number of magnetic
resonance imaging (MRI) scans carried out during the same peried. Th
NEtFGABSte 26 02aiG 2F SEFYAYylLGAZ2Y
OYenHuno | yR {#&n§ radiadich §15ke Gtrasodnd pagicllarly

appealing for obstetric and paediatric investigatightoskins et al., 2019)

Ultrasound refers to sound waves with a frequency greater than theeup
limit of human hearing i.e. greater than 20 kfendy &Heaton, 2011)
Diagnostic medical ultrasound devices typically use frequencies in the range
of 1t 20 MHz. Resolution and imaging depth are determined by the
operating frequency. Hence, low frequency waves have a relatively long
wavelength resulting in l@ resolution but good imaging depth. Conversely,
high frequency waves have a relatively short wavelength, resulting in high
resolution images with limited depth of penetration, and are used for
imaging superficial tissues such as the corrf€nan et al., 2021jor

example.

In gases, liquids and soft tissues, ultrasotnadels asa longitudinal wave,
where particle mobn is parallel to the direction of propagation, seeufe
1.6A. Equation (1.21) givesthe speed of a longitudinal wave in a solid.
Nominal values for the speed hof a longitudinal wave are 1,585 and 1,440
m/s for muscle and fatty tissue, respective(pzabo, 2004) Clincal
ultrasound scanners typically assume a speed of 1,540 m/s for image

reconstruction(Benjamin et al., 2018)
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Vibration Compression wave motion direction
direction +>

B

Shear wave motion direction

a

Figure1.6 Schematic ofA) longitudinal andB) shear waveropagation.

Reproduced with permission from Cloutier et al. (2021).

Another form of wave, known as a trangse or shear wave, can also occur
in solids, see Fige 1.6B. Equation(1.28) givesthe speed of a shear wave in
a solid.Sheawaves are slower than longitudinal waves, with spe@alfon
the order of 2 10 m/s in soft tissu€Taljanovic et al., 2017/from Equation
(1.29), takingto = 5 m/sand® = 1,540 m/sas representative valgit is

found that’ T8 w whoanfirming that soft tissue is incompressible

Shear wavesre polarised perpendicular to the direction of propagation,

analogous to 80 dzf F NJ NRALILIX Sa 2y GKS 4 GSNDa &dzNJ
Usually, these shear waves do not propagate far in soft tissues because of

attenuation and dispersion, typically over distances on the order of under 5

mm (Dendy & Heaton, 2011; Zheng et al., 20I3)e shear wave speed is

linked to the shear modulus of tissuthrough Equation (1.27which is

highly sensitive to physiological and pathological structural changes of

tissue. Hace shear waves are ideal for creating tissue elasticity maps, called

elastograms.
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UltrasoundmageFormation

A medical ultrasound scanner generates and transmits ultrasound waves
and receives the echoes via a piezoelectric transducer. Echoes are produced
when a propagating wave interacts with tissue structures. They are then
received by the transducer and converted back to an electrical signal that is
used to create images of the internal anatomy of the subfeiciskins et al.,
2019)

B-mode imagingis a standard ultrasound imaging technique that gives a
crosssectional representation of the tissues and organ boundaries within
the tissue, see Figurg.7. The brightness of each point of the generated
image is related to the strength or amplitude of thespective echo, hence

the term 6B-modeg (brightness mode).

Echogenicity is the ability of a tissue/region to return an echo. Areas of

KAIKSN) SOK23SyAOAGe gAff | LIISFENI 6 NRIKGSN.
while areas of poor echogenicity will appear kiear and are termed
GKeLRSOK23aASyAO0é¢d ! NBla GKIFaG f1 01 SOK23Sy
and appear completely darldftekharuddin & Awaal, 2012; Stecco et al.,

2019)

17



Introduction

Figure1.7 BY2 RS AYIF3S 2F | LI GASyGQa tAGSNW
brightness and granular appearance. Reproduced with permission from

Zander et al. (2020).

Ultrasound Imaging Artifacts
Some of the main ultrasound imaging artifacts are now discubsémivin

particular those that may affect the planned study.

Speckle

Figue 1.7 has a granular appearance typical of-enBde imagethis random
pattern arises from very small reflections inside the tissue structures. As
these structures are random in spacing and scattering strength, they lead to
random variations in image brightne€sxcessive speckle can be distracting
to the clinican performing the scgrandtechniqueshave beercreated to
reduce them(Park et al., 2014However, i the scan is repeated with the
same experimental variables, the same speckle pattern can be generated
This property of speckle igsed in some elastographic imaging techniques
(Chan, 2016)
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Reverberations

A reverberation artifact occurs when the assumptiontta echo returns to
the transducer afteionly one reflection is violatedQuien & Saric, 2018)
Hence the ultrasound wave can be reflected a second, or multiptees on

its way back to the transduceThenone portion of the wave will travel back
to the transducer as expectedhile the other portion will instead be
reflected back to the originaitructure. As a result, an artificial image will be
produced below the original image. A diagram of this reverberation artifact
is shown inFigure 1.8. It will be important to monitor this artifactduring

testing, as the brain will bdeldin a relatively small container.
ASSUMPTION ASSUMPTION VIOLATION

Single Round Trip What happens when the time measured
represents more than a single round trip?

Two Round Trips

&

Reverberation
g True Image Y
O (i1 = 20 i ,._I 1.5 el O Ultrasound travels

twice as long.

Ghost Image O Twice as deep
[0 = 4 s <+ df = 3.0 ) as the real structure.

Reverberation Artifact

Figure1.8 Example of ultrasound reverberati@rtifact. Reproduced with

permission fronQuien& Saric (2018).

Mirror-ImageArtifacts

A mirror-image artifact occurs when the sound wave bounces off a strong,
smooth reflector such as the diaphrag/drich, 2007pr, in the case of this
study, the walls of the container. Here, the surface acts as a mirror and
reflects the resulting psk to another tissue interface. This results in the
ultrasound system intengting the second interface being beyond the first
surface and mirroring the object. Figute® shows an example of a mirror

image artifactcaused by the diaphragmwhere the arrow shows the real
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object, which appears as if reflected in a minar the othe side of the

diaphragm.

Figure1.9 Example of a mirreimage artifact caused by the diaphragm.
Adapted fromAldrich (2007).

Brainlmaging

Magnetic resonance imaging (MRI) is considered the gtdddard for
imaging the braimn sity, becauseconventionalultrasound cannot penetrate
the skull. Nonethelessuyltrasound can be used to image the brain of
neonates becauseimaging can be conducted through the fontanelle

(Dewbury & Aluwihare, 1980; Gupta et al., 2017)

Onedifficulty in imagingex-vivo brain using ultrasound is that there are no
surrounding organs to compare the echogenicity of the brain to. As a result,
it is impottant to understand the ultrasound imaging appearances of the

cerebral hemisphere.

If we define the echogenicity of the sulci and gyri of the brain as 'normal’,
then the white matter appears hypoechoic in relation to them, while the

grey matter appears eve more hypoechoic than the whitamatter,
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approaching anechoic level@aneman et al., 2006)A gradation of
echogenicity proceeds from the white matter in the central part of the gyrus,
which is the mosechogenic segment of the white matter, towards the grey
matter with no clear boundary of delineation between grey and white
matter. Thereforeas the granular white matter blends with the grey matter,
its echogenicity will gradually decreasee Figurd.10. In a clinical setting,
the ability to distinguish between white and grey matter based on their
echogenicity is crucial, especially in cases of hygegl@aemic injury (HII)
(Pinto et al., 2012; Salas et al., 2018)r this studyn attempt will be made

to assesses the stiffness of regions containwfgte and grey matter using
shear wave ultrasounélastography andletermine the location of these
regions using #Bnode ultrasound images. Therefore, it is essential to identify

theseregions effectively.
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Figurel.10 Examples of normal echogenicity of the grey and white matter
and greycwhite matter differentiation GWMD). The curvilinear echogenic
lines represent the surface of thed@uThe most echogenic part of the white
matter is in the central portion of the gyrus. The echogenicity decreases
gradually toward the grey matter, which is more hypoechoic. The GWMD is
ill-defined.(c) There are some hyperechoic foci in the white magieing it

a granular appearancdd) An image obtained with an older, lower
frequency transducer. The echogenicity of the white matter is somewhat
coarser than in image®cc), which were obtained with higher frequency
transducers, giving the white andrey matter a finer echogenicity.

Reproduced with permission frdbaneman et al. (2006).
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Magnetic Resonance Imaging

The hydrogen nucleus is the MR active nucleus used in clinical MRI
(Westbrook & Talbot, 2018Hydrogen is abundant in the human body but
also has #&arge magnetic moment due to its spin. The nucleus is not sgnnin
in the classical sense, but a local magnetic field Withth and South poles

is generated around {{Grover et al., 2015)he induced dipole is analogous

to a bar magnet, with magnetic poles aligned along its axis of rotation, see

Figurel.11.

Figurel.11¢ KS & & LJA Yy Y AigdHcés ayndgOdticididy bebalviny like
a bar magnet (b). N and S represent north and south respectively. The
directions of the straight arrows represent the direction of the magnetic field.

Reproduced with permission froBrover et al. (2015).

The magnet moments of the hydrogen nuclei are randomly orientated
according to Brownian motion (thermal excitatiom) the absence of an
applied magnetic field, but when placed in a strong external magnetic field,
6 hthe magnetic moments will aligparallel andanti-parallel with the
magnetic fieldand precessioraround the maird field. The distribution of
protons in the high (antparallel) or lower energy (parallel) states defined

by the Boltzmann distribution with more protons in the lower parallel state
(approximately 10 parts per million). This results in a net magaisbdin

vector in the paralletlirection.
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The precession frequencys referred to as the Larmor frequency and is

describedoby the Larmor equation

T ) pP® UL

where] is the precessional frequency (MHB), is the magnetic field
strength of the magnet (T) and is the gyromagnetic ratio (MHz/T)
(Westbrook & Talbot, 2018)

To image the hydrogen protonsve apply a tipping pulseusing a
radiofrequency (RF) pulse at the same frequency as the precessional
frequency and then resonance of the nucles will occur. A result of this
resonance is that the net magnetisation vector (NMV) will move out of
alignment fromd , with the angle of misalignment termed the flip angle,

seeFgurel.12.

)

S
o
Longitudinal plane

Flip angle

A 4

Transverse plane

Figure1.12 Diagram of flip angle with respect to the net magnetisation
vector. || is in the longitudinal plane and the plane at°9® || is the

transverse plane.

When the RF pulse is removed, the excited nucleus will relax artckiesn
absorbed energy. This can be detected by a tuned coil of wire and the
YSIFadz2NBR @2t GF3S A& yRIADIIARYSRSIO 2aKSCHhF

resulting signal takes the form of a damped sine wave shown in Flgi8e
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induced voltage

\//\V[\V[\V/\VAVAVAVAVAVAVAVA - S

Figure 113 CNBES Ay RdzOGA2Yy RSOlF& aA3aylfao LY 3
distributed under &€GBY 3.0 license.

The process by which the net magnetisation vector loses the absorbed
energy is called relaxatiopmand as it udergoes this process will realign

with ¢ 8 During this process, the magnetic moments of the net
magnetisation vector will lose transverse magnetisation due to dephasing.
As a result, relaxatioeads to the recovery of magnetisation in the
longitudinal plane, termedT; recovery and the decay of magnetisation in

the transverse plane is terméel decay(Westbrook & Talbot, 2018)

The time for the longitudinal magnetisation to recover to 63% of its original
value is termed’:. Similarly, the time for the transverse magnetisation to be

reduced by 63% is terme@. Their formulas are governed by

and

0 0 Qh PS X
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whered and0 are the longitudinal and transverse components of the
net magnetisation vectod , respectivelysee Figurd.14 for a visualisation

of the T: and T relaxation curves

T1 and T2 Relaxation Curves

T
T2| 7

0.9

0.8

0.7

0.6

0.5}

Magnetisation

0.4 r

0.3

0.2

0.1}

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time

Figurel.14 Example of 1(red) and 7 (blue) relaxation curves

The importance of these times is that they will be different for different
tissues. Fat for example has a much shofigime than water,so thatthey
will appear differently in MR image%his is in pardue to the hydrogen
protons that are bound in fatty acid chaimgichlose energy quicklfrom

G 0 dzY LJA y mheé tisshg/ Thi can further be taken advantage of by
selecting appropriate weights such &s T, or proton density during image
acquisition so that additioml contrast can be createdT: weighted
anatomical brain scarere routinely used in neuroimaging studiggowarth

et al., 2006)

During an MRI scan, a pulse sequence is used which consists of RF pulses,
signals and intervening periods kdcovery.The main components arthe
repetition time (TR) which is the amount of time between RF pulses
measured in milliseconds (ms). The choice of TR determines the amount of
relaxation that is allowed to occur between RF pulses and therefore the
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amourt of T, relaxation The echo time (TE)s the amount of time from the
application of the RF pulse to the peak of the signal induced in the coil (ms).
This controls the amount of, relaxation that can occu(Westbrook &

Talbot, 2018)

Finally, a gradient coil can be used to generate local alterations to the main
magnetic field. This change in local field strength along the axis of the
gradient will also change the precessional frequency of the nuclei which is

termed spatial encoding. @dients can perform

1 Slice selection locating a slice within the selected scan plane

1 Spatial encodingf the signal along the longitudinal axisthis is
called frequency encoding.

1 Spatially encodingf the signal along the transverse axjghis is

caled phase encoding.

The direction of the axes above is done by convention, but in practice they
can be flippedOncethe gradients have been applied to select a single slice,
the frequency and phase of the magnetic momeare measured. This
information isd U 2 NX & LIA ,@vBidh is a spatial frequency domaiFhe
position of a data point in-kpace (k= 0, k = 0) is determined by the net
strength and duration of the gradient events. Essentially, the farther away a
data point is from the origin of-Bpace, the greater the net strength of the
gradient pulse and/or the longer a gradient is on with one polarity or,sign
seeFigurel.15(a) and the corresponding image data in image space, see

Figure 1.15(bjPaschal & Morris, 2004)
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X (b)

Figurel.15 Raw data in kspace array (a) and corresponding image data in

L

(a)

image space (b). In both cases, the magnitude of the data is presented.

Reproduced witpermission fronPaschal & Morris (2004).

As more frequency and phase encoding samplesegcerded,they can be

built up into a field of view (FOMpata pointsare typically collecte@long

any given axis in-gpace ina number that is a power of,xsuchas 64, 128,

or 256. This is because the scanners use the Fast Fourier Transform (FFT), a
fast and efficient version of the discrete Fourier transform, which requires a
number of data points equal to"ZBrigham, 1988)The size of the FOV is

also dictated by the scan parametemmd a short TR may not allow for
enough time to select and encode enough slices. The scan tiraksas
affected by thenumberof times the signal is phase encoded with the phase

encoding gradient slope, or NEX. The formula for scan time is given by
[ OAEQAAYY £ 64 QDI @ ©E QQE AL  pd Y

This leads tdrade-offs between ensuring the FOV is of sufficiespatial

resolution having the correct scan parameteend ensuring the signal to

noise ratio (SNR) is not excessive as theiSNRportional to the square of

the FOV siz@Nestbrook & Talbot, 2018)

Gradient Echo Imaging
DN RASYy(d SOK2z It &2 NEDS NIKSRnadh® KPR &

techniques are the basis of many applications on modéRisystems. GRE
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imaging is based on a single RF pulse, typically <90°, in combination with
readout gradient reversal. This results in fast image acquisition dueotd sh
repetition times compared to spin echo imaging which was not used in this
study. The differences in the their respective pulse sequences are shown in

Figurel.16 (Hennig, 1991; Markl & Leupold, 2012)
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Figure 1.16 Simplified spin echo (top) and gradient echo (bottom) pulse
sequence diagrams. The basic difference between gradient echo and spin
echo imaging is that echo formation is a result of a single RF pulse and
gradient reversal while spin echo imaging uses R¥opulses, i.e., a second
180° pulse, for echo generation. As a result, the gradient echo signal intensity
is determined byl>"-decay and, contrary to the spin ecliwweighted signal
intensity, field inhomogeneity effects are not refocused at the tinsgpfal
formation. DAQ reflects the period of data acquisition. Reproduced with
permission fronMarkl & Leupold (2012).
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The decay timé>* consistsof spin dephasingnducedby static dephasing

effects (I -decay) and timevariant field fluctuationsT-decay) as described
by

p P P
v oy owe P

The gradient echo sequeneexcludesthe formation of a spin echo and
instead will directlyuse the signal from the free induction decay following
the RF excitation pulsevhere the signal strength is dependent dnwith
the echo amplitude determined by>* (Hennig, 1991 Markl & Leupold,
2012)

As a result of modern hardware improvements which have reduced
magnetic field inhomogeneities, GIRERsed applications such as MR
angiographyDumoulin & Hart Jr, 1986; Hartung et al., 20 EHsessmentfo
tissue perfusiorfSchwitter, 2006and musculoskeletal imagirigielms et al.,
2008; Shapiro et al., 2012ye routinely used in clinical settings. Tiast
imaging properties of GREmaging are also ideal for proton resonance
thermometry techniques which will be expanded upon in subsequent

chapters.

Diffusion Tensor Imaging

Diffusionweighted imaging (DWI) is a type BIR imagingthat relies on
measuring the diffusion rate of wateratecules in tissuéTaylor & Bushell,
1985) Diffusion magnetic resonance imaging (dMRI) follows the diffusion of
water molecules in tissue to approximate the orientation and integrity of a
tissue sample. Water molecules can move neasily alongside fibres than
perpendicular to the fibresJeading to anisotropic diffusion antence
providing a representation of the tissue cytoarchitectydeurissen et al.,
2019)

The signal strength is described by the equation

~ ~

Yo o YQ h P8 T
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where S(b)is the signal for a particular-talue (s/mni) andD is the self

diffusion constant of the tissugmm?/s) (McRobbie et al., 2017Ab-value is

a measure of the applied diffusion weighting. Indicating the amplit@gle,

GAYS 2F FLIWX ASR INFYRASYyGAZ +3XI YR RdzNI GA

described by the equation

- . o
wrowyas pg& p

Therefore, to obtain a larger -balue, one can increase the gradient
amplitude and duration and widen the interval between paired gradient
pulses (Koh & Padhani, 2006)n an MRI scan, to distinguish different
physiological motions such as CSF aotlflow, the apparent diffusion

coefficient (ADC) is calculated

50804 GO0 pi T’O(b"Qd W "QQ R

OPRAORED 'V a6 s
where DW imageand Tow image are the signal intensities of a diffusion
weighted and T>-weighted {Tow) image taken at different {values,

respectively.

To measure the anisotropic diffusion as described above, it is necessary to

apply diffusion weighting in multiple orientations, which is known as
RAFTTFAzZAA2Y GSYaz2NJ AYFIAY T yBI5¢ LIOYPA 4 2 LIMNINDLIYES
(FA) is defined with values ranging from 0 to 1, where O denotes a purely

isotropic tissue and 1 denotes tissues which have very strong anisotropy in

one direction. By measuring the dMRI signal in multiple orientations, a
representation othe fibre orientations inside the voxel can be created and

repeated over the whole imag@icRobbie et al., 201® ! G G NJ OG 2 INJI LK &
image can then be created which shows the water diffusion pathways

through the brain. These pathways follow the direatiof the white matter

bundles, considered to be the main biological causdifbfisionanisotropy.

The local fibre orientations can then be reconstructed to infer structural

pathways through the brain, a process that is most often called fibre tracking

or fibre tractography(Roebroeck et al., 2019)
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Over the past decade, fibre tradgy is widely used to determine

cytoarchitectural integrityn white matter for a range of diseases, including

T KSAYSNRAa RAASI&AST &OKJelrigsedkeNB.y A '~ &l NPB
2019) It is important to state that evidence afater diffusion anisotropy

does not necessarily correspond to mechanical anisotrdgwpugh this

information could beused as an aid in interpreting the results from the

ultrasound images an@WE measurements along with future mechanical

testing.

FibreTrackingMethod

Broadly, fibre tracking methods can be grouped as either deterministic or

probabilistic.

Deterministic fibre tracking (dFT) in its simplest form, infers the fibre path
across vaels based on a single diffusion orientation of each voxel. This
method is less computationally taxirthan other methodsand requires
fewer orientations to be recorded. Probabilistic fibre tracking (pFT) assumes
a distribution of fibre orientations, genating multiple tracts per seed voxel
drawn from a probability distribution of the orientation estimates, see

Figure 1.17.

33



Introduction

B DETERMINISTIC C PROBABILISTIC

Figure 1.17 (A): Degree of diffusion anisotrop{B): Deterministic fibre
tracking; the fibre path across voxels is inferred based on a single diffusion
orientation per each voxglQ: Probabilistic fibre tracking; tractography
generated based on a probability distribution of diffusion orientations within

each voxel. Reproduced with permission from Muller et al. (2018).

A major limiting factor of dFT is the inability to accurately represent crossing,
okissing or highly angulated fibres in imagexels containing more than one
fibre orientation(Jeurissen et al., 2013n these situatios, the fibres tend

to be reflected, see Fige 1.18.
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Figure1.18 Artifacts in fibre following due to singularities in the diffusion
tensorfield(@a,b):/ NEaaAy3I FyR a1 A&daAy@showsAioNBa NI
a bias against fibres crossing the plane of symmefb)y.shows that

occasionally noise can cause tramags to jump from one tract to another

near a singularity. Reproduced with permission from Basser et al. (2000).

pFTattempts toaddress this limitation by reconstructing multiple pathways
that can branch along the reconstructed pathway. That is, at each point in
space there is a distribution of estimated fibre orientations, from which the
next propagation direction is chosédones, 2010)Drawbacks of pFT lie in
the long processing time ~20 hoy&olal et al., 2016)and that while a highly
reproducible result is often found, it can lack accuracy with respect to the
true anatomy along the fibre projectiorfdones, 2010}-or this study, sswe
were looking at a gross measure to examine the general orientation in the

sample, a deterministic method wased.
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MRI Specific Absorption Rate
This section is adapted from the pap@lackwell et al., 2019jublished in

Physica Medica.

During aMR procedure, most of the transmitted radiofrequency energy is
transformed into heat by the induction of eddy currents in the body and
RSLI2AAGSR AyiG2 GKS LI GASyGaQ GAaadzsSo { LIS
expressed as watts per kiyV/kg), is the mass normalised dose metric for

measuring the rate of energy deposition to tisqi&hellock, 2000)
"YO'Y -0 P8 o

where,, is the conductivity of the tissug/m), ” is the density of the tissue

(kg/m3) and E is the peak electric fielRNIS (V/m).

Depending on the pattern of RF radiation absorption and the efficiency of
heat regulatory mechanisms in body tissues, RF heating can cause adverse
biological effectgShellock, 2000; van Lier et al., 2012; Wang, 2017; Wang et
al., 2008) Thus, accurate estimation of SAR is critical to safeguarding
unconscious/sedated patients, patients with compromised
thermoregulation, implant patients, pregnant patients and neasaivho

require an MRI procedure.

The EU standardisation has mandated that all scanners must measure SAR
in patients and develop system safeguards to ensure that the limits
(IEC6060:3-33) are not exceeded. The standard specifies derived SAR limits
of 2 Wkg averaged over the wholbody (WbSAR), 3.2 W/kg for the head
(hdSAR), andcd 0 W/kg for parts of the body (pbSAR) for normal controlled
operating mode. At 1.5 T, most clinical MR imaging operates well below
these regulatory thresholds but, because okthpproximately quadratic

SAR dependence on the strength of the main field, they pose a more
frequent concern for 3 T acquisitio(€hen et al., 1986JlItrahigh field MRI

at 7 T and higher pose additional safeyncerngvan Osch & Webb, 2014)

Commercial MRécanners provide an estimated SAR level for each scan
calculated using factorgetermined parameters. The accuracy of these
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values can vary over time and can be highlighted in cases where patients
sustain RF burngStralka & Bottomley, 2007)The need for SAReMel
validation was reinforced in August of 2015, when GE released an urgent
medical device correction where 756 of their systems underestimated the
head SAR delivered to patiern(td.S. Food and Drug Administration, 2018)
When performing head or neck scans, the displayed SAR values could be
lower than the actual SAR as predicted by SAR modelling and exceed the

limit of 3.2 W/kg for some scans.

Chapter 3 will explora method to quantify MR induced heating as a proxy
for ultrasound induced heating and to investigate if MR SAR output can be

validated using this method.
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Mechanicallesting ofSoft Tissue

Soft tissue characterisation is a process of identifying materigperties

that govern the behaviour of soft biological tissdksvindaran et al., 2022)

The moreresearchersan learn about these material properties, the better
they can understand a mater@lnatural response to a stresehe normal
physiological function of various connective soft tissues, such as tendons,
cartilage, skin, ligaments, and arteries, involves withstanding a variety of
mechanical loadgAvril, 2017) There is aconsiderable variation in these
mechanical requirements: for example, tendon isigaed to resist uniaxial
loading, skin provides a structural barrier against the environmetile
cartilage reduces friction and provides compressive resistance at the end of
bones (Vincent, ®12). The focus of this study is bramatter, but it is
important to provide an overview of the typical mechanical testing methods
used for soft tissugssuch as those mentioned previoustyp understand

how variations in material composition, such@slagen or elastin, or pre

existing stresses can impact results.

TensileTesting

Tensile testing is commonly used method to characterise the mechanical
properties of a multitude of materialéScholze et al., 2020as well as for
severalsoft tissueqdChow & Zhang, 2011; Cooney et al., 2015; Innocenti et

al., 2017)

This method consisis cutting a dogbone shape sample, grippinggit both
ends, with the top grip moved upwards until a predetermdnstrain has
been reached or the sample fails. The tensile force thatpplied to the
sample and itspreviously measured crosssectional area are used to
calculate thetensile stressin the sample due to the external load. The
resulting computed stresd@ng with the measured elongation of the sample
are recordedo createa stressstrain curvesee Figurdl.19for an example
From these stresstrain curve, mechanical properties such as the2 dzy 3 Q a
modulus, yield strength and tensile strength can belirdd (Navindaran et
al., 2022)
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Figure 1.19 General nonlinear behaviour dfbre-reinforced saft tissues
stretched under a constant loading rateeproduced with permission from

Al Mayah (2018).

Figurel.19also demonstrateste typical nonlinear stresstrain relationship

that many soft tissues exhibit. In Region I, there is a linear siteam
relationship asthe collagen fibresinfold in the relaxed tissue. The stress
strain relationship becomes ndmear in Region Ilvhere the stiffness of

the tissue increases due to the collagen fibres beginning to straighten. Then
in Region Ill, the collagen fibres stretch and a mainly linear sstess
relationship is demonstratedAl Mayah, 2018)As mentioned previously,
hyperelastic model can be used to characterise thél materialresponse
where the stressstrain reldaionship is derived from a strain energy density

function.

A major advantage of tensile testing is that the procedure is relatively
straightforward and well documented with multiple standardised testing
protocols developed by ASTM International (formerhown as American
Society for Testing and Materialahd British Standard$eading to highly
repeatabé results though these protocols have not yet been formalised for
soft tissues(Wale et al., 2021)Preparing the sample for testing can be
difficult depending on its geometrgnd softness, especially as a dogne

geometry is the standard testing geometffPei et al., 2021)This is
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particularly challenging for braimn aspectvhich will be discussed further

in Chapter 2.

Compression

Conpression testing is the opposite of tensile testing. St&sain curves

are also obtained, thougmow the sample is placed between two flat
lubricated platens instead of in gripgCompression testing can be either
confined or unconfined. In confined comgssion, the sample is placed
within an impermeable well and compressed using a porous platen. This
allows for fluid within the sample to be displaced vertic&(Briffin et al.,
2016) Whereas in unconfined compression, the sample is compressed
between an impermeable base and a nonporous platen, which directs fluid
to flow in the radial directiorfNavindaian et al., 2022)A notable advantage

of compression testing compared to tensile testing is that the soft tissue can
undergo physiologically relevant loads in a hydrated environnf@niffin et

al., 2016) This is because compressive forces are experienced by numerous
load-bearing tissus in the body which can enhance the precision of the

measured mechanical properties.

Indentation

The principle of indentation is that the mechanical properties of a sample
can be obtained by using a small indenter to probe the surface of the sample
(Navindaran et al., 2022By measuring the external for@pplied to the
sample and the displacement of the indenter, foldisplacement curves can
be produced.The mechanical properties of the tissue can then be inferred
using the appropriate model. There are a range of differedéntationtools
from atomic face microscopy capable of applying piconewton loads
industrial indenterscapable of applying micro to meganewton lodikKee

et al., 2011) Indentation measurements are limited to the area where the
indenter is in contact, and this area can range franillimetres to
nanometres depending on the size and shape of the probga result, using
the correct tool for the specific organ in question and the cotrmodel are

critical requirements in getting an accurate resultindentation offers
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numerous advantages over traditional techniques for charasitegi soft
tissues.A key benefit is that it requires less sample preparation effort,
leading to higher accucy. This is because testing is not limited by the
necessity for uniform crossectional areas or consistent dimensions
between samples, as is the case with other methédavindaran et al.,
2022) However,according taMicKeeet d. (2017J) it has been shown thatro
average, 2 dzyhsdula@svalues of soft tissues are consistently lower when
obtained by local indentation as compared to bulk tensile deformatitins.

also difficult to model indentation when the sample is anisotropic

Rheometry

As mentioned previously, a rheometer can be usetheasure the amount

of deformation amaterial undergoesvhen amomentis appliedRheometry

experiments have successfully been conducted on soft tissues such as rat

liver (Perepelyuk et al., 2016povine liver(Ayyildiz et al., 2015)porcine

brain (Balbi et al., 2019ndthe human color6 5 S LJG dzOF .SG F £ ®X HAaH AL

The typical method for parallel plate rheometry is that a sample is cut to size
using a cylindrical punch and is glued to the platens with an initial nominal
force applied to ensure adhesive coontgBalbi et al., 2019; Perepelyuk et
al., 2016)see Figure 1.20
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tension/
compression

" A

shear

Figurel1.20 Diagram of rheometry methodample is glued to the platens.
Tension and compression are measured, and moments are applied by
rotating the bottom plate. Reproduced with permission frBerepelyuk et

al. (2016).

A difficulty specific to testing using a rheometerinspreventing sample
slippage between the plates. The typical methods are either the use of
sandpaper or an adhesive such as glue. A detailed study by Nicolle & Palierne
(2012) compared both methods on fresh porcine kidneys. It was found that
both methods were sufficient abW strain, but glue was recommended in

the nonlinear regimelt was also stated that while the glue thickness is
unknown, its effectcan be minimised by applying a small precompression
before the glue hardenswith the glue also forming a barrier to preven
water invading the samplplate interface which would increase the chance

of slipping As a result, cyanoacrylate glue was used for testing in this thesis.

42



Literature Review

Chapter A iterature Review

Introduction

The purpose of this chapter is to discuss the literature and cjpies
specifically relating to the mechanical properties of brain by both destructive
and nondestructive means. The topic of magnetic resonance thermometry

is also introduced and iimplementationfor this thesis is described.

Mechanical Testing &ain

Brain tissue has proven difficult to model in part due to its extreme softness,
requiring specialised mechanical testing and hyperelastic constitutive
modelling. Figre 2.1compares the stiffness of various organs in the body.

skeletal
muscle tissue

B

myocardium artery .
20

adipose
tissue

cartilage

10" 10° 10' 10? 10° 10 10° 10°

stiffness in kPa

Figure2.1 Mechanical properties of different human tissues. Brain tissue is
one of the softest tissues in the human body. Reproduced with permission
from Budday et al. (2019).

This softness means that traditional teg) such as uniaxial tensile testing
needs to be modified. A uniaxial tensile test requgra sample with a dog
bone geometry, to be clampeat both endsjs not feasibleas brain is fragile
and not easily cut to this geometry. A solution has been to glue a cylindrical
sample between the tension platelsut it has been found to rapidly lead to

an inhomogeneous deformation near the boundar(@ashid et al., 2012a,

2012b) see Figre 2.2(a).
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Uniaxial compression testing with lubricated plates can achieve
homogeneous deformation, but only up to about 10% strain before bulging

occurs(Rashid et al., 2012c3ee Figre 2.2(b).

Simple shear testing has been shown to be effective up to about 60% stretch
of brain tissue(Destrade et al., 2015; Donnelly & Medige, 1998imple
shear will also induce the aforementioned Poynting effect, though
practice it is very difficult to measure the normal force in simple shear. This
is due to traditional simple shear setups for stiffer materials being in the
vertical plane but brain tissue is too soft and would deforamder gravity
Current setups arén the horizontal plane, see kg 2.2(c). To date, there
have been no shearing setups able to measure and quantify the normal force
for brain, which limits the applicability of this protocol to determiakthe

material parameters.

Torsion testing inother destructive protocol, requiring the excision of a
cylindrical sample from the material. Torsion testing using a rheometer has
been used for bothresh ex-vivo porcine(Balbi et al., 2019)see Figure
2.2(d),and frozen wine brain tissudLilley etal., 2020) It is noted thatin

the study by Lilley et al. (2020), only the shear force was recooaapared

to both the normal and shear forcescordedby Balbi et al. (209).
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Figure2.2 Standard testing protocols for soft solids applied to brain matter

(porcine) (a) tensile test with glued ends and (b) compression test with
lubricated faces: notice the inhomogeneity of the resulting deformations; (c)
simple shear and (d) torsion: here, the samples behave as required.

Reproduced with permission from Balbi et al. (2019).

Sample Preconditioning

When mechanically characterising biological soft tissues, repeated cyclic
loads are commonly applied to obtain a steady and repeatable response to
measure the mechanical properties of the tissues. This practice of applying
loadingunloading cycles before the @@l test is called preconditioning
(Bianco et al., 2021)rhe intention of this method iso put tissues that
undergo cyclic loading ivivo, such as tendons, myocardiumartilage etc.

in an invitro loading staté¢o simulatean invivo one. Or in general, it is used

to acquire a more reproducible response which will reduce statistical

variability(Fung, 1973; Gefen & Margulies, 2004)
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For brain testingconsistent preconditioning of the sampleless common,
some tests precondition the tiss8udday et al., 2017a; Forte et al., 2017;
Gefen et al., 2003; La et al., 2020and others do not (Balbi et al., 2019;
Hrapko et al., 2008; Rashid et al., 2014)

Budday et al. (201 reported that brain tissue softens upon
preconditioning, agreeing with a previous study by Gefen et al. (2003) which
reported a shear modulus approximately 20% lower than during the first
cycle.Budday et al. (2019eported that a large factor in the reduction of
the tissue softening is the loss of water from the sample. This water loss was
also reported by Forte et al. (2017)hw attempted to usephosphate
buffered saline (PB$ and petroleum jelly when testing anstoring the
sample between testto maintain hydration This required the removal of
the samples from theheometer;therefore, sandpaper was used to prevent
slippage, which as mentioned previously is not ideal for measuring the
nonlinear properties of bra. Lilley et al. (2020) attempted to maintain
hydration between cycles by spraying the outer surface of the sample with
PBSbutit is difficult to assess how much of an effect this had on maintaining
hydration within the tissueThe tissue from this sanghad also been frozen

for a week prior to testinga factorwhich may als@ffect the mechanical

properties or the hydration of the sample.

Forthis study, it is not possible to precondition the brairor to shear wave
elastography, so it was felt that the correct comparison would be to test

unconditioned brain samples in torsion.
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Agar as a TisstMimicking Phantom

Tissuemimicking models, laotSNY SR da LK i@ aaSSy 6A RS aLINJ
use in clinical simulations and biomedical researiese phantoms can
range from simple homogeneodesigngo highly specialised heterogenous
constructionsdesigned to mimic specific body parts and tiss(MsGary et

al.,, 2020) The reasoning for using #ssuemimicking phantom over
biological tissues is that by creating a standardised phantom with known
mechanical properties and signal parameterspeated tests can be
conducted in the development and evaliat of new techniques. This
allows for reduced specimen wastagd@ringin-vivo or exvivo testingin line

with the dThree R concept of animal experimentatiorReplacement

Reduction andRefinement(Hooijmans et al., 2010)

Tissuemimicking phantoms in the literature can generally be divided into

two caegories, commercial or homemade. Commercially available training
phantoms, such as those producedAVS (ATS Laboratories Inc., Bridgeport,

CT, USA) and CIRS (Computerized Imaging Reference Systems Inc., Norfolk,
VA, USAhave tightly controlled tolerares in their manufacture, while they

might not be tailored for specific purposeand their costs can be in the
thousands of eurgsvhich makes it cost prohibitive to smaller Ial#snini et

al., 2015; Farrer et al., 2015)

Thissituation hasled researchers to develop a range of homemade, er in
house, phantoms using less expensive materials such agMueinell et al.,
1986) polyvinyl alcohol (PVAMano et al., 1986)elatine(Blechinger et al.,
1988)or other polysaccharide ge(slellerbach et al., 2013)

Agar has londpeenused as an inexpensive tissmemicking phantom for

both MR(McGatrry et al., 202@nd ultrasoundesearch(Culjat et al., 2010)
This is due to it being a relatively lasest material with for examplea 1 kg
sample of 2% agar costing less than ten euros to manufaaepending on

the grade of agar used. The process for creating the phantom at first also

seems quite simpteheat the solution until the agar dissolves, pour into a
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container and allow ito cool set as a gel. As an imaging material for, MR

agar has a simildk relaxation timeto human tissuein the range of 49150

ms(Hellerbach et al., 2013; Mitchell et al., 1988pwever the T; relaxation

time is quite dissimilgiin the range 0f1400;1600 mscompared to 509900

ms for soft tissue(Antoniou et al., 2022)The addition of a paramagnetic
YFEOGSNAFE 2N aR2LIAyYy3I¢ 3ISyd Oy o6S dzaSR
(Kraft et al., 1987)For thisstudy, the MR phantom chosen was an agar

phantom doped with copper sulphate. Further details are given in Chapter

3.

For the use of an agabased tissue mimicking phantomn ultrasound
research, some of thenportant characteristics are attenuation, scattering,
absorption and propagation velocit@ook et al. (201Xeported that for soft
tissue the averag wave velocitys 1540 m/s,with attenuation coefficients
ranging from @ to 3.3dB/MHz/cmand a backscatter coefficient ranging
from 10° to 10! cnrt srl. A phantom composed of pure agailmhave
relatively poor echogenicityand as a result a scatterer is typically
introduced to improve echogenicitand backscatter signalA range of
scatterers have been used, froevaporated milk, to wood powder to
cellulose(Drakos et al., 2021)'he important characteristiof the scatter in
guestionappears to be having a relatively small particle sinethe order of

a hundred microns.

Madsen et al. (1998) created a phantom using agar and evaporated milk
which had a velocity of 1540 m/s and attenuationefficient of 0.1¢07
dB/MHz/cm Francois et al. (2014) created an afpased phantom
containing 0.5% cellulose to mimic tissue scattering with an attenuation

coefficient of 0.3 dB/MHz/cm.

For ths study, the ultrasound phantom chosen was an agar phanteit
0.%%of cellulose powder added as a sca#erFurther details are given in

Chapter 5.

A disadvantage of agar is thainless stored under the correct conditions,
the gelwill dehydrate over the timespaaof an evening itincovered andof
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a few daysf covered This means that the time between creation of the gels
and the actual testing should be as shorisseasonaby possibleandnoted

for the test batchwith the sample covered/sealed to minimise dehydration
Also, as it is a natural product, there can be variations in the quality of the
product between manufacturers which needs to be taken into account. Food
grade a@r powder for example, does not have the same level of purity as a
bacteriological culture grade (agar nmino.2, andthe visual difference is

clear from Figure.3.

Food grade agar Bacteriological culture grade agar

Figure2.3 Side by side comparisoh(teft) food grade agar (Raazi Agar Agar
Powder, China) anftight) bacteriological culture grade agar no.2 powder
(LAB M, Michigan, United States)

Method of preparation is also a key aspémtcreating a homogeneous agar
gel. Agar doesot dissolveinto a solution untilthe temperature reaches
approximately 80°C. This makes it difficult to create a gel without boiling
the sample,but when the sample starts to boil, unwanted bubbles are
introduced to the mixture There is also aisk to burn the agar at the

bottom, see Figure.4
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Figure2.4 Agar that has been overheated, note the burn at the botiim
the flask.

There appears to be a wide vaii@t in the care in the method of phantom
preparation, with some authors going as far as using a degassing technique
to remove bubble¢Chan, 2016)o other authors using a microwave to heat

the agar(Earle et al., 2016)n that paper, the authes noted that there did

not seem to be an appreciable difference between a stovetop heating
method and the microwave heating, but no images were provided, or tests
described to quantify this comparison. It would be thought that the repeated
heating, removafrom the microwave, cooling while stirring and reheating
would not be an advantageous way to ensure a homogeneous, well mixed
solution. For this study, a novel method was devised to create a

homogeneousT: ¢ dopedMR phantomwhichis described in Chagt 3

So far, only the imaging characteristics of an agar phantom have been
discussed. Apart of this study isconcerned withthe evaluation of the
mechanical properties dbrain, it would be ideal to create a phantom with
the same mechanical properties brain tissueA detailed study by Pervin

& Chen (2011showed that agar at concentration of @@.6% presents
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similar properties to brain tissue at a strain rate of 18 ia uniaxial

compression, see Figures2.
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Figure2.5 Average stresstrain curve of different gel materials at strain rate

of 10 s'. Reproduced with permission from Perving and Gaehl).

Agar at this concentration is both quite soft and brittle, whiclakes it
difficult to work with in mechanical testing. This is discussed further in

Chapter 4.
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Shear WavéJltrasoundElastography

Elastography

Many pathological or physiological processes such as cancer, liver fibrosis
and cardiovascular diseases canulesn a change in the elasticity of soft

tissues(Shiina et al., 2015)

Medical practitioners perform mechanical palpation of soft tissues as part of
their clinical examinations and rely on the tactile feedback of the tissue
response to assess potential abnormalities. This procedure is strictly
gualitative and prone to interfitra operative variabilitf{Chan et al., 2021)
Biopsy isa standard method for diagnosing cancerous and fibrotgedses

due to the ability to examine the histology of the tissue. This method,
however, is an invasive technique that can cause discomfort, pain and
complications for the patien{Afdhal & Nunes, 2004)These issues have
motivated scients and clinicians to develop a nowasive method to
assess tissue stiffness, and led to the emergence of a new branch of imaging
OFffSR aStlFad2aNILKeeéd ¢KS GSNY St adz3
see Figre 2.6for a summary of the key steps ofalelastography methodi

& Cao (2017).

monitor the responses
of soft tissue using a
medical imaging method

Y

=/
external/internal -_{//

stimuli

(1)

( infer mechanical properties
from the response of the
soft tissue

(3)

mechanical properties

clinical diagnosis |

)

biological soft tissue

Figure 2.6 An illustration of the key steps involved in elastography.

Reproduced with permission from Li & Cao (2017).
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Elastography steps:
1. An external or internal stimulus is appli¢o the target soft tissue.

2. The response of the soft tissue is monitored using a meieying

technique such as ultrasound dRImethods.

3. Using inverse analysis, the mechanical properties of the soft tissue

can then be inferred.
4. A clinical diagnosican be made based on these inferences.

A variety of methods can be used for the first step, as static loads, external
vibrators and acoustic radiation forces (ARFs) can and have been applied to
generate different responses in soft tissugSao et al., 1996; Li & Cao,
2017a; Parker et al., 2010; Sarvazyan et al., 20A4)a esult, different
medical imaging methods have been developed such as ultrasound, MRI and
optical elastography methods. This thesis focuses on ultrasound

elastography.

Ultrasound Elastography

Ultrasound elastography was first described ®@phir et al. (1991) as an
imaging modality that is sensitive to tissue stiffness. This approach used

ultrasound to estimate strain and elastic modulus of soft tissues.

Tissues of different stiffnesses may have similar echoes on ultrasound B
mode images, which can make them inseparaf@phir et al., 2002)
Ultrasound elastography utilises the properties of ultrasound images to
generate maps offte elastic properties of the tissue, called elastograms.
Initially, elastography only referred to strabased imaging. As other
methods of imaging elasticity have emerged since, it is now more suitable to
collectively term all ultrasoundased methods asltrasound elastography.

These elastograms are then overlaid on thm8de image, see Rige 2.7.
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Mean 300.0kPa
Min 300.0kPa
Max 300.0kPa
SD 0.0kPa
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Figure2.7 Example of shear wave elastography (above) of a brain with a
tumour compared to regular ultrasodrimage (below). SWE delineates the
contours of the tumour much better than thenibde image. Reproduced

with permission from Chan et al. (2021).

Ultrasoundbased techniques typically have much quicker acquisition times
than magnetic resonance elastography (MRE), approximately 3 seconds
compared to approximately 1 minute for SWE and MRE, respec{iVahg

et al., 2015) Due to the use of sound wavesjarge variation in acoustic
impedance such as in tissi®ne or gadilled interfaces will cause
hyperechoic artefacts when scannirfgvells & Liang, 2011)The overall
penetrative power of ultrasound is also reduced compared to KIRt a
scanning frequency of 5 MHz, the attenuation of ultrasound in soft tissue
limits scans to a maximum depth of around 10 @Mells & Liang, 2011)
Despite these limitations, widescale availability, skilled training of operators
to recognise artifais, lack of ionising radiation and the potential for real
time imaging make ultrasound elastography a very promising imaging

modality.

There are many methods of ultrasound elastography that have been

described in multiple review&ao et al., 1996; Li & Cao, 2017b; Parker et
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al., 2010; Sarvazyan et al., 201These methods can be subdivided into

three main areas:

1) Quasistatic strain elastography (QSE).

2) Acoustic radiatioforce impulse (ARFI) imaging.
3) Shear wave elastography (SWE).

The focus of this thesis is on shear wave elastography.

Shear Wave Generation

Shear wave elastography imaging (SWEI) requires the generation of shear
waves in tissue by either acoustic radlet force (ARKBercoff et al., 2004a;
Sarvazyan et al., 1998; Wang, 20@B)nechanicallyfCatheline et al., 1999;
Sandrin et al., 2003; Wu et al., 2008RFbased SWEI was first introduced

by Sarvazyan et al. (1998). Since then, different methods of gengstigar
waves by means of ARF have been created. They can be subdivided into two

categories: impulsive (< 1 ms) and harmonic ARF, saeeRA@.

Impulsive ARF Harmonic ARF
AM input
L] .
ol
-+ >
Ax
Acoustic Radiation Force Supersonic Shear Imaging Shear Wave Dispersion
Impulse (ARFI) based Shear (SSl) Ultrasound Vibrometry
Wave Elasticity Imaging (SWEI) . (SDUV)
— f+af
I I ]
of | AVAVIANVAN
- >e >
Ap At
L1
Spatially Modulated Comb-push Ultrasound Shear Crawling Wave
Ultrasound Radiation Force Elastography (CUSE) Sonoelastography (CWS)
(SMURF)
- Pushing beam Tracking beam Plane waves [ US transducer

Figure2.8 Schematics of impulsive and harmonic excitation of shear waves.

Reproduced with permission from McAleavey et al. (2009).
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Acoustic Radiation Force Impulse (ARFI) Imaging

ARFbased SWEI was developedghtingale et al. (2002ARF is applied

to the tissue resulting in small displacements on the order of microns
(Nightingale, 2011)The amount of deformation is inversely proportional to
the stiffness of the tissue, and thdore the relative stiffness between

tissues can be estimated.

The magnitude of the focused radiation forde from the ultrasound pulse

is
0 ——e ¢P

where| is the absorption coefficient (W/my is the speed of sound of the

tissue (m/s), andds the local temporal average intensity (W9

By imaging the resulting displacements and the induced shear waves, the
shear wave velocity can be estimated using time of flight (TOF) methods.
Thus, using Equatiorl.Q7), elastograms of the region of intest can be

generated.

Spatially Modulated Ultrasound Radiation Force (SMURF)

This technique was developed by McAleavey et al. (20@07dhis method
ARF excitations are applied simultaneously at different locations to create
shear wavs of a specific wavelength. The principle behind SMURF is that by
inducing a shear wave of a known wavelength and by measuring the
generated vibration frequency, the shear modulus of the tissue can be
estimated(McAleavey et al., 2009T his method requires impulsive ARF on
the order of 1@ m n n due @ the shear wave only propagating for a small
fraction of a wavelength during the excitation phase. The advantage of this
technique is the ease of estimating the vibration frequency compared to

estimating shear wavelength in tissue.

Combpush Ultrasound Shear Elastography (CUSE)
The CUSE technique was developed by Song et al. (20&2) multiple

unfocused ultrasound beams arranged in a comb pattern (cpogh) are
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used to generate shear waves. After the transmission of the epudh, the
ultrasound system images the resulting tissue motion. The principle of this
method is that one camxcite multiple push beams at different locations
simultaneously. This allows for the full field of view to be filled with shear
waves and for a full field of view reconstruction without the artefacts
associated with a single push beam meth@&@bng,2014) Hence, irvivo
experiments have been conducted to evaluate thyroid nodules and to detect
breast masses, showing promising resul{®enis et al., 2015;

Mehrmohammadi et al., 2014)

Supersonic Shear Imaging (SSI)

In this method, developed by Bercoff et al. (20Q4b)ltiple ARF excitations
are focused at different depths creating a line of excitation in a Mach cone.
This allows the generation of shear waves at multiple depths, known as
guastplane shear wavegDeffieux et al.,, 2012)Two quasplane shear
wavefronts interfere along the Mach cone and propagate in opposite
directions, in a phenomenon knovas the elastic Cherenkov effdtt et al.,
2016) see Figre 2.9.

\ / mach cone
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Figure2.9 Finite element analysis of shear wave Mach cone. Reproduced

with permission fromilet al. (2016).

These displacements are imaged using plane waves rather than focused

ultrasound beams, which allows for high frame rate imaging, on the order of
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10 kHz. This high frame rate results in a faster acquisition than ARFI and also
reduces the risk of motion artefac{&emisson et al., 2003)Elastograms
are produced in a similar manner to the ARFI method. This technique is used
routinely in clinics and has been used totef# breast lesions, thyroid
nodules and liver fibrosis. The advantage of this method is increased tissue

displacement and faster image acquisition.

SSI Imaging Brain

An intraoperative study by Chan et al. (2021) with 26 patients was conducted
to determire if the SSI technique could detect lesions in healthy human brain
tissue.The study involved performing a craniotomy and using a SuperSonic®
Aixplorer ultrasound scanner with two transducers that had a bandwidth of
3¢12 and 415 MHz, respectively. The tdts indicated that the, 2 dzy' 3 Qa
modulus for "normal” brain tissue was significantly lower (median 14.9 kPa)

than for tumours (median 33.5 kPa, p = 0.003).

Interestingly, a similar intraoperative studyas createdoy Chauvet et al.

(2016) with 63 patients sing the sameSuperSonic® Aixplorer ultrasound

scanner but using atransducerwith a 6 MHz central frequency. Their

findings indicated a 2 dzyY2Ridzf dza F2NJ ay2NX+21 ONI Ay (7
kPa with values of 23.74:9kPa and 11.4 + 3.4 kPa for higgmd lowgrade

gliomas respectively. The difference in results could be due to the larger

sample size in this study or due to variations in the way the data was

collected.

A firstof-its-kind study by Liu et al. (2016) studied five Japaneseshig
rabbits in-vivo using trepanatiorand a SuperSonic® Aixplorer ultrasound
scanner but the frequency of thdransducerwas not listed. An hvivo

, 2 dzymbduis value of 4.7 0.4 kPa compareatan exvivo value of3.2

+ 0.5 forharvested brain kept in artificial C8ks reported The difference

in this study was attributed to the loss of blood and CSF when the brain was

removed.
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A study of six exivo porcingpig)brains was conducted by Jiaetal. (2015)
using aSuperSonic® Aixplorer ultrasound scanmigh a transducer with a 9
MHz central frequencyA shear modulus of 2.3% 0.5 kPawas reported
which corresponds to a 2 dzyhidwulas of ~7.% 1.5 kPaSee Table 2.1 for

a tabulation of these results

Table2.1 Reported, 2 dzyhidduks values for differentivivo and exvivo

brain samples imaged using the SSI technique.

Subject , 2 dzyMbdubus Reference
(kPa)

Human invivo 14.9 (Chan et al., 2021)

Human invivo 7.3x21 (Chauvet et al., 2016)

Rabbit invivo & ex 4.7+ 0.4 (invivo) (Liu et al., 2018)

Vivo 3.2 £ 0.5 (ewivo)

Porcine (pig) exivo 7.1+15 (Jiang et al., 2015b)

While studies of the ovine cerviPeralta et al., 2015kidney(Leong et al.,
2020) myocardium(Couade et al., 200@9nd patellar tendor{Kayser et al.,
2022) have been conducted using shear wave elastography, it does not
appear thatovine brain has been studied so fém aim of this thesissto

record, 2 dzyhiddulds values for exivo ovine brains using SWE

Transcranial Ultrasound Elastography

Transcranial shear wave ultrasound elastography by means of trepanation
in animals and bmansor through the fontanelle in infant¢Albayrak &
Kasap, 2018; Dirrichs et al., 2019; Su et al., 2045peerwell documented.
These methods were implementdzbcauseconventional ultrasound cannot
penetrate the relatively thick bone of the skull. It would be highly desirable
to have a norinvasive transcranial SWE method to allow for brain imaging
and blood flow monitoring. Sheahsck waves have been observed in the
brain (Espindola et al., 2018nd novel models have been proposed to

model their path(Chandrasekaran et al., 2020ew research has shown
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that shear waves through the intact skull can be generated by low intensity

focused ultrasound(Salahshoor et al., 2020)A schematic of the US

propagationprincipleis shown in Figre 210

Figure 2.10 Schematic diagram of brain imaging using US shear wave
imaging. A shear wave (green) propagatperpendicular to a compressed
wave (blue) to image the brain tissue. Reproduced with permission from Liao
et al. (2020).

A recent study by Issaoui et al. (202@monstrated a temperature increase

of up to 2.9 °C at the surface of a head phantom using thermocouples. This
heating was said to be originating from the transducer face itself along with
the ultrasound wave energy eghosition. A proton resonance shift
thermometry (PRF) method, presented in Chap8rcould be used to
measure the temperature increase from this imaging technique at different

depths.
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Ovine Brain Tractography
Pieri et al. (2019) created the first-ivo ovine tractography atlas from ten

anaesthetised sheep, see Figure 2.11.

Figure2.11 Details of the course of the main ovine white matter fibre bundles
in a representative sheep. Tracts are displayed as volumes onte high
resolution T1 anatomical images and showed in sagittal, lateral, coronal and
transverse viewgA)Corpus callosum (onge).(B)Visual pathway
(yellow).(C)Fornix (pink)(D)Occipitofrontal fasciculus (green). Reproduced

with permission from Pieri et al. (2019).

As can be seen from Figure 2.11 (A), the corpus callosum shows a strong
orientation of the white matter fibre in the cerebrum, which suggests
regional diffusion anisotropy. This orientation will be kept in mind when
testing with the SWE transducer to see if any orientaiiwtuced effects can

be found.
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MR Thermometry

This section is adapted from the papg@&lackwell et al., 2022published in

the Journal of Mgnetic Resonance Imaging.

MRI can also be used to monitor temperature changes in tissue during
thermal ablation procedures. This application of MRI, -callsiR
thermometry,allows for the monitoring and regulation of the thermal dose
during treatment. Inpractice, near realime, quantitative temperature
maps can be created and combined with anatomical images to greatly
enhance the precision of these therapies, as they can be affected by
variations of local tissue properties and by biological processels asc

perfusion and changes in diffusigkinavel & Brace, 2013)

The underlying principle behind proton resonance frequency (PRF) shift
thermometry is that the resonance frequency of a nucleus in a molecule
depends on the local magnetic fiedd . This local magnetic field is related

to the magnetic fieldd by

0 P . 6 160 c&

where,, is the shielding constant of the@ons (which depends on the
chemical environment) aridé represents the local deviations from

that are not temperaturedependent.

Due to the effects of nuclear shielding, the resonance frequency is described

as

T ré p . D

wherel is the gyromagnetic ratio of hydrogeh € 42.577 MHz/T). As the
temperature increases in the range of interest for thermal ablation, the

screening constant will increase in a linear manner:
" Yoy c8

where| is the temperaturedependent chemical kift coefficient (ppm/°C),

with a value of approximately 1 x #¢°C in pure watei(De Poorter et al.,
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1995; Stollberger et al., 1998 tudieqCarter et al., 1998; Chen &k, 2000)

suggest that values in biological tissues range from 0.9 x 1&/°C.

PRF thermoretry exploits this temperature dependence of the proton
resonance frequency to create temperature maps of tissue by acquiring
phase maps of the region of interest. A gradient echo (GRE) sequence can
be used to acquire phase distribution images (phase maighe region pre

and postheating. By subtracting these images, the change in phase (phase
shift) can be determined. This subtraction also removes the effects of
temperatureindependent contributions. The Larmor equation states that
the phasee (in radans) measured within a voxel at temperatufeis

described as

Y YO YO 706 h )
whereTEis the echo time (ms). The change in phase as a result of an increase
in temperature forTto ¢ Q@ determined by

Yoo oY oY YD Y , Y 6
[ YOI h CH
Once reordered, this equation is then used to determine temperature maps

of the region of interest

o

- Yo
Y

C&

The temperature maps generated by the PRF method need to be converted
into thermal dose maps. Empmally derived parameters are used to display
the relationship between temperature and cell death rate. The cumulative
equated minutes spent at 43 °C (CEMA43) is commonly used to estimate

tissue damagé€Bitton et al., 2016; Dewey, 2009)

™ Y T o3

00 Y yOYnaﬁ'Yrcs el

where6 ‘© is the thermal dose in equivalent minutes at 43 Rds a

constant related to the number of minutes needed to compensate fora 1 °C
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temperature change around the breakpoint, afds the temperature (°C)

duringthe time intervaln i

This equation illustrates that applying heat to maintain a tissue temperature
of 43 °C for 240 min has an equal treatment effect to heating the tissue at
60 °C for 0.1 s. This relationship is important in clinical settings as
temperaures during heating are generally spatially Asmmogenous and

will fluctuate during heating and cooling. Therefore, widkigned MRI
temperature mapping techniques are required that can be used to adjust
the power of the heat source to allow for the edul control of the thermal
dose during treatmen{Zhu et al., 2017)Figure 212 A) shows an example

of a temperature map produced during MR guided laser interstitial therapy
using Equation (2.7B) shows the calculated danegap using Equation
(2.8).

Figure2.12 (A) Temperature map. (B) Damage map (tumour ablation) of a
patient undergoing MR guided laser interstitial therapy. Reproduced with

permission fronBlackwell et al. (2022).

Tissue Dependence

Equation(2.7) has proven to be robust in aqueous tissues as the chemical
shift coefficient is largely independent of tissue type, displays excellent
linearity over a large temperature rang&l6 °C to 100 °Cand is not
significantly affected by tissue ablati¢Reters et al., 1998 However, this

method shows a lack of sensitivity in fat and bone. Adipose tissues exhibit a
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YdzOK avYl ff SN OKS Y¥°O(Kerodaetdl. F1998)@efoab m Py E wmn

lack of hydrogen bonds. Tissue with a high fat content tdtefore inhibit

temperature reading accuracy. This effect is compounded in voxels that

contain both water and fat as the measured phase is the sum of both signals

(Winter et al., 2016) resulting in an underestimation of the measured

temperature changeHigh intensity focused ultrasodn(HIFU ablation

AAYdzZ GA2ya Ay oNBFald GAaadzsS KI @S RSYz2ya
F2NJ Iy +oaz2tdziS GSYLISNI §dzNBE AyONBIlas 2
(Sprinkhuizen et al., 2010} his could result in a standard deviatiorDdf °C

F2NJ I p¢ T p c/ Ay I @intenenad RG16)TK & LIS NI K S NI
overcome this, lipid suppression techniques are routinely employed

(Grissom et al., 2009)hough accurate PRfased temperature monitoring

remainsa challenge. See Odéen and Parker (2G&8)a comprehensive

discussion on this topic.

Movement

The PRF method is very susceptible to interscan motion due to the-bgpxel
voxel subtracthn of phase maps preand postheating. A discrepancy
between these images will lead to errors such as baseline phase elimination
and inaccurate temperature measuremen{Rieke et al., 2004)Typical

sources of interscan motion include respiratitmody,or organ motion.

Reke et al. (2004proposed a method where the basati phase is estimated

from the acquired phase image itself, so that a separate reference scan is

y 2 NBIljdZANBR® Ly GKI G YSGK2RXZ VyIYSR
GKSNY2YSGNBEZT Y whL A& aSi gKAOK O2@JSNE
of the phase distribu Yy A GKAY (GKS whL Aa YIRS® !y qa
phase image is generated from the original phase image to obtain the

temperature change within the ROI. As this method does not require the

acquisition of external baseline images before heating, the ctffeof

interscan motion are reduced. Several papers have since been written on
AYLNROGAY3T (GKAA YSIK2RETERNBAZOIND FTEMNBBIRZ I&
(Kuroda et al., 2006; Kuroda et al., 2000; Langley et al., 2011)
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Another source of error can be hestduced magnetic susceptibility
changes of tissue which lead to local field disturbances. Fat is particularly
susceptible and can give rise to local temperature errors in fatty tissues
(Baron et al., 2014)Further studies have been undertaken to measure the
influence of water and fat in MBuided HIFU treatmer(Baron et al., 2016)

and further phasébased recalibration methods have been proposed to
correct for these errorgHofstetter et al., 2018)but they have not yet been

implemented in clinical practice.

Phase and Homogeneity

Phase unwrapping is an error that can arise in the production of phase maps

due to magnetic field inhmogeneities. As the phase is calculated by the
GFry3aSyid AYy@SNRS TFTdzyOlAz2y HKAOK | LILJX ASa
LKF&asSs GKS OFftOdzt I SR LKIFIaS Aa tAYAISRE
leading to discontinuities appearing in the phase funct{@viang, 2017)

Phase unwrapping algorithm@viaier et al., 2015)aim to remove these

artificial phase jumps which if uncorrected may result in temperature errors.

A water phantom can be used to check the MRI scanner for magnetic field
inhomogeneitiesThen, if severe inhomogeneities are detected, the scanner

will fail a standard quality assurance (QA) protocol and one will be unable to

apply the PRF methadlackwell et al., 2019)

Also of concern are artefacts in the image resulting from fluctuations on the
centre frequency of the MR scanner due to magnetic field drift. These
fluctuations can leado changes in phase which will affect the sensitivity of
the PRF methodBing et al., 2016)As hyperthermia procedures can be
performed over long periods of timeoBrifts can cause significant errors
(up to 6 °Cper minute of scan time) in the temperature maps over time
(Odeen & Parker, 2019)Phase drift correction methods for PRF
thermometry generally use multiple reference pointside the field of view.
Phase correction maps can then be generated from these reference points

and fitted over the RQHernandez et al., 2016)
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Despite these limitations, PRF allows for a #horesive measurement of
relative temperature changes in the body with a spatial resolution on the
order of a few mm, temporal resolution of seconds and a temperature
resolution of approximately 1 °C. This resolution is generally independent of
the patient andthe soft tissues being measured if the optimum conditions
are met. As a result, PRF thermometry has been proven to be a powerful

tool that can be used to guide minimally invasive thermal therapies.

Implementation

A difficulty in conducting research iithis area is the lack of access to
O2YYSNDOALFfte I grAftrofS aw GKSNY2YSOINE &21
02E¢ LINPRdzOG odaAfid Ayild2 GKS &0 yySN 6A0GK
opensource methods, such as the one presented by Yan et al. (2018),

require speciaied hardware. In addition, the known temperature increases

from transcranial SWE were some of the motivating factors to investigate

whether it was possible for a small lab to create a metimyplementingPRF

thermometry that could quantify pential heating effects from HIFU or

other factors.

67



Experimental Measurement of MRI Induced Heating

Chapter Experimental Measurement of MRI

Induced Heating

Introduction

The aim of this chapter is to experimentally measure MR induced heating as
a proxy for focused ultrasound heating. A secondary aim is teargdt to
calculate the specific absorption rate (SAR) output from the scanner and

compare it to the scannegstimate.

A novel method for the creation of a homogeneous, agased head
phantom is reported. A PRF thermometry method is described whichestilis
ultrafast GRE imaging sequences to create phase maps before and after
heating. From the change in phase of the protons in the scan, the change in
temperature can be estimated. A global SAR value was calculated and

compared to the scanner estimate fovdéi scanners.

The chapter concludes by reporting on the findings and postulating on future
applications such as medical physics quality assurance programs or

transcranial SWE tests.

Creation of theHeadPhantom

To create the phantom, agar no(llAB M, Michigan, United Sta)é¢60 g/L),
NaQ (10 g/L) and copper sulphate CuSQ@ g/L) were dissolved in 8T
distilled water.This is the same composition as the phantom used by Oh et
al. (2014) but the amount of agar has been increased from 7 g/L to 60 g/L
as it was found that amount of agar was required to create a solid phantom
which could be more easily transported without the risk of splittiie
temperature of the solution was verified using &-type thermocouple
connected to ERS PRO RS42 Handheld Digital Thermoniieeationics Ltd.
Dublin, Irelangl To ensure the solution was homogeneous, it was stirred for
15 minutes using a magnetic serr The stirrer was removed, and the

solution was transferred to a 3 L rowhdttomed, borosilicate glass flask
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using a funnel, which was the final phantom container. The phantom was
placed ina BST/VA22 vertical autoclavéBionics Scientific Technologies
Delhi, India)and cured for 15 minutes at 12C. This higipressure, high
temperature environment was chosesan attempt to ensure the solution
was homogeneous and for residual bubbles to be redu€ba environment

is also used to sterilise the agswlution, thereby allowing for the phantom

to have a longer shelf life is properly sealethe autoclave was
depressurised,and the phantom was allowed to cool down to room

temperatureovernight see Figure 3.1.

Figure 3.1 Image of cooledready to test MR phantom in a 3L round

bottomed borosilicate glass flask.

Head Phantom Properties

It was interesting to note that 60 g/L of agar was required to render a solid
phantom. Initially 7 g/L was &d following the method by Oh et al. (2014),
but the phantom was only a viscous fluid. Higher concentratguth as 30

g/L and 40 g/lcreated a slurry, and it was not until 60 g/L was used that a
reliably solid phantom was created. It was found that agarcentrations of

7 g/L dissolved in water would result in a solid gel, so it appears that the
other additives changed the ability of the solution to s&he copper

sulphate acts as both a preservative and as a dopant to decreaseithe T
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relaxation time tothat of soft tissueand NaCl was used to adjust the

conductivity of the phantom

To ensure phantom homogenejtylin mapped calibration curvesvere
generated over the whole phantom as first described Fogeman et al.
(1998).By using variable inversion timessTi recovery curve is generated by
matching the signal intensity at each pixel for each inversion recovery time,
and aT: can be measured for the whole phantom. A STIR sequence was
applied over20 inversion times (TI) at intervals between¢@D00 ms to
determine the T properties of the phantom. The TR was set to 2@@9to
ensure full T recovery associated with the longitudinal recovery. The
phantom was placed in the MRI room the day prior to scanning to reach
thermal equilibrium at room temperature. On the day of scanning, it was
placed into the8-channelhead coil and inserteéhto the isocentre of the
magnet. ASTIRsequence was applied five separate timegh 20 equal
space inversion times ranging from@&D00ms and 10 slices with a TR 2000
ms, TE 14ns, voxels size 1.1x1.1rEm in a 256x256 matrix size and a total
scan time of 97exonds. The scans were then imported iMATLAB 2018b,
license number: 40958029 (MathWorks, Massachusetts, United States)
thresholded to remove background and the intensity profile was derived
from the average intensity plotted against each Tl tirmeeFigure 3.2T;

was then calculated from each curve that corresponded to 63% recovery of
the longitudinal magnetisationThe calculation consisted of applying a
fourth-order polynomial fitting in ExcéMicrosoft CorporationWashington,
United Statesjo find the yintercept, the range from the-yntercept to the
LIS &aAadayl f Aada GKS dal oywthedzim8 that A Iy I € Ay
corresponds to when the signal reaches 63% of the absolute signal intensity.
The T: value was found by solving the polynomfedm the fit usingthe
dpolvak Fdzy Ol A2y Ay al! ¢[! . . BdabdagelKS c oz aA

measured across all scans v&85.7+7.2ms, see Table 3.
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Signal Intensity V Inversion Time
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Figure3.2 Graphof averageSignalintensity V Inversion Time with standard

deviation error bars added to each point.

Table3.1 Summary of Imeasurements

Test Timeasurement (ms)
Testl 230.0

Test2 2453

Test3 2137

Test4 256.3

Test5 2332

Mean 235.7

Std. Dev 16.1

Std. Error 7.2

A lab member Dr Marcin Kriny, took the phantom to theengineering
department to measure thepecific heat capacity of thghantomto inform
further calculations A NETZSCH DSC 2iiderential scanning calorimeter

was used to measure the specific heat capacity experimentally. Differential
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scanning calorimetry (DSC) consists of measuring the amount of heat energy
required to increase the temperature of a sample compared noirgert
reference sample, typically indium(AbdElghany & Klapttke, 2018A
specific heat capacity of 42922 J/kg K was recorded. This becomes the
dominant factorin Equation (2.7as the specific heat capacity of thiasss

negligible in comparison at 80 J/kd¥ystems, 2023)

MRI Heating and Imaging

My supervisoyDr Niall Colgarcollected the MRmages during annual QA of
MR systemgn clinicsaround thewest coast of IrelandThe author was

present for scans in@way University Hospitaind the Galway Clinic

Initial Validation

To verify that heating occurredwb independent measures were usea
conjunction with the PRF method, namely thermal imaging and fibre optic

temperature measurements.

Thermallmaging

A FLIR ONE Gen Zeledyne FLIRWilsonville, Oregon, United Stades
thermal camera was connected to an iPhone 8 (Ap@lalifornia, United

Stateg smartphone. This external no-contact calorimetric infrared
thermometry method was used to give ansémate of the location of hot
spots during heatingThe smartphone waBxed to the wall in line with the
patient table and aimed down the borapproximately4 metres from the

bore of the scannersee Figure 3.
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Magnet
Gradient coils

Radio
frequency coils

Bore : B /\

Patient table

Figure3.3 A diagram of standard MRI setup. iPhone and thermal camera
were fixedto the wall behind the patient table. Reproduced with permission

from Serai (2022).

Neither the thermal camera nothe iPhone were designated as MR
compatible devices. It was thought that being at this distance from the
magnet, the devices would be safe as the field would-b&auss Despite
this, it was found that the thermal camera was damaged after the recording

of the images. The recovered image is shown in Figudre 3.
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Figure3.4 (A) Recovered image down the bore of the scan(i@rZoomed in
image of phantom, a ring of heating is potentially identified, but ééent

of heating was inconclusive.

The recovered image appears to show a ring of heating around the periphery
of the phantom, which is to be expected the RF energy will be absorbed
first at the edges before moving further inwards. The camera itsedf dna
thermal sensitivity of£70 mK, but the extent of the heating could not be

guantified due to the low quality of the recovered image.

Since this study was conducted, a study by Testagrossa et al. (¥l n

MR conditional thermal camera to successfully show that this technique can
be applied to an MR clinic. In this studyeanperature increase was found

of 1.5Kfor ahead coil in a 3 T scannand was able to identify a fault in a
1.5 T body coil. The study was not able to identify a variation in the
temperature of the surface of the phantom itself, though it is not clear if a
high SAR level scan was chosen. A stanbiilRdQA would typically natse

high SAR level scans.

DirectTemperature Measurement

A MR-compatible,two-channel OT@/A170 fibre optic temperature sensor,
connected to a TempSens muthannel signal conditioner (Opsens
Solutions LtdQuébec, Canadawith a total system accuracy $#0.3 K, was

incorporated into the phantom. Twitbre optics were embedded: one at the
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centre of the phantom and the second at the periphery, 10 cm from the

surface and perpendicular to treentre of the phantom see Figure 8.

Fibre Optics

AL

Imaging Plane

Figure3.5 Diagram of the placement of thfére optics and imaging plane

This configuration allowed for discrete points of measurement within the
phantom. Theemperature shift values of 050.3 K and 2.3 0.3 K at the
centre and periphery (see ke 3.7), respectively, wererecorded. A
detailed study by Oh et al. (2014dpund a maximum temperature increase

of 13.7 K for a nonperfused agar phantom at much higher energy depositions
(33 W/kg). This would make the maximuetorded temperature shift a2.3

+ 0.3 Kseem reasonable for a 1.5 W/kgergy deposition.

MRI Heatinggnd SAR Measurement

Image Acquisition

As discussed in Chapter 2, the PRF method involves comparing the change
in phase of the hydrogen protons beforedh after heating. The method
proposed in this study was to create phase maps before and after heating

using ultrafast GRE scans.

The phantom was positioned inside a mualtiannel birdcage head coil and

left in the MRI scanner bore overnight before testinthis allowed the
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phantom to reach thermal equilibrium with the room prior to the start of

the experiment. The next morning, a baseline phase map was created by
acquiring a 2D ultrafast GRE sequence read from right to left and then left
to right. The GRRarameters used were: 2 NEX; 256 x 256 matrix; 16 x 16
cm FOV; 2 mm slice thickness; 30° flip angle; 7.0 ms echo time (TE); and 46

ms repetition time (TR). The acquisition duration was 11 seconds.

After acquiring the initial phase images, a hjgbwer 2Dfluid-attenuated
inversion recovery (FLAIR) sequence was employed to exaggerate the effects
of RFinduced heating. This sequence was chosen due to its common usage
and its ability to deposit a large amount of RF energy in a short period of
time (Sarkar et al.,, 2011)fhe FLAIR parameters used were: 256 x 256
matrix; O mm slice thickness; 104 ms echo time; 8760 ms repetition time;
2500 ms inversion time; echo train per slice; and a duration of 15 minutes

and 32 seconds.

Immediately after the completion of the FLASBquence, the 2D ultrafast
GRE sequence was repeated to acquire {hasiting images. The images
were saved in the Digital Imaging and Communications in Medicine (DICOM)
format. This standarded format combines image data with metadata that
describes theMRI unit specific detailsthe imaging procedure, and the

spatial referencing information.

Image Processing

Theimages were loaded intMicroDicom(MicroDicom Ltd Sofia, Bulgaria),
a free, lightweightDICOM viewer for nocommercial useCentre slices of
the phantom wereusedto maximise the area of the phantom to be analysed

and were exported for further processing

MATLABwas used to generate the phase maps and for the heating
calculation. To view DICOM images in MATLAB, the Image Processing
Toolbox package is required. With this package, images can be viewed using
0 K Slicomread O 2 Y YThe/rRetadata can also be read using the
ddicomdisg  Bidbmfind O2Y Yl yYRAX GK2dAK AdG 41
it was easier to use MicroDicom foristuse case.
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Bias field correction is a signal processing method that is used to remove the
bias field signal from a scan that particularly effects older MR scanners
(Juntu et al., 200%) ¢ KuflipligatiWe intrinsic component optimizati@n
(MICO) methodLi et al., 2014yvas implemented on the images, but it did
not make a noticeable differende the images or the results. This could be
due in part to testing only being conducted on MR scanners that had
immediatelyundergone a QA check, if magnet inhomogeneities were noted,

testing would not take place.

To create the phase mapsed inthe heatng calculation, amnitial phase
map was created by calculating the difference between tlEREmages
which were read from right to left and left to riglptrior to heating. The
RAFFSNEBYOS ¢ & ibbsdidz ¥ def@®0 AV Y 3¢ KXKS @l a |
for the GRE images which were acquired after heatifige images were

then subtracted from each other to find the phase shift.

Edge detection was carried out using a Laplacian of Gaussian filter, this filter

finds areas of rapid change in an image which weoldespond to the edges

of the phantom. As there was a reasonable amount of noise in the images,

0KStredt Fdzy OGA2Y ¢ &flatdmiorpivlogica? str@iNdng G S |

element this produces a neighbourhood of pixels from where further

processing can beompleted. Then the image was dilated join any

Y2y 02y iAYydz2 dza inRliR@éS aF digaQiyAd2 yidk S¢ ktS OSy i NB 2
gl a GKSy TAmfiléSF df2ONVAR Yi KSRy FTAYy L& GKS o
g SNBE Of S| y Snierodiza ATy dzy @aKifey/86. By completing

these steps, a binary mask can be created, where all values inside the edges

NS damé FyR |ttt @FfdzSa 2dziaiARS GKS SR3IS3
map by this binary mask, the relevant data can be extracted from the

images.
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Figure3.6 Example of edge detection to create a binary m{@glbefore using

0KS GAYSNRRDE | FdpnSOId Ad2ayA y 3 GKS GAYSNRRSE
includes wraparound effects.

By subtracting the two imags, a field map of the temperature induced

phase shift was generated. Then the temperature shift was calculated

according to Equation (2.7), relabelled as Equation (3.1) for this chapter

.. Ye
Y'Y T YC? oP

Thet Sy yb#®-he@t transfer equation (Pennes1948)is usedto describe

the transferof heatin a biologicalsystem,it typicallytakesthe form of

6T Y1 081 VU@ Y YR8 o
Where¢ = &> § & p, ., Omare the tissue temperature, time, the
density of thetissue, the specific heat capacity of thesue, the thermal
conductivity of thetissue, the density of blood, the specific heat capacity of
blood, theblood perfusion rate, core body temperature arttetvolumetric

metabolic heat generation rate, respectivéglystadhossein & Hoseinzadeh,
2022)

As the phantom used in this studynienperfused and the period of heating
is relatively short (~% min), physiological changeand the effects of
conductioncan be ignored, reducing thenergy depositiorestimationto be

only based on heat capacity and temperature change over time:
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o

s T Y'Y
Yo Y w = o
Yo
where ® is the specific heat capacity of the phantddikg.K, ¥"Vis

the change in temperature andois the period of heating

By averaging the temperature changes over the whole phantam
estimate of the globaBAR was made usiguation (3.3). The calculated

SAR was then compared to the scanner SAR readout.

Results

The initial results of the SAR valuegere measured by &iemens 1.5 T

Symphonyscannerand PRF thermometry are summarised in Tahi2

The SAR readout of the system was in good agreement with the PRF method.
Probe values of 0.5 K and 2.3 K, the temperature shift at the centre and the

periphery of the phantom respectively, validated the PRRraa.

Table3.2 PRF thermometry method validatiemitial results.

SARWI/kg)  Difference
Siemens 1.5 T Symphony 1.88 N/A
PRF method 1.90 1.1%

Images of a sample GRE image, phase map and heatmn@apown in igure

3.7, marked A, B and C respectively. Even though great care was taken to
create a homogeneous phantom, imperfections can be seen in the GRE
image. Little information can be gathered from the initial phase map, but
after the applicatiorof the PRF formula, a heat map can be generated. The
heat map shows the magnitude of the phase shift at each pixel, red being
the largest phase shift and indigo being the smallest. Heating was greatest
in the periphery and minor in the centre of the phamgo which was

expected.
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Heatmap of Phantom

AT [K]
3

Height [cm]
Temperature shift [K]

0

15 20 2
Length [cm]

5 0 3/ 40

Figure3.7 (A) GRE image ttie phantom.(B) Phase map dohe phantom.(C)
Calculated bat map of phantom; note heating around periphery of

phantom. Reproduced with permission from Blackwell et al. (2019).

After validating the PRF method, four more scanners were tested with the

results summarised in TabBs3.

Table3.3 SAR Measurement comparison to PRF method

MRI Model Scanner PRF method Difference
readout (W/kg) (W/kQg)

Siemens 1.5 T Symphon 1.88 1.90 1.1%

Philips 3 T Achieva 1.52 1.52 0%

GE 1.5 T Signa Explorer 0.42 0.41 b2.3%

GE 1.5 T Signa Explorer 0.55 0.56 1.7%

Siemens 1.5 T Magnetor 1.50 1.49 50.7%

Sola

The experimentally calculated SAR values were in good agreement with the

YI ydzF I OG dzZNBENBE Q O f ¢eScentageCifféténde frahgedd Ol Yy S NA
from O to 2.3%. For the Siemens 1.5 T Symphony MRI system, the MRI
scannefreported SAR value was 1.88 K/ and the calculated SAR value

was 1.90 W/kg. For the Philips 3 T Achieva MRI system, the MRI scanner

reported SAR valugas 1.52 W/kg and the calculated SAR value was 1.52

WI/kg. For both the GE 1.5 T Signha Explorer MRI systems, the calculated SAR

values were 0.42 and 0.55 W/kg and the calculated SAR values were 0.41
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and 0.56W/kg respectively. For the Siemens 1.5 T MagnetSola MRI
system, the MRI scanneeported SAR value was 1.50 Mg/ and the
calculated SAR value was 1.49 W/kg. The percentage differences between
the measured and reported SAR values for the Siemens 1.5 T Symphony,
Philips 3 T Achieva, both GE 1.5 T &igmplorers and Siemens 1.5 T
Magnetom Sola were 1.0%, 0B2,.3%, 1.7% ani0.7%, respectively.

Discussion

The goal of this study was to develop a method that could be used
guantify MR induced heating to a head phantoifthe PRF method showed
good ageement with both validation methods and the scanner readouts,
while the initial resultsappear promising (within 2.3%ompared to the
MRIscanner reported valuedt must beemphasise that these are not
absolute measurementgo do so would require furtér calibrationwhich is

part of the reason why commercial software is so expensive and equipment

specific.

This method is quick to compute and has the advantage of not requiring
external equipment such as fibre optidswas demonstratedo work for a

variety of different scanner models and field strengths of both 1.5 and 3 T.
MR SARas an approximate quadratic dependence on the field strength. As

a result, future studies at higher field strengths of 7 T are planned.

A limitation of this study is thata single phantom was used for all
measurements.Nonetheless the T; validation method utilised multiple
measurements to ensure the @ver the whole volume was uniform and did

not vary significantly over multiple days of testing.

While the phantom can bereated within 24 hours, degradation of the
phantom is still an issue. Dehydration over time will result in less accurate
results. Further investigations are planned to create a regrading

phantom.

Seo and Wang (2017) reported less accurate results uguastc capsule

phantom. Plastic has a large specific heat capacityO0Q;1900 J/kg.K
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compared to that of the borosilicate glass used in this st@iyJkg.K This

may result in a larger portion of the heat of the phantom being lost to the
container. h their study, thermometry was performed using diffusion tensor
imaging (DTI) where image acquisition was on the ordeg®idinutes. This
would allow the phantom to cool for a longer period of time than when
imaged using GRE sequences which are on theraf 13;20 secondsThey
performed thermometry using DTI rather than G&¥juencesHowever,

field inhomogeneity will have a greater adverse effect on GRE acquisitions

and must be considered when performing this technique.

Conclusion

A protocol was swcessfully createdo independently verifyMR induced
heating andhe SAR output of an MRI scanner. Experimental values were in
322R FANBSYSyld 6AGK GKS YIydzZFl OGdzZNENEQ O

This method may also be used to quantify the hegigffects of transcranial
shear wave ultrasound. MR thermometry is used to quantify heating from
focused ultrasound ablation, though the heating effects of emerging
transcranial shear wave ultrasound methods are not yet clgavould be

interesting to test this method in the future on such a system.

Currently SAR is not routinely measured in annual medical physics quality

assurance checks. As MRI field strengths increase, the need for routine

testing and validation of SAR levels is ever greater. Theodeaitoposed in

this work could be used to provide an independent annual validation of

YIEydzZFl OGd2NBNEQ {!w @lFfdzSad az2NB g2N] Aa
degrading phantom and to verify this method at higher field strengths.

Commercial Output after Plibation

As mentioned in the introduction, the timing of this study coincided with a

medical device correction by General Electric (GE). This led to the funding of

GKAA 62N & LINIO 2F GKS davdzZ £t Ade ! &adzNg
induced in magnetic restny OS A YF 3Ay 3¢ oOovimffirswd LINRB2SOI
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author paper was publishedmy groupwere funded to expand on this

project further.

A cloudbased solution was createdescribedn Figure 3.8, where the user
uploads the MR image in DICOM format vRyshonversion 3.7.3raphical

user interface(GU) with the backend processing being completed on a
remote server. The user then receives a PDF via email of the result of their

QA testing protocol.

Phasemap
Aquisition

Upload to server

Backend Processing

QA decision
emailed

Figure3.8 Workflow of QASAR software
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Chapter 4T orsionTesting

Introduction

This chapter describes the creation ofoasion testing protocolfor ex-vivo
ovine brain tissue. The protocol was first verified using tigsumicking agar
gels lefore testing onexvivo ovine brain tissue. Cylindrical samples
underwent torsion using a rheometer and variougasuressuch as torque,
deflection angle and normal force were recorded. Thsulting data was
then used to fita Mooneyt Rivlinstrainenergyfunction and estimate the
shear modulus of the material and therefotbe , 2 dzyhiddulas. This was
then compared to existing values for the2 dzyhiBdulas of ovine and other

animal brairtissue inthe literature.

TestingProtocol Verification withAgarCels

To verify theprocedureand reduce wastage of tissue samples, the protocol
wasfirst developed and verified on agar geks mentioned in Chapter 2,
agar gels with a concentration of @@.6% have been found to have
similaly to brain tissue in uniaxial compression, but the gel at this
concentration is very brittlenstead, 26 agar gedamples wereised as they

are much easier to handle for thersion protocol.

GelPreparation

Two 3D printeddesigrs were created using Aodek Inventor Professional
2018 (Autodesk California, United Statgssoftware. The firstwas a
cylindrical mould (160x60x25 mm) usedbr the creation of thetesting
samples, see Figure 4(A). The second model was a scalpel guide to allow
for the cutting ofthe samples into 1& 0.4 mm high samplesee Figure 4.1
(B) The reasoningvasto remove the bottom and topayer of the sample,

sothat the top of the sample didot have to be perfectly levelncepoured.
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Ultimaker UItimaker

¥ B

Figure4.1 3D computer aided desigrCAD models of(A) cylindrical mould,

(B) scalpel guide

The models were exported as .stl files and Ultimaker Cura (Ultimaker,
Utrecht, Netherlands¥oftwarewas used to decide the final parametess

the printed objects. The parameters of importance are the infill ratio (which
determines how sturdy the object is) and how fine the layer height is. A finer
layer height will result in a more accurate final product but can vastly
increase the printingiine: 7 hours versus 2 hours for 0.1 mm and 0.4 mm
resolutions for these mode|$or example. As the samples were going to be
cut afterwards, 0.4 mmvas used for the cylindrical mould and 0.1 mm was
used for the scalpel guide. The designs were then primdeblylactic acid
(PLA) filament using an Ultimaker S5 3D priftgra member of the School

of Physics technical staff.

To produce the gels, distilled water was heatec temperature of 80C on

a hotplate with a magnetic stirref-rom experience, it as found this
temperature was reached when the water started to bubble at the bottom
of the hotplate. Agarno. 2 (LAB M, Michigan, United Statesps then
dissolved in thevater, and it was heated for ten minutes to ensure it was
homogeneous. Less tinveas prescribed than in Chapteras only 300 ml of

a sample was being produced. The sample was allowed to cool for another
~10minutesat room temperature until the beaker was warm to the touch
and the solution had started to thicken slightly. It wsisred, then poured
into the moulds and allowed to set for at least two hoursa fridge at 4C
The samples were not removed from the mould until testintgg, whenthey

85



Torsion Testing

were gently pressed out of the mould to produce at30 mm tall cylinder

see Figurd.2(A), these were then placed in the scalpel guide, see Figure 4.2
(B), and cutusing a scalpeahto 10+ 0.4 mmhigh samples, see Figure 4Q.

An error oft 0.4 mmis used as the gaps on the model were@.1 mm and

the thickness of the scalpel ipproximately 0.4 mm. The height of the
cylinder using the rheometer was consistently found to betX010.8 mm

which includes the thickness of the glue and tape. TirtBvidual height

values measured by the rheometer eve used in all calculations.

Figure4.2 (A) cylindricakcalpel guidéB) sample being cy€) final sample.
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Rheometer
An Anton Paar MCR 308odular compact rheometer{Anton PaarGraz,

Austria)with parallel plates was used in thisudy, see Figure 4.3.

Figure4.3 Anton Paar MCR 203 modular compact rheometer

This device is paired with a compressor, see Figuré¥,.4nd a water bath,
see Figure 4.4B). The compressor periodically turns on tieliver
compressed air to the air bearings of the rheometer which allows the top
platen to effectively float with little resistance. The water bath can be used

to control thetemperature of the bottom platen.
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Figure4.4 (A) air compressdB) water bath

For this study the temperature of the bottom plate was paired with the
temperature of the room which was recorded before test with a
thermometer. Typically, the roomemperaturedid not vary beyon®1 + 1

°C.

The device has the following specificatiardevant to the testing in this
thesis torque resolution 0.5 nN.m, normal force resolution 0.01 N,
deflection angle resolimn 0.05>rad. Further specifications, if required, can
be found from the AntorPaar websit¢Paar, 2023)

The bottom plate a Peltier platejs a ceramic diskhat cannot easily be
changed, while the top platé I £ & 2 { S NX¥sierchiangdaBl@vBtE 0

a 10 mm, 25 mm and 50 mdiameterprobe available for testing. Under the
advice of the tehnical officer of the lab, DDlena Kudingthe 25 mm pobe

was usedand the sample geometry was designed to match the geometry of
the probe to reduce error.The reasoning for using the 25 mm probe over
the other diameters is that the 10 mm probe is udefor smaller samples

but can have a higher variance. The 50 mm probe gives the least variance,
but this requires very large samples. The 25 mm probe will allow for several

samples to be collected from each brain, while also reducing the variance in
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the results.The reasoning for the use of a 10 mm high sample is that the
ratio between diameter and height needs to be above 1. The range of the
normal force data will decrease as the sample gets longer. The longer the

samplethe smaller the strain induced fthe same angle of twisas strain

z

is . Therefore the normal force value will be too small

with too tall a sampleand converselytoo short of a sample will mean that
the sample break at a relatively small deflection anghks a resulta height

of 10 mm was used in this test.

Device SeUp
Training on the use of the device was provided by Dr Kudina before testing
couldcommence. The setup procedure for the device which is independent

of the testing itselis also described.

1 Turn on compressor for 5 minutes before starting
1 Turn on the rheometer and leave protective cap on
1 Turn on water bath
9 Turn on the associated software, Anton Paar RheoCompass
1 Clean the probe before puttingiiito the rheometer
¢ /ftA01 2y GKS O2yiNRf LI yStz Of AO]
the force. The temperature of the bottom plate can also be edited
here, though it will be overridden by the template software
mentioned later
1 Toinsert the top [ate, unscrew the protective cap, lift up the sheath,
insert the probe and it will audibly click into place
T Ly GKS aSaddAiay3aa LIySts OfAO0] aaSsSi
Once setup is completthe device is ready for use and the appropriate

testing template can be chosen.

Testing Procedure

I a02yaidlyd aKSINE @Qraozarade G§Sadé gt

testing flowchart is initially shown as in Figuré 4.
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Torsion Testing

After this modificationthe shear rate was changed to aatonal speed of

1 revolutions per minute rpm). This slow rate of rotation was chosen to
mimic a quasstatic deformation. Datapoints were set to be taken evedy
msfor a total of 10 seconddviasking ape was applied to both the bottom
and top plate toallow forgluingwhile also protecting the plates. Tape was
first applied to the bottom plate, then the top plate was brougluwn, and
marks were made around the position of the plate as a guide for where to

glue the sample, see Figurer4.

Figure4.7 Tape markings help centre the sample

The rheometerwas putinto manual operating mode which allows the
operator to move the probe manually. The rheometer must first be
RAA02YyYySOGSR FTNRY GKS O2YLlziSNI o8&
rheometer itself. From there the up and down arrows can be used, though
it is important to note that the probe does not move smoothly and instead
will accelerate more the longer the arrow is held down so caution is
recommended to avoid hitting the probe off the bottom plathich would

require expensiveand timeconsumingrecalilration. To reconnect the
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7 A

NKS2YSGSNI G2 GKS 02YLIzi SNE Of A0] G(GKS a2y

turns green.

The probe was moved back to the original positimmoved and the tape
appliedto the probe. The tape should not be applied to the proldalevstill
attached to the rheometer as the air bearings are sensitive to-gielde
motion. The probe was reattached with the force zeroed again. Then the
sample wadirst dried using a paper towel arglued to the tape with two
drops of quick cure cyaoacrylate glue (R9ro 473499 Cyanoacrylate,
Radionics Ltd., Ireland)n the bottom and two dropsn the top of the
sample and left to cure for two minutesvith a precompression of ON to
ensure good contact between sample and the glliee reasoningdr this
protocol is as follows: one drop of glue was insufficient to consistently secure
the sample. Visually, the probe would initially turn and quickly separate from
the sampleand yield meaningless data\dditionally, excess glue, while
capable of secuimg the sample, left a thick layer that could drip down the

side and affect the mechanical responsee Figure 4.8.

Glue has formed a “film” around the
edges of the sample and cracked when
twisted

Figure4.8 Sample with too much glu¢A) Before torsior{B) After torsion

experiment
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Having this excess of glue which drips down the side of the sample will cause
errors to be introduced to the testing. In this case, the sample will not
undergo pure torsion as the glue will also be fixed to the side of thepkam
and nonphysical results will be recorded. The black line in Figlrghdws

a graph of torqugmN.m)versus time(s)for 2 drops and the red line for 4
drops. This graph shows that the 4 drops had a higher peak torque which
can be explained with theniage of the excess glue.

B

RheoCompass

Test | Diagnm  Tabke | Repon (O
i

Figure4.9 Graph of torque (mN.m) versus time (s). Black line is for an agar
sample fixed with 2 drops of glue; Red line is an agar sample fixed with 4

drops of glue.

Figure 410showsa graph of normal forcéN)versus timg(s). It appears that
the excess glue drastically changes the normal force response of the sample
giving a nonphysical value, where the normal force stays relatively constant
and then jumps. This can be explainky the images in Figure&as the

sample is not undergoing pure torsidne to the excess glue.
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[ 7

Figure4.10Graph of Normal force (N) versus time (s). Black line is for an agar
sample fixed with 2 drops of glue; Red line is an agar sample fixed with 4

drops of glue.

A curing time of at least two minutes was chosém ensure complete
adherence and that the sangisnot dehydratel. After the curing time had
elapsedthe probe was raised until a normal force reading of G:GRO1N

was registered on the rheometer.

When ready to start, testingasinitiatedbyLINS &8 8 Ay 3 G KS aadl NI € 06«
recorded data will t8y 0SS aK2gy 2y &AONBSYy Ay (KS ¢
additional columns of data can be added by right clicking the data and
OK22aAy3a aFRR O2fdzYyeod ¢KS F2fft26Ay3 RI
Numbeg ZTim@([sl¢ Zhear Rate [1/s]¢ 2Torgiue [mMN.m¢ Normal Force

[N]¢ Tapfmm]é €5 STt S O (miratly BShearSBfrafitdé Rotational

Speed 1/min]g.

The exclusion criteon applied to the testing data in the final result@gas

follows:

1 Samples with a height of less than 9 mm or greater thamin, as
measured by the rheometerwere excluded Such instances

indicated improper cutting techniques and were observed
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exclusively in brain samples, attributed to the inherent challenges

associated with their cutting process.

This criterion wasemployedto ensure the quality and reliability of the

data included in the final results.
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Data Analysis

The data was exported as an Excel file a@hén analysed using Rstudio
version 1.2.5033 (Rstudio: Integrated Development for R, Boston, United

States).

Afunch 2 ¢xvad 61 & ONBFGSR (2 SEGNI OG GKS @I NA
g KA OK dzii kebdkBd SRA AINISNEI® ¢ 2 dzaS GKA& £ A0 NI N
separated into individual sheets for each sample and for there to be no gap

between the column name and the datas the data was not in standard Sl

units, for example, torque was recorded in mN.m instead of N.m. The

variables were extracted, converted to their standard S| units and added to

| dataframeé >~  |-diméndi@nal arrayjike structure which is used as

standard in RThetwist , was calculated as the deflection andledivided

08 GKS KSAIKG 271, adrkdrded by¥Helth€omeadJThed | LI >

square of the twist 2, was also calculated and added to tha&taframe

A plot of the torque versuthe twist and a plot of the normal force versus
the square of the twist for the samples was generated and a suitableftut
range was chosen. The choice of -offt range for the samples will be

expanded upon later.

Mooneyt Rivlin strain energy functiodescribed in Chapter 1 was used to
model the deformatiorbecause the torque twist and normal force; twist?
were linear To calculate the constantsy and whwe usethe following

equations(Balbi et al., 2019)

Ty 15

[oR!

Y T8

where0 is the slope of th&orque V Twisplot, 6 is the slope of thé&Normal

ForceV Twist? plot, 'Yis the radius of the sample andis the prestretch.

To calculat®, the slope of each sample in tAerque V Twistgraph was
calculated, stored in dataframey | Y Stétquecoeff§ | yR GKS YSIy 27F
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these values was taken as the value dorThe standard deviation of the

mean was used to calculate the errordn

To calculaté, the slope of each sample in tiNormal erce V Twistgraph
was calculated, stored in dataframey | Y Sn@rmaktoeffs[,2]¢ YR (KS
mean of these values was taken as the valuedfofhe standard deviation

of the mean was used to calculate the erroBin

A third valued, was alsaneasurel, asthe intercept of each sample in the

Normal Force V Twigraph, stored in alataframey | Y Sn@rmatoeffs

[1]1¢ YR GKS YSIy 2F GKSasS ogbidesa sl a Gl
standard deviation of the mean was used to calculate the erréi&in

Standard deviatioof the mean or standard erroris given by

w YO
YO — ®
Ve
where SDis the standard deviation of the sample ands the number of

samples.

To calculate_, the vertical prestretch, the followingcubic equation needs
to be solvedBalbi et al., 2019)
¢co_ OY ¢o 18 18
¢KS f ROONi@SNB I & dzaSR (2 @eating®onlyire Sljdz2 GA2Y
real value The errosin & andc were calculated using thillowing error

propagation formulgFantner, 2013)

Yo Yoo Yoo EB8 £
Oncec» and¢ have been calculatedhey arethen checkedo ensurethat

they are both positive t@wonfirmthat it is a physical resulOnce verified,
the shear modulug and, 2 dzyM@dui@isEcan ke calculated as

~ ~

‘¢ woh ©O oo 38 ®
To aid in the visualisation of the data, further plots of the mean oflibkgjue
V Twistand NormalForceV Twisf with error bars corresponding to the
adFyRINR RS@GAIFIGAZ2Y 2F SIOK ¢gdpldey &G 6 SNB 3IS
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f AONI NBE Ay gebrierRbd TV OKEYyd 6KSNBE GKS d
lower bounds of the error bar are the standard deviation of each padihis

data was not used for calculations, only as an aid in visualising the data for

Ydzt GALX S LRAyGaz a GKS at2L)S 2F GKA&a 3IAN
2T YSIyaé 2F GKS al YL AYy3d RAAGGNAROdzGAZ2Y D
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Results Agar Gelsrpm

The following plots were recordefor n =11,25 mm diameter, 10 mm high

2% agar gesamples.

Torque V Twist (1 rpm)

Torgue [N*m)

0000 0.005 0.010 0.015 0020 0025 0.030

Twist [rad/m]

Figure4.11 Torque V Twidull dataset(Agar gel 1 rpm).
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Figure4.12 Normal Force Wwist full dataset(Agar gel 1 rpm). The discrete
nature of the graph is due to the sensitivity limitations of the rheometer.
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Torque V Twist (1 rpm)
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Figure4.13 Torque V Twisllata cut to a twist of 20 rad/nfAgar gel 1 rpm)
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Figure4.14 Normal Force V Twistlata cut to a twist of 400 rad/ m? (Agar
gel 1 rpm).
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Torque V Twist (1 rpm)
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Figure4.15 Mean plot of Torque V Twigfith standard deviation error bars

(Agar gel 1 rpm)
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Figure4.16 Mean plot of Normal Force V Twsgtith standard deviation error
bars (Agar gel 1 rpm)

Figures 4.11 and 4.12 @l the raw dataand Figures 4.13 and 4.14 show the
datacut at a twist of 20 and twidbf 400 respectivelyThe reasoning behind

this is that the formula for strain is given by
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I A Y «h
5 LE=

where[ is the maximumstrain,'Y is the radius of the sample, is the

deflection angle,’Qs the height of the sample andis the twist.

As the radius of the sample is 12.5 mm, at a twist of 20 rad/m the strain
would be 25% which is a significant deformation. Going beyond this range
the samplestartsto break or display strain stiffening behaviolrthe range
chosen, the plots arknear,see Figures 4.15 and 4.1, that theMooneyt

Rivlinmodel is appropriate.

Table4.1 Values for he coefficients, | and gfor 2% agar gel at 1 rpm

= | F
S1 6.63 x 10 -2.74x10* 2.28x10*
S2 5.21 x 10 -4.69x10* 5.48x10°
S3 3.91x 104 -5.01x 10* -3.07x 102
S4 4.92x10* -7.08x10° -9.25x 103
S5 6.70x 10 -1.21x 10* -2.57x107?
S6 6.05 x 104 -2.64x 10* -1.27x 107
S7 3.44 x 104 -2.59x 10* -8.07x 103
S8 6.81x10* -1.46x 10* -2.01x10°%
S9 397x10* -1.48x 10* -3.39x 103
S10 3.67x10% -2.45x 10* -1.51x107?
S11 3.47x10* -3.13x 10* -1.33x 102
Mean 4.98 x 16 -2.56 x 16 -1.10 x 1€F
Std. Dev 1.37x10% 1.36 x 1¢ 1.11x 102
Std. Error 4.13 x 1€ 4,10 x 1€ 3.27 x 16

Mean valuef4.98 x 16+4.13 x 167, -2.56 x 160 +4.10 x 167, -1.10 x 10

2+3.27 x 16 wererecorded ford, 6 andd, respectively
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When used to solve Equation (4.4) a value of 0.9994 was foundvitiich

demonstrates that there waso pre-stretch for these samples.

Table4.2 Values foy , 4k , 9 , H, and pfor 2% agar gel at 1 rpm

{ 1 (Pa) &+ (Pa) H(Pa) F(Pa)
0.9994 6235+ 163 169+ 31 12989+ 388 38967+1164

The, 2 dzyndubs value of approximately 39#01.1 kPadid not agree
with a value of 29.&: 8.5 kPa reported by Manickam et al. (2014ho
conducted uniaxial compression tests wittM@oneyt Rivlin strain energy
function, though their agar solution was prepared anmicrowave oven,
which as mentioned in Chapter 2, may affect the mechanical properties of
the resulting materialFollowingthe initial validation of this method, further

testing was conducted oax-vivoovine brain samples.
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Ovine Brain Testing 1 rpm

Ovine brain samples, n 6, were collected from freshly slaughtered
Charollais lambs, agelt 6 months, from a local EC2875 compliant abattoir
(Athenry Quality Meats Ltd, Ireland). As the animals were not slaughtered
specificallyfor this study, ethical appval was not required. Samples were
kept refrigerated at 4 °C in PBS soluti@ibcot PBS, pH 7.4 by Thermo
Fisher ScientifioiValtham, Massachusetts, United Statemtil needed for
testing 4 hours). Testing was conducted at room temperature cZ0°C

with the Peltier plate set to 21Cto match this temperature.

The samples were received as hemispheres from the abaftwirtesting
both were retrieved from the PBS solution and a cylindrical sample was

taken using a cylindrical punch of diamet& m as shown in Figurel17

Figure 4.17 (A) Brain samples before cylindrical sample extraciiBh

example of sample with cylinder removed.

Care was taken not to take samples too close toftbatal lobeof the brain
as this region was too thin to punch a sample and, in some cases,
discoloured. Care was also taken not to take samptes dlose to the

posterior brain or brainstem, to avoid large areas of white matter.

The same testing methodology was usesdfor the gel though it was difficult
G2 O02ftf SO0 a322Re O6FtFd 2Nt S@St0 al YL S,
extreme softness and tackiness of brain. At best two samples were taken
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from each hemisphere, which would in theory give 24 samplesidrsthdy,
only 10 usable samples were created. The resultsefesting are shown in

Figures 4.8¢21.

Torque V Twist (Brain 1 rpm)
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Figure4.18 Torque V Twidull dataset(Brain 1 rpm).
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Figure4.19 Normal Force V Twdsfull dataset(Brain 1rpm). The discrete
nature of the graph is due to the sensitivity limitations of the rheometer.
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Torque V Twist (Brain 1 rpm)
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Figure4.20 Torque V Twisdlata cut to a twist of 50 rad/nfBrain 1 rpm)
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Figure4.21 Normal Force V Twitlata cut to a twist of 2500 rad/ m? (Brain
1 rpm).
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Torque V Twist (Brain 1 rpm)
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Figure4.22 Mean plot of Torque V Twiglith standard deviation error bars

(Brain 1 rpm). Note the ramping effect at the start.
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Figure4.23Mean plot of Normal Force V Twistith standard deviation error

bars (Brain 1 rpm)

It was found in this testing that the graphs, in particular Torque V Twist
showed a ramping effect at the early stages of testinge Tata also
maintained linearity up to a twist of approximately E/m which equates
to a maximumstrain of approximately 62.5%As suchit was decided to

remove the first 10 data points, approximately equal to a twist radm
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and create a new set @lots, see Figures 44&.27. Inthat new set, the plots
are linear and theMooneyt Rivlinmodel is appropriateAlso,a weighted
least squares (WLS) methugis applied to théNormal Force V Twiktlata.
This function is used in cases eftéroscedasticitywhen the variance of the
residuals is nortonstant. Here the WLS method applies a weighting to each
of the residuals to make them constant. Both WLS and\Was resultsrere

recorded and compared.
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Torque V Twist (Brain 1 rpm)
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Figure4.24 Torque V Twist with first 10 points cut (Brain 1 rpm)
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Figure4.25 Normal Force V Twdstith first 10 points cut (Brain 1 rpm). The
discrete nature of the graph is due to the sensitivity limitations of the
rheometer.In particular, it gives the same normal force reading (more than

10 data points) for a wide window of twist
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Torque V Twist (Brain 1 rpm)
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Figure4.26 Mean plot of Torque V Twigiith first 10 points cut; standard

deviation error bars are included (Brain 1 rpm)
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Figure4.27 Mean plot of Normal Force V Twistith first 10 points cut;

standard deviation error bars are included (Brain 1 rpm)
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Table4.3 Values for the coefficients, |

Torsion Testing

and pfor brain at 1 rpm

= | F
S1 7.81 x 160 -2.07x 10° -8.87x 10°
S2 1.09 x 16 -1.63x 10° -1.70x 103
S3 8.69 x 1€ -2.43x 10° -1.05x 107?
S4 6.45 x 16 -1.61x 10° -9.40x 10°
S5 7.85 x 16 -2.52x 10° -2.98x 102
S6 1.08 x 16 -2.45% 10° -2.15x 102
S7 6.93 x 16 -1.49x 10° -1.39x 107?
S8 1.06 x 16 -2.42x 10° -1.17x 102
S9 1.57 x 16 -2.44x 10° -1.28x 10?
S10 1.29 x 16 -3.85x% 10° -1.14x 107?
Mean 9.86x 10° -2.23 x10° -1.13 x 102
Std. Dev 2.89x 106 6.78x 10° 7.62x 103
Std. Error 9.13x 107 2.14x 10° 2.41x 103

Mean values 09.86x 10°+9.13 x 10/, -2.23x 10°+2.14x 10°%,-1.13 x 10

2+2.41x 10° were recorded fo, 6 andd, respectively.

A meanvalue of 0.9665 was found faor from Equation (4.4)which

demonstrates that there waa smallpre-stretch for these samples.

Table4.4 Mean values fof , 3= , 4k, H, and for brain at 1 rpm

{1 (Pa) 4 (Pa) H (Pa) F(Pa)
0.9665 -340.44+2.88 454.21+59.69 225+189 675+563

Note that a negative value fot can lead to loss of strong ellipticity and
other nonphysical predictions for thévMlooneyt Rivlin model in large
deformations. Here, howevemwe are only interested in finding the
infinitesimal shear modulus (and, 2 dzyn®@uius,O= 3 ) so that only

the small amplitude range of thdooneyt Rivlinmodelis invoked. At 1 rpm,
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we find ©* =225+ 189Pa, which is in line with the only other study that
reports the shear modulus for ovine brain tisgeng et al., 2013).e.400g
620 Pa for white matter and ~300 Pa for grey mati¥fe also note that in
the linear elasticity regime, the stiffness of the brain, as measured (and
O) is more than 50 times smaller than that of thgargel, confirming its

extreme softnessThe WLS method was used to confirm the results.

Table4.5 Values for the coefficients, || - uahd g 4 forbrainat1rpm

|| o mv

= Foumv

S1 7.81 x 16 7.81 x 16 3.12 x 16
S2 1.09 x 1€ 1.09 x 16 3.12x 16
S3 8.69 x 1€ 8.69 x 16 5.33 x 16
S4 6.45 x 16 6.45 x 16 2.96 x 16
S5 7.85 x 16 7.85 x 16 5.95 x 16
S6 1.08 x 16 1.08 x 16 4.89 x 1€
S7 6.93 x 16 6.93 x 16 3.73 x 16
S8 1.06 x 1€ 1.06 x 16 3.83 x 16
S9 1.57 x 1¢ 1.57 x 16 4.85 x 16
S10 1.29 x 1€ 1.29 x 16 4.68 x 16
Mean 9.86x 10° -2.23 x10° -1.13 x 1€
Std. Dev 2.89x 10° 6.78x 108 7.62x 10°
Std. Error 9.13x 10’ 2.14x 108 2.41x 10°

Table4.6 Values fof ., 5,4 W, % © m, M, ,,and [, » for brain at 1 rpm

J|If o (?a) H, u (Pa) I wm ‘Pa)
453.20+ 5999 223+ 189 669+ 563

Fouv JIIF © m(Pa)

0.9664 -34076%294

Using the WLS method, a small difference was found for ezdcthe
calculated values, though the difference was at mos2%. The negative

value forc, despite consistent results, was explained due to the low
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sensitivity of the normal force sensor in the rheometer. As the brain tissue
is much softer than the agara sufficient normal force was not being
generated to allow for this relatively poor sensitivitywas postulated that

a slower rate of rotation may increase the accuraapd consequently
repeatedtesting wasconductedat 0.5 rpmfor agar and brain saples. For

the agar samples, both the torque and normal force were recorded and used

for the calculation ofo & @.

For the brain samples, both the torque and normal force were recorded, but
only the torquedatawas used to calculate the shear moduhecause, as
shown in Figure 4% the normal force data could not be exploited in a
reliable and accurate waynstead, anothermethod was relied uponto
characterise the materialvhich igo read * directly from the torque v twist
graph provided._is close to 1, whiclwe assumed to béhe case herdalso
confirmed by the calculations based on both graphs, which givé.966,
see Table 4.4)The slope of that grapis A givenby

6 “Y & wh @
when_ e p.

As the shear modulusis¢ @ @ , Equation (4.8) gives

. GO

T, 8 T8

This value will be calculated andnaparedto other values in the literature.
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Testing at 0.5 rpm

For both the agar and brain testing, all parameters were kept the same apart
from the rotation speed being set 0.5 rpm.For the agar testing, n = 10
samples were recorded. Féne brain testing, an additional 2 brains were
tested to bring the number of brains tested to n =anjich yieldeda total of

15 useable samples.

ResultsAgarTesting at 0.5 rpm

Torque V Twist (0.5 rpm)
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Figure4.28 Torque V Twist dattull dataset(Agar gel 0.5 rpm).
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Figure4.29Torque V Twiddata cut to a twist of 20 rad/njAgar gel 0.5 rpm)

114



Normal Force V Twist*2 (0.5 rpm)

Torsion Testing

D O O OO
A0 OO0 OO

<o
SOO00D OO

0.00

QOO0
DOEDENEDQMO T OSI0 0D 00
ConlBi 1 e o o s ololes slslelals TeTulalod
CO0000 OOOBOO00O000000
QOO
OO0 0T

Lelelslelelo)

-0.05

< o

0000000000
Q0 Q0
(s

@ WO O

QVOOOO@OOOOQ Qo000

OOONDO DOO
O@MOOOODO O

O Q000

o

[elelelslstcrer

0000000000

2 81

82

S3

S4

35

o 0% 36
o &7¢

2 S8

(el el o0

O

o OoODR@O

° 89

2 510
o 0CoCOo © O
O0O00® OO
o oo

00 0 [salevTenlels:

-0.10

O O QLOOONCK

MNormal Force [N]

o0 0
@

015

COQCOr

oo o

-0.20

100 200 300 400 500

Twist"2 [rad*2/m"2]
Figure4.30 Normal v Twist full dataset(Agar gel 0.5 rpm). The discrete

nature of the graph is due to the sensitivity limitations of the rheometer
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Figure4.31 Normal Force V Twistlata cut to a twist of 400 rad/ m? (Agar

gel0.5rpm).
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Torque V Twist (0.5 rpm)
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Figure4.32 Mean plot of Torque V Twigiith standard deviation error bars

(Agar gel 0.5pm).
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Figure4.33Mean plot of Normal Force V Twistith standard deviation error
bars (Agar gel 0.5 rpm)

By usindhalf the rate of rotation as the previous test, double the number of
data points wergecorded. This resulted in smoother gd@nd smaller error
bars but again, the Normal Force V Twidaita cannot yield an accurate
slope due to low sensitivity, see Figure8Qdand 435 for agar and brain,

respectively.
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Table4.7 Values for=, || and Ffor 2% agar gel at 0.5 rpm

= | F
S1 4.63x 10* -2.12x 10* -1.44x 102
S2 2.91x 10* -2.80x 10* -3.21x 102
S3 4.16x 10 -3.02x 10* -7.86x 103
S4 4.46x 10 -1.52x 10* -1.12x 102
S5 4.54x 10 -3.04x 10* -6.95x 103
S6 4.02x 10% -2.94x 10% -1.50% 102
S7 3.76x 10* -2.37x 10* 1.82x 10°
S8 2.23x 10* -2.19x 10* -8.27x 103
S9 2.92x 10 -3.08x 104 -1.68x 102
S10 4.32x 10* -7.20x 10° -1.45x 103
Mean 3.80x 10* -2.38x 104 -1.12 x 10
Std. Dev 8.26x 10° 7.77% 10° 9.39x 103
Std. Error 2.61x 10° 2.46x 10° 2.97x 103
Table4.8 Values foy , 3k , 4k , H, and for agar at 0.5 rpm
A G T (Pa) H(Pa) [ (Pa)
0.9992 3690+ 39 1258+ 156 9895+390 29685+ 1170
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Torque V Twist (Brain 0.5 rpm)
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Figure4.34 Torque V Twidull dataset(Brain 0.5 rpm).

Normal Force V Twist*2 (Brain 0.5 rpm)
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Figure4.35 Normal Force V Twistull dataset(Brain 0.5 rpm). The discrete

nature of the graph is due to the sensitivity limitations of the rheometer.
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Torque V Twist (Brain 0.5 rpm)
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Figure4.36 Torque V Twist with first 10 points cut (Brain 0.5 rpm)
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Figure4.37 Normal Force V Twdsivith first 10 points cut (Brain 0.5 rpm).
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Torque V Twist (Brain 0.5 rpm)
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Figure4.38 Mean plot of Torque V Twist with first 10 points cut; standard

deviation error bars are included (Brain 0.5 rpm)
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Table4.9 Values for=for brain at 0.5 rpm

Torsion Testing

Sample =

S1 9.49x 10°
S2 8.80x 106
S3 1.03x 10°
S4 1.70x 10°
S5 1.74% 10°
S6 8.34x 10°
S7 9.18x 10°
S8 1.11x 10°
S9 1.06x 10°
S10 7.97x 10°
S11 1.12x 10°
S12 2.07x 10°
S13 1.14x 10°
S14 1.13x 10°
S15 7.52x 10°
Mean 1.15x 10°
Std. Dev 3.85x 10°
Std. Error 9.95x 107

Table 4.10 Values for f +vvoo g

— Omt Vo R Pn 40 m dar b u 40 m fora at 05

rpm, using Equation (4.8)

-” <o B

)4 =

H (Pa)

r(Pa)

Brain 1 rpm

1.00 9.86x 105+9.13x 10’
Brain 0.5rpm 1.00 1.15x 10°+9.95x 10’

257£24 77172
300+26 900+78
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Discussion

For both agar and ovine brain pasitive Poynting effect was observed, see
Appendix for further detailen this effect Agar was shown to be a consistent
material fortorsiontesting that is relatively straightforward to produce if the
correct manufacturing protocol is followed. Values the pre-stretch,_, for

the agar tests approachedvkry closely@.9992 and 0.9997 for the 0.5 and

1 rpm tests, respectively The, 2 dzymb@uéuswas 29685+ 1170 and
38967+ 1164 Pa for the 0.5 and 1 rpm tests, respectively. The value of ~29.7
+ 1.2kPa for the 0.5 rpm test agreed withvalue of 29.0 + 8.5 kPa reported

by Manickam et al. (2014) who conducted uniaxial compression tests with a
Mooneyt Rivlin strain energy functionlt was initially thought that the
discrepancy betweenthe Lrpmtest@n al YA Ol 'Y S Ff ®Qa NI a dz
the method of preparation of that study, though it appears that the 0.5 rpm
test allows for a greater number of data points to be collected and improved
the accuracy of this test, in particular for agavhichis quite a brittle

substance compared to brain.

Ovine brain proved to be a challenging material to test due to its extremely
soft and tacky nature. Therains were difficult to acquire as the small
abattoir where theg were purchased did not slaughter on a regular basis,
(~every two weeKs Of note was he freshness of the samples, being
slaughtered that morning, processed very shortly after slaughter and
immediately transported for testing. Time between aninséughterand
testingwas <6 hours which is some of the shortest reported time in the
literature. The only other ovine brain test (Lilley et al. 2020) that utilised
rheometry, used samples that had been frozen for a week prior to testing
and no timeline on how fresh they were before being fromexs givenBalbi

et al. (2019) also used rheometry test porcine brain samples, no exact
GAYS A& IADITWNEG ded Busddd { & SR¥ &

Despite the extreme care that was used when preparing and testing the
brainsamples, a negativ@ value was recorded for both the 0.5 and 1 rpm

tests.A discussiomf why a negativen valueis not desirable is provided in
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Appendix Blt was decidedo assume that_was close to 1 andse just the
Torque V Twistlata to calculate the and pvaluesas the data from this set
was consistent. A shear modulus3§0+ 26 and 25# 24 Pa was recorded
for the 0.5 rpm and 1 rpm tests, respectiveglivinga, 2 dzynibdubus of
900+ 78 and 77X 72 ParespectivelyThese results are similar to the shear
modulus of ~230 Pa predicted by the negatiweparameter and these
results are nowbased onphysically realistic, positive, definite values
weighted least squares regression was also implementecbaductedby
Balbiet al. (2019), though negligible changes to the results were found, in
the range of £2%.

These valuegenerally agree with the only other study that reports a shear
modulus for ovine brain tissyean indentation test by Feng et al. (2013)
whichreportedshear modulus values 6t40;0.62 kPa for white matter and
0.30 kPa for grey matter, respectiveWhichgivesa, 2 dzyhiddulas ofl.2¢

1.86 kPa for white matter and 0.9 kPa for grey matter, respectively

Balbi et al. (2019) reported a shear modulu®0d + 312Pg i.e.,.a, 2 dzy 3 Qa
modulus of2.7 £ 0.9 kPa for porcine brain which is in a similar range to this

study; differences are expecteldere,as it is for a different animal.

The study by Lilley et al. (2020) did not directly measure the shea2odzy” 3 Q a
modulus and instead conducted sweep tests to measure the storage

modulus.

Conclusion

A protocol was successfully created to produce agar gels which can be used
for torsion testng. Values for these gels agreed with previously published
data. Torsion testing was shown to be a valid protocol for testing brain tissue
with a firstof-its-kind study conducted on ovine brain tissaed results
agreeing with previously published indetibn tests. Further testing is
plannedwith a more sensitive rheometdo gain reliable normal force data

andexplore thesign of thew value.
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Diffusion Tensor Imaging & Shear Wave Ultrasound Elastography of Ovine
Brain

Chapter Diffusion Tensor Imaging &hear

Wave Ultrasound ElastograpbfyOvineBrain

In this chapter, the physical dnmechanical properties of ovine brain
samples are studied using MR diffusion tensor imaging and diagnostic shear
wave elastography. Ovine brain hemispheres from freshly slaughtered
animals are scanned using an Aixplorer® SWE ultrasound system to measure
the , 2 dzynb@ubus of both the white and grey matter. SWE values for
ovine brain were not found in the literatarinstead,the , 2 dzyhibdubs
values arecompared to published results on-®ivo porcineand invivo &
ex-vivo rabbit and human brain$he effects of varying the direction of shear
wave propagation was studied for both agar gel and ovine brains to

investigate potential mechanical anisotropy.
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Brain

Shear WavélltrasoundElastography

Scannindvethodology
The scanner used in this study wasSaperSonic® Aixplorer ultrasound
scanner see Figure %, which as mentioned in Chapter 2, utilises the

supersonic shear imaging (SSI) technique.

P o T owar

Figure5.1 Imageof SuperSonic® Aixplorer scanngt  { G ® WI YSaQa | 2 aLJA

Testing was conducted using @L154 Gen 2 linear probeat room

GSYLISNI G§dzNB 9 wun c/ | Thisdrobethasvih iv&@mga | 2 & LIA G
frequency range of 4. 15.0 MHz with a nominal centre frequency of 8.5

MHz.Aclinical ultrasound specialist was contacted prior to testing who gave

general shear wave imaging adviBeior brain SWE research byaGi{2016)

formed a foundation for the tsting methodology in this study.
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Diffusion Tensor Imaging Shear Wave Ultrasound Elastography of Ovine
Brain

Testing was conducted first @magar phantom and then on the ovine brain
samples. The scanning methodology did not significantly change between
samplesand any variations will be discussed in their respective sections.
Fist,thed O YYSNJ g & &S (i-seil this isiak®de dvich go8sNI f ¢  LINS
not assume any specific material properties during imagliggsurface of
the transducer wagovered in ultrasound coupling g@KINTACT, Turkey
and was brought in contact withhhe samplewith minimal force to ensure
there were no straiinduced mechanical effects, hence avoiding nonlinear
effects. First a Bnode image was acquired using the time gain
O2YLISyal A2y O¢D/AGto TGE YVHAIYi2Yy DT ¢CKKS bHff 2¢
rapid, aitomated correction of the Bnode image for attenuation. Once the
B-mode image was optimised, the SWE mode was activated over the region
of interest (ROI). The probe was held still over the RQdtftrast 3seconds
to allow the image to stabilis®Oncea stable image has formed, it can be
saved using the foot pedal for further review. It was found that it was more
efficient to collect theB-mode and SWE images first, then proceed with

elasticity measurements.

To perform elasticity measurementdReviev is pressedo enter review
mode. The previously saved images will be displagedthe desired image
must first be displayed in full size by double clicking on it. To display the
measurements controls on the touch scre@Meas is pressedElasticity
measurementsare performed by placing a buit yQ-Bax¢ lj dzZt YGAFAOLF GA2Y
tool covering as much of the ROI as possiblee trackball can be used to
select points where a circle of radius 4.0 mm is to be placed. Within this
circle, three elastity measurements are providedhe ROl maximum
elasticity valuetnay), the ROl average elasticitan), and the ROI elasticity
standard deviation Esp. The Q-Box can also be manipulated using the
trackball to create a nowircular ROIFor this studyonly circles of radius 4.0
mm were used to maintain a consistent area of measurement. For each
image, three circles were placed, the locations of which will be discussed in

the relevant sections.
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Agar Study

A 2% agar phantom waseated in the same manneass in Chapter 4, though
an addition of 0.5%100 um cellulose powder(Blackburn Distributions,
Burnley, United Kingdomyvas requiredto act asa scatterer.Phantom
dimensionswere 200x150x50 mm, resulting in a 1.5 L phantom. This size
was chosen to reasoidy reduce scattering effects. The same methodology
as previously described was implementatd images were only collected
towards the centre of the phantom to reduce scattering effedtur
separate images were collected in regions spaced approxim&telynm

apart with the transducer in the same orientation, see Figug 5.

L]

S

Figure5.2 Image of transducer imaging the agar gaimplewith ultrasound

coupling gel.

For each image, three circul@Boxes 6 radius 4 mm were placed in a
diagonal pattern from the top left to the bottom right, see Figur8.5[he
reasoning was to give a range of areas being measured. The results of these

measurements are compiled in Tabld and visualised in Figui&4. Data
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analysis was conducted usiti§M SPSS Statistics for Windows, Version 26.0
(IBM CorpArmonk, NYUnited States).

agar physics 01/01/2005 23:07:52
MI1.6 Tib 0.9
ID: Aixplorer_-157686750 SL15-4/ General | General

01/01/2005 23:12:34
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Figure5.3 Sample image of agar gel SWE scdacorrect date is due to an

error with the internal clock.

Table5.1 Summary of results from each agar gel test

Test Readingl Reading2 Reading3 Reading 4

(kPa) (kPa) (kPa) (kPa)

1 56.6 56.3 56.0 59

2 52.3 54.7 50.3 52.9

3 60.0 55.2 55.3 56.8

Mean 56.3 55.4 53.9 56.2

Std. Dev 3.8 0.8 3.1 3.1

Std. Error 2.2 0.5 1.8 1.8
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Agar Gel SWE Test
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Figure5.4 Boxplot of results for eactest on the same sampledark line

shows the mean value amvhiskers are one standard deviation.

A oneway analysis of variance (ANOVA) test, see TaB]evas performed
to compare the results from thiour different readinggo see if there was a
statistically significant difference between the recorded stiffneakies. A
significance of p = ©3 was found which showed that there was not a

statistically significant difference between the groups.

Tableb.2 Results from ongvay ANOVA test for agar gel.

Sum of  Degreesof Mean Fvalue p-value

Squares freedom Square

Between 11.90 3 3.8 0.44 0.73
Groups

Within 69.53 8 8.70

Groups

Total 81.07 11

Following the onevay ANOVA test, as the overallvplue was not
statistically significant, podtoc multiple comparisons were not conducted.
Instead, a Tukey honest significant difference (HSD) test was conducted to

see if there was a statistically sigo#gnt difference between the mean
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values of the 2 dzyfmBdulas for each reading, see Tabl8.5 significance
of p = 075 was found which showed that the means do not show a

statistically significant difference from each other.

Table5.3 Results from Tukey HSD test for agar gel.

Reading N Subset for alpha = 0.05
3 3 55.9
2 3 55.4
4 3 56.2
1 3 56.3
p-value 0.75

To test the effects of applyingxcessivecompression to the sample, a
reasonable forcevas placedn the transducefnot enough to damage the
samplg, and increased stiffness values and aberrations at the tofhef
elastography imageere noted see Figure 5.

agar physics 01/01/2005 23:08:40

MI1.6 Tib 0.9
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Figure5.5 Effects of excessive compression to the sample

These values range from 831 kPa, whereas the minimal compression

samples range from 580 kPaThisclearly demonstrates the importance of
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using minimal contact force on the sample so as to not influence the results

of the SWE scan.

Finally, a test was devised study if the stiffness values are dependent on
the angle of the transduceAngles of 030, 45, 60 and 90 degrees were
drawn on a sheet of A4 paper using a protractor. The phantom was centred
on this line and the user attempted to align the transducer with these guides

for each image, see Figuresh.

Figure 5.6 Transducer imaging at different orientationglue arrow
represents theransducerorientation (A) 0° (B) 30°(C 45°(D) 60°(E) 90°.

An important point to note when conducting this test is to try and image the
same area ech time. As the transducer changes orientation, only the central

part of the image will stay constant, see Figuré 5.
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Overlap Area

Figure5.7 Visualisation of region overlap when the transducer is in different

orientations.

Therefore, @Boxes were only placed in the central region of the image. The
results of these measurements are compiled in Tabdeabd visualised in

Figure 58.

Table5.4 Results for each transducer orientation fron®@ (agar)

Test 0° 30° 45° 60° 90°
1 52.3 45.7 46.7 45.2 45.1
2 541 47.6 50.3 51.1 50.1
3 57.1 50.3 58.5 60.5 53.3
Mean 54.5 49.3 51.8 52.3 49.5
Std.Dev 2.4 4.7 6.0 7.8 4.1
Std. Error 1.4 2.7 3.5 4.5 2.4
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Transducer Angle Comparison (Agar)
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Figure5.8 Boxplot of results for each orientation, dark line shows the mean

value and whiskers are one standard deviation.

A oneway ANOVA test, see Tabl®5vas performed to compare the results
from the four different readinggo see if there was a statisticakbygnificant
difference between the recorded stiffness values. A significance of p5= 0.
was found which showed that there was not a statistically significant

difference between the groups.

Table 5.5 Results from onavay ANOVA test for different transducer

orientations (agar)

Sumof Degreesof Mean Fvalue p-value

Squares freedom  Square

Between 55.18 4 13.79 0.49 0.75
Groups

Within 283.16 10 28.2

Groups

Total 338.# 14
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Following the onevay ANOVA test, as the overallvplue was not
statistically significant, podtoc multiple comparisons were not conducted.
Instead, a Tukey HSD test was conducted to see if there was a statistically
significant difference between the meavalues of the 2 dzyhibduks for
each reading, see Table65.A significance of p = 0.76 was found which
showed that the means do not show a statistically significant difference from

each other.

Table5.6 Results from Tukey HSD test for agar gel.

Transducer Angle N Subset for alpha = 0.05
30 3 49.3
90 3 49.5
45 3 51.8
60 3 52.3
0 3 54.5
p-value 0.76

In summary, a protocol was successfully created to study the mechanical
properties of a homogeneous, isotropic 2% agar gel W% 100 um
cellulose powder added as a scatter€he isotropy was verified by rotating
the probe. This experimental and statistical methodology will now be

applied to brain tissue.
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Brain Study

For this study, n &5 exvivo ovine brains were collected from freshly
slaughtered Charollais lambs, aged64months, from a local EC2875
compliant abattoir (Athenry Quality Meats Ltd, Ireland). As the animals were
not slaughtered specifically for this study, ethical approval was not required.
Samples were kept refrigerated at 4 °CHBS solution until needed for
testing (L8¢20 hours). Testing was conducted using the saB@perSonic®
Aixplorer ultrasound scannemd SL154 Gen 2 linear probas used for the
agargell G NR2Y GSYLISNI GdzNB d9un cThelt G { G Wi
samples were removed from the refagator approximately 2 hours prior to
scanrng and were not kept cold during testing. The samples were kept in
PBS for imaging, this is the same method as used by Chan.(@@d&ound
coupling gel was applied to the transducer and the transducer wa#lygen

applied to the surface of the brain, see Figur@. 5.

Figure5.9 Ovine brain being scanned using SBX5en 2 linear probe
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Three images for each brain hemisphere were recorded, witlrtvesducer
moved X2 cm between each image. This resulted in a total of six SWE
images of each brain with three-Box measuremestmadefor each image,
resulting in a total of 18 stiffness readings for each hraege Table 3. The
same Box placement awith the agar wa not possible dudo the
appearance of anechogenic regions, see Figut®. Blacing the Gbox in
this region would result in an artificially low SWE measuremésita result,
areas of reasonable echogenicity that were chosen to ensuaé ahtrue
value was recorded and not an area of poor transducer contact.
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Figure5.10 Anechogenic region in US image of ovine brain.
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Table5.7 Summary of results from each brain test

Test Brain1l  Brain 2 Brain 3 Brain 4 Brain 5

(kPa) (kPa) (kPa) (kPa) (kPa)
1 17.5 28.2 22.2 15.9 26.0
2 20.2 27.3 210 13.0 24.9
3 18.5 29.0 29.5 14.3 27.0
4 24.9 24.4 26.9 26.4 24.6
5 26.2 30.1 250 27.3 23.0
6 26.9 31.6 21.2 28.7 15.2
7 22.7 23.6 27.0 16.3 21.8
8 16.2 26.4 27.7 22.1 21.5
9 10.7 20.7 24.3 16.5 19.5
10 16.9 30.0 28.3 215 20.7
11 19.6 36.6 29.3 28.8 18.0
12 11.2 30.6 29.1 30.9 18.9
13 17.6 15.2 24.7 15.5 18.1
14 210 141 250 17.3 22.3
15 23.9 14.0 29.6 21.6 20.9
16 214 19.1 29.0 25.5 22.7
17 22.7 17.3 231 24.5 21.1
18 12.9 13.2 27.7 18.6 24.1
Mean 19.5 24.0 26.1 21.4 21.7
Std. Dev 4.8 7.1 4.9 5.7 3.0
Std. Error 11 1.7 1.2 1.3 0.7

These results were visualised as a boxpsste Figure 511and oneway

ANOVA and Tukey HSD tests were perfornsee¢ Tables 5c40.
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Ovine Brain SWE Test
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Figure5.11 Boxplot of results for eadbrain, dark line shows thmean value
and whiskers are one standard deviation.

A oneway ANOVAest, see Table B, was performed to compare the results
from the five different brain samples to see if there was a statistically
significant difference between the recorded stiffnessues. A significance
of p = 0.17 was found which showed that there was not a statistically

significant difference between the groups.

Table5.8 Results from onavay ANOVA test (brain).

Sum of Degrees of Mean Fvalue p-value

Squares freedom  Square

Between 184.37 4 46.09 1.66 0.17
Groups

Within 2366.68 85 27.84

Groups

Total 2551.6% 89

Following the onevay ANOVA test, as the overallvplue was not
statistically significant, podtoc multiple comparisons were not conducted.

Instead, a TukelSD test was conducted to see if there was a statistically
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significant difference between the mean values of th& dzyMbduis for
each group see Table 5. A significance of p = 0.B%vas foundwhich
showed that the means do not show a statistically significant difference from

each other.

Table5.9 Results from Tukey HSD test (brain).

BrainSample N Subset for alpha = 0.05
1 18 19.5

4 18 214

5 18 217

3 18 221

2 18 24.0

p-value 0.0

To test for interuser variability, my supervisor Dr Niall Colgan repeated
testing on the second brain sample after seeing the method used on the

previous sample. The resultise compiled in Table 501
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Table5.10 Test for intefuser variability for 2 brain sample

Test Author Supervisor
1 28.2 27.4
2 27.3 31.2
3 29.0 25.7
4 24.4 215
5 30.1 24.8
6 31.6 19.7
7 23.6 23.4
8 26.4 25.7
9 20.7 31.1
10 30.0 17.0
11 36.6 17.6
12 30.6 12.7
13 15.2 21.4
14 14.1 21.6
15 14.0 18.1
16 19.1 19.6
17 17.3 18.1
18 13.2 21.2
Mean 24.0 22.1
Std. Dev 7.1 4.9
Std. Error 1.7 12

140



Diffusion Tensor Imaging & Shear Wave Ultrasdalagtography of Ovine
Brain

As only two groups are being tested) amdependentsamples ttest was

conducted to see if the results were usedependent, see Table 5.1

Table5.11 Independentsamples test for Equality of Means.

Equal variances  Equal variances not

assumed assumed

t-value 0.92 0.92
Degrees of Freedom 34.0 30.1
p-value 0.37 0.37
(2-tailed)

Mean Difference 1.87 1.87
Std. Error Difference 2.04 2.04
95% Confidence Interva -2.28 -2.30
(Lower)

95% Confidence Interve 6.01 6.03
(Upper)

The results for this-test showed that there was not a statistically significant
difference, p = 0.3Metweenthe testing conducted by two different users

showing thatm this casetesting was usemdependent.

Following these tests, an attempt was made to study the effects of the angle
of the transducer on the recorded stiffness values. Similar to the agar test,
angles of 0, 30, 45, 60 and“9fere examinedn the 4" brain sampleand

the results are recorded in Table 3.4nd visualised in Figure 2.1
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Table5.12 Summary results for each transducer orientation frol8@
(brain).

Test 0° 30° 45° 60° 90°
1 16.4 22.7 15.1 16.5 17.9
2 22.8 25.0 14.7 14.4 19.4
3 20.9 22.2 13.3 21.1 18.8
Mean 20.0 23.3 14.4 173 18.7
Std. Dev 3.3 1.5 0.9 34 0.8
Std. Error 1.9 0.9 0.5 2.0 0.4

Transducer Angle Comparison (Brain)

25.00 ;
20.00 * * é
15.00 T

10.00
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00
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Figure5.12 Boxplot of results for each orientation, dark line shows the mean

value and whiskers are one standard deviation.

A oneway ANOVA test, see Tablell. was performed to compare the
results from thefour different readingso see if there was a statisticgll

significant difference between the recorded stiffness values. A significance

142



Diffusion Tensor Imaging & Shear Wave Ultrasound Elastography of Ovine
Brain

of p = 0009was found which showed that there wasstatistically significant

difference between the groups.

Table 5.13 Results tom oneway ANOVA test for different transducer

orientations (brain).

Sumof Degreesof Mean Fvalue p-value

Squares freedom Square

Between 130.72 4 32.68 6.23 0.009
Groups

Within 52.48 10 5.25

Groups

Total 183.20 14

Following the onavay ANOVA test, as the overatvplue was statistically
significant,a post-hoc Tukey HSInultiple comparisortest was conducted,

see Table 54
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Table 5.14 Tukey HSD multiple comparisoast between the different

transducer angles (brain).

() (@)] Mean Std.  p-value 95%
Transducer Transducer Difference Error Confidence
Angle Angle (1-9) Interval

Lower Bound

0 30 -3.267 1.870 0.451 -9.423
45 5.667 1.870 0.075 -0.489
60 2700 1870 0.617 -3.456
90 1.333 1.870 0.949 -4.823
30 0 3.267 1.870 0.451 -2.889
45 8.933 1.870 0.005 2.778
60 5967 1.870 0.058 -0.189
90 4600 1.870 0.177 -1.556
45 0 -5.667 1.870 0.075 -11.823
30 -8.933 1.870 0.005 -15.089
60 -2.967 1.870 0.537 -9.123
90 -4.333 1870 0.216 -10.489
60 0 -2.700 1870 0.617 -8.856
30 -5.967 1.870 0.058 -12.123
45 2967 1870 0.537 -3.189
90 -1.367 1.870 0.944 -7.523
90 0 -1.333 1.870 0.949 -7.489
30 -4.600 1870 0.177 -10.756
45 4333 1.870 0.216 -1.823
60 1.367 1.870 0.944 -4.789

Finally, a test was conducted on tfith brainsample, where excessive force
was used when imaging the sample. As can be seen in Fig@esketated

stiffness values ranging from 2g34.0 kPa were recorded.
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Figure5.13 Increased stiffness values as a result of excessive transducer

pressure on brain sample

Discussion

The SWE protocol was developed on a 2% ,89&P6 100um cellulose
phantom. This was relatively easy to image as it was a homogeneous,
isotropic phantom th&had a level imaging surface. Multiple independent
tests were carried out to assess the2 dzyhidubus of the material, with
values of 56.% 2.2, 55.4+ 0.5, 53.9 + 1.8, 56.2 + 1.8 kPa recorded for each
test, respectively A oneway ANOVA test did nothew a statistically
significant difference(p = 0.73)between the recorded values of the
independent tests, a Tukey HSD test also did not show a statistically
significant differencgp = 0.75)between the means of the independent
tests. These values areghier than those recorded for the 0.5 rpr@9Q(7 +

1.2 kPaor 1 rpm (39.& 11 kPa) rheometry testing. One possible reason for
the increase in stiffness is the addition of the scagtethough itis in such a
small quantity that it should not make sucheage (40¢80%)difference. The

main reason suggested by the authodise to the difference in the rate of
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testing, 0.5 or 1 rpm is much lower than the ~250 Hz frequency of the shear
wave through the material which may have resulted in the increased
stiffness values. Changing the angle of the transducer did not result in a
statistically significant change in stiffness through the agar gel which is to be
expected if the gel is homogeneous and isotropic, though the small sample

size is noted.

Once the protocbwas verified on agar, testing was conducted orvieo

ovine brain. This proved more challenging to image due to the relatively
small size of the ovine brain arile lack of aflat imagingsurface. This
required angling the transducer correctly so thdtet brain was not
compressed, which would lead to artificially high readings. 18 readings were
taken for five ovine brains, resulting in a total of 90 reading® dzy 3 Q a
modulus values ofalues of 19.51.1,24.0t 1.7,26.1 £ 1.2,21.4+ 1.3, 21.7

+ 0.7 PPa were recorded for each bramespectively A oneway ANOVA test

did not show a statistically significant difference (p = 0.17) between the
recorded values of the groups, a Tukey HSD test also did not show a
statistically significantlifference (p = 0.092) between the means of the
groups.Q-Q plots and results of a Shapivigilk test for both the agar and
brain datasets to show that the data was normally distributed are provided

in Appendix C.

A test for interuser variability was condied whereby both my supervisor

Dr Niall Colgan and | imaged the second brain sample using the same
method. | recorded a mean value @4.0+ 1.7 kPa and my supervisor
recorded a value 022.1+ 1.2 kPa. An independesamples {test showed

that there wasot a statistically significamtifference(p = 0.37) between the

two results.

These SWE results of &b kPa are much larger than the rheometry results
of 0.7¢1.0 kPa. This magemonstrate the strairrate dependence ofthe
brain responsedue to viscoelastity. These results are also larger than

previously published results for brain, see Chapter 2, though a wide range of
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results have been showr3¢15 kPa. To the authors knowledge, this is also
the first time that ovine brain has been studied using SWA&interspecies
differences in brain stiffness have been demonstraaéahg with the effects
of different storage method, it would be interesting to see how these

results compare to future studies.

The change of transducer angle experiment was repeatedrain, with a
one-way ANOVA showing a statistically significant difference (p = 0.009)
between the results. This was interesting as great care was taken to ensure
consistent testing. This could be due to mechanical anisotropy from the
orientation of the white matter fibres which pass through the corpus
callosum see literature reviewlssueswith this conclusion are that the
samples size was small and that the brain is not presenting a flat imaging
surface like the agar phantanThis means that imagingdhsame area in
each orientation proves to be almost impossible. A method to investigate
this potential effectfurther in the future could be to cut a level slice across
the top of the brain sample with the transducer held by an arm such as a
retort stand. Even then, a large sample size with a carefully controlled

experiment would be required to confirm these results.

Finally, a compression test was conducted on the fifth brain sample where
the transducer was pressed into the brain with excessive foeteated
stiffness values ranging from 2934.0 kPa were recordedepresentinga
~40;60% increase over the mean value with minimal pressure applied. This
demonstrates the importancef consistent imaging pressure on the sample

to ensure consistent ancepresentative values.

Conclusion

An imaging protocol was successfully created toeasure the, 2 dzy 3 Qa
modulus of agar gels and -®x0 ovine brain samples using SWE. Both the
agar and brain tests showed elevated values compared to the previous
rheometry testing. Changing the angle of the transducer appeared to change

the value of the recorded stiffness value for ovine braiat not for agar gel,
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which may suggest anisotropic mechanical effects, though it is noted that
further tests arerequired to prove tlese resultsFuture work could involve
conducting tractography scans, similar to those performed by Pieri et al.
(2019), on the brain samples. Subsequently, the aim would be to coregister
the transducer orientation with the main diffusion tracts in the ioraBy
rotating the transducer along these tracts, this method might reveal

evidence of mechanical anisotropy.
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Chapter 6Conclusion

Summary of ThesWork

As discussion in each of the result chapters was provided, it is not repeated
in this section. Instead, a summary of the main findings, explaining their

significance ad limitations is provided.

In Chapter 1, a general introduction to the gross anatomy of human and
ovine brain was given and the motivation behind the use of an ovine animal
model as a surrogate to human brain was explored. A synopsis of the
relevant Contiuum Mechanics principles relating to shear wave

elastography and torsion testing was given. Finally, the physical principles of

both ultrasound and magnetic resonance imaging were described.

In Chapter 2, the literature and principles relating to the neeubal
properties by destructive and netlestructive means were discussed. The
topic of magnetic resonance thermometry was introduced and the

motivation and implementation for this thesis was described.

In Chapter 3, an agagel head phantom was created éra method to
measure the heating effects for a higlower MRI head scan using proton
resonance shift thermometry was demonstrated. It is very difficult to create
a uniform head phantom for this technique as the sample must be uniform
for validation purposs. The method of using high temperature and pressure
to ensure uniformity is the first that has been published for creating an
agarose phantom. The use of a higbwer 2D FLAIR acted as proxy for the
potential energy deposition created by a focused ultnaisd scan. The
heating effects were successfully measured to witklh3% and these
results were verified using thermocouple and thermal camera
measurements. A limitation of this study is that it was not possible to acquire
a focused ultrasound system tominue with this method, due to cost and

difficulty accessing hospital resources during the Cen@lpandemic.
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In Chapter 4, a torsion study was first verified on 2% agghrcylindrical
samples before being applied to-eko ovine brain sampleResults for agar

at 0.5 rpm agreed with previous uniaxial compression tests. Results for the
ovine brain torsions tests agreed with previously reported values for ovine
brain tested using indentationThistorsion method had previously been
applied to exvivo porcine brain tissue, but it appears to be the first of its

kind for exvivo ovine brain tissue.

In Chapter 5a protocol for SWE imaging was verified on a 2% agpghr
sample with0.5% 10Qum cellulose powder added as a scatterer. Consistent
results were found and statistical analysis techniques such asveme
ANOVA and Tukey HSD were used. This protocol was then appliestitmex
ovine brain tissue. This appears to be the first time that ovine brain tissue
has been tested using SWE. In both setsesilts an increased stiffness
value was observed compared to the torsion tests¢8@% for the agar
sample and at least an order of magnitude for brain. It is thought that the
increased rate of testing (~quasistatic for torsion and ~250 Hz for SWE) is the
reason for this discrepancy. Brain results were comparable to that of SWE
tests for other animal and human brain tissué slightly stiffer. Mechanical
anisotropy may have been observed when the angle of the transducer was
varied between Q90°, though amore rigorous test would have to be

created to confirm this result.

The main contribution to knowledge from this work is the torsion test data
and its comparison to SWE testing. The values obtained from the torsion
testing show good agreement withther mechanical tests, such as uniaxial
compression and indentation. However, the results from the SWE testing are
not directly comparable to these values, likely due to the higher frequency
of the testing (shear waves travel at ~250 Hz) compared to tiasigtatic
testing method. Consequently, caution should be exercised when

interpreting SWE results.
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Nevertheless, th&WHesting methodology has demonstrated repeatability
and independence from the operator, making it a promising approacimfor
situ or in-vivo testing toassess relativanechanicalchanges, such as

stiffening resulting from tumour development or fibrosis.

Proposal for Future Work

As mentioned in the introduction, HIFU ultrasound has been used to
penetrate the skull to ablate brain tissu@ranscranial SWE has been a
recent development with heating as a potential adverse side effect. A future
study is planned to investigate the potential heating effects of transcranial
SWE using the PRF method described in Chapter 2.

The variation in theasults from the mechanical and nalestructive testing
methods of brain tissue is of great interest. There is a burgeoning area of
research looking at the macroscopic vs microscopic associations of
mechanical properties mwivo. Some of the variations cée attested by the
cutting of the tissue but it might also be due to the strain rate of the torsion
test. As discussed in the summary, it would be desirable to perform further
testing using a dynamic rheometer to examine this relationship in more

detail.

The topic of anisotropy in brain tissue has been reported widely, but it is still
not certain if it is possible to identifjpechanicaknisotropic effects using a
diagnostic SWE transduceAs mentioned in Chapter 5, it would be
interesting to conduct trammgraphy scans, similar to those performed by
Pieri et al. (2019), on the brain samples. Then coregister the transducer
orientation with the main diffusion tracts in the brain. By rotating the
transducer along these tracts, this method might reveal evidemd

mechanical anisotropy.

While some mechanical testing methods for breiatter have successfully
tested both grey and white matter separately, thistinction presents
challenges when using a diagnostic SWE scanner. It can be difficult to

accuratelydelineate the two and maintain the same size region of interest
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in the QBox. Hence, a desirable approach would be to develop a test that
ensures the same ROI for both grey and white matter, enabling the
assessment of relative changes in tissue that caditectly compared with

SWE and torsion results.
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