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Abstract 

The aim of this thesis is to measure the mechanical properties of brain 

matter to aid clinical decisions in tissue resection. Brain tissue has proven 

difficult to model in part due to its extreme softness, requiring specialised 

mechanical testing protocols and devices, and nonlinear constitutive 

modelling.  

First, a method for non-invasively monitoring the potential heating effects 

from transcranial shear wave ultrasound elastography (SWE) is proposed. 

This near real-time method utilised proton resonance frequency (PRF) shift 

thermometry and was found to be accurate to within 2.3% for energy 

depositions as low as 0.42 W/kg.  

Then, a first-of-its-kind torsion study of ex-vivo ovine brain tissue was 

conducted. A method to quantify the ̧ƻǳƴƎΩǎ modulus of a material by 

measuring both the torque and the normal force is demonstrated and its 

limitations are discussed. A ̧ƻǳƴƎΩǎ modulus of 0.7ς0.9 kPa was found which 

agreed with previously published indentation tests. 

Finally, SWE of ex-vivo ovine brain tissue was conducted to measure the 

¸ƻǳƴƎΩǎ modulus. Results of 19ς26 kPa were recorded, which are much 

larger than the rheometry results. This may demonstrate the strain-rate 

dependence of the brain response due to viscoelasticity. Existing clinical 

methods such as ultrasound and magnetic resonance imaging (MRI) were 

used for anatomical imaging. Changing 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 tests are required to prove these results. 

In conclusion, this thesis demonstrates some of the different ways, both 

destructive and non-destructive, 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 

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 method is qualitative and can have high inter-

operative error depending on the experience of the clinician (Watkinson et 

al., 1990). The introduction of shear wave ultrasound elastography (SWE) 

into the modern clinic has seen a paradigm shift in medical diagnostics. The 

ǘŜǊƳ άŜƭŀǎǘƻƎǊŀǇƘȅέ ƳŜŀƴǎ ŜƭŀǎǘƛŎƛǘȅ ƛƳŀƎƛƴƎ. Here, maps of the stiffness of 

the tissues ŎŀƭƭŜŘ άŜƭŀǎǘƻƎǊŀƳǎέ Ŏŀn be generated, where areas of abnormal 

stiffness could prompt the clinician to do further testing. It has been 

established that many solid tumours have different mechanical properties 

than the surrounding healthy tissue (Chan et al., 2021; Sigrist et al., 2017). 

With the aid of this imaging modality clinicians no longer must solely rely on 

palpation, or more expensive and time-consuming diagnostic modalities 

such as magnetic resonance imaging (MRI) and computed tomography (CT).  

While SWE has seen extensive use in imaging breast (Papageorgiou et al., 

2022), liver (Ferraioli, 2019), prostate (Anbarasan et al., 2021) and the 

musculoskeletal system (Davis et al., 2019), brain tissue has not been studied 

in such a level of detail with this modality. This is due in part to the difficulty 

in accessing the brain for imaging and the extreme softness of the brain 

tissue itself (Budday et al., 2019). Transcranial SWE has been documented 

by means of trepanation in rats and humans (Chan, 2016) or through the 

fontanelle in infants (Albayrak & 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 ultrasound (Salahshoor et al., 2020), though potential 

heating effects may be a concern (Issaoui et al., 2020). 
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The overarching theme of this thesis is to gain an understanding of the 

mechanics of shear wave elastography and how it can be applied to brain 

tissue. Moreover, torsion testing is paired with nonlinear constitutive 

modelling to get a separate measure of the mechanical properties of the 

tissue. These values are compared to those in the literature and to results 

from the SWE scanner output to validate models presented in this thesis. A 

method for measuring potential heating effects caused by this modality is 

also demonstrated.  

Previous comparable SWE imaging studies for ex-vivo animal brain tissues 

have studied rat (Chan, 2016), porcine (Jiang et al., 2015a; Urbanczyk et al., 

2015) and rabbit (Liu et al., 2018) specimens. As far as the author is aware, 

there are no published SWE studies of ex-vivo ovine brain tissue. This study 

also appears to be the first to compare standard B-mode ultrasound, 

diagnostic SWE, MRI tractography and mechanical torsion testing of ex-vivo 

brain tissue. By using this multimodality approach, it is hoped that a greater 

understanding of the tissue mechanics of the brain can be obtained and 

identify any gaps in the current knowledge. 

Chapter One introduces the reader to some of the topics that will be 

explored in more detail in later chapters. An overview of the gross anatomy 

of the human brain is 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 the physical 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 non-destructive 

means. Destructive methods such as uniaxial compression and tension along 

with simple shear and torsion are described. The concept of a shear wave, 

in contrast to a conventional ultrasound longitudinal wave, is introduced, 

and various methods of shear wave generation are discussed. The 
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supersonic shear imaging (SSI) method has seen the greatest use in the 

clinic. Consequently, it is the 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. 

Chapter Three describes a potential method to quantify heating from SWE 

using magnetic resonance (MR) thermometry using an agar-based head 

phantom and high-power 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. 

Chapter Four describes the creation of a torsion testing protocol for ex-vivo 

ovine brain tissue. The protocol was first verified using tissue-mimicking agar 

gels before testing on ex-vivo 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 MooneyτRivlin strain-energy function and estimate the 

shear modulus of the material and therefore, the ¸ƻǳƴƎΩǎ modulus. This was 

then compared to existing values for the YounƎΩǎ modulus of ovine and other 

animal brain tissue in the literature. 

Chapter Five studies the physical and mechanical properties of ovine brain 

samples using diagnostic shear wave elastography. Ovine brain hemispheres 

from freshly slaughtered animals are scanned using an Aixplorer® SWE 

ultrasound system to measure the ̧ƻǳƴƎΩǎ modulus of both the white and 

grey matter. SWE values for ovine brain were not found in the literature; 

instead, the ̧ ƻǳƴƎΩǎ modulus values are compared to published results on 

ex-vivo porcine and in-vivo & ex-vivo rabbit and human brains. The 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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The Conclusion summarises the main findings from published and 

unpublished works relating to this thesis, and discusses the achievements 

and limitations of this project. The novelty of the project and its contribution 

to knowledge is reported and current knowledge gaps, where future 

research in this field is needed, are identified
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Chapter 1 Introduction 

Foreword 

The aim of this chapter is to provide the reader with a general introduction 

to the topics that will be further explored in the literature review and 

subsequent chapters.  

First, an overview of the gross anatomy of the human brain is given. To 

interpret results from experiments that will investigate the tissue mechanics 

of brain, an understanding of the brainΩǎ anatomical structures is crucial.  

Then, the motivation behind the use of an ovine animal model as a surrogate 

to human brain is explored. This model has been used to study various 

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, a synopsis is provided of the relevant Continuum Mechanics principles 

for shear wave elastography and torsion testing, which are two commonly 

used methods for characterising the mechanical properties of soft biological 

tissues. Shear wave elastography measures the speed of shear waves 

through tissues, while torsion testing measures the twisting forces in a tissue 

sample in response to a known torque.  

Finally, the chapter describes the physical principles of both ultrasound and 

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

Overall, this chapter 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 pre-clinical research. 
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Background 

Brain 

The human central nervous system is the most complex organ system known 

to man (Miller, 2011), with a multitude of textbooks (Arslan, 2014; 

Harnsberger et al., 2007; Standring, 2021) and atlases (DeArmond et al., 

1989; Dimitrova et al., 2002; England & Wakely, 2006) written on the 

subject. This thesis will not go into such detail, though 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 provided to give the reader an understanding of the largest regions of the 

brain and the differences in their composition. 

The central nervous system consists of the brain and the spinal cord. The 

brain is suspended in cerebrospinal fluid (CSF) within the cranium (Miller, 

2011), while the spinal cord is located in the spinal canal enclosed by the 

vertebra (Schoenberg & Scott, 2011). The brain and spinal cord are 

surrounded by three layers of protective membranes called the meninges. 

These are the dura mater, arachnoid mater and pia mater. The inelastic dura 

mater is the thickest layer, and adheres to the skull. The next layer is the 

arachnoid, an elastic fibrous membrane lining the inner surface of the dura 

mater. The pia mater is a fine membrane with a rich blood supply that closely 

coats the surface of the brain. The meninges serve to anchor and insulate 

the brain, protecting it from side-to-side movements and impacts. The CSF, 

in which the brain floats, also cushions it against impacts (Decimo et al., 

2012; Telano & Baker, 2022).  

Brain Parcellation 

Brain parcellation is the process of defining distinct portions in the brain, 

either by region, or by networks which comprise multiple discontinuous but 

closely interacting regions (Eickhoff et al., 2018). The brain can be broadly 

parcellated into three main components: Cerebrum, cerebellum (the little 
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brain) and brainstem, see Figure 1.1. For this thesis, the main focus of study 

was the cerebrum. 

 

Figure 1.1 An external, side view of the parts of the brain. The cerebrum, the 

largest part of the brain, is organised into folds (called gyri) and grooves 

(called sulci). The cerebellum sits behind (posterior to) and below (inferior to) 

the cerebrum. The brainstem connects the brain with the spinal cord and is 

continuous with the ventral side of the brain. Reproduced with permission 

from Henley (2011).  

The cerebrum is comprised of: the left and right cerebral hemispheres; the 

diencephalon, the central portion of the brain between the cerebrum and 

the brainstem; and deep grey nuclei. 

The cerebral hemispheres are the largest sections of the brain and are 

interconnected by white matter fibres, the largest bundle of which is called 

the corpus callosum. These hemispheres are composed of outer grey matter 

called the cerebral cortex, and inner white matter surrounding the 

diencephalon and deep grey nuclei. The 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 of neurons in the brain. The cerebral hemispheres can be 

parcellated into five lobes: the frontal lobe, temporal lobe, parietal lobe, 

occipital lobe, limbic lobe, see Figure 1.2. 
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Figure 1.2 The frontal, parietal, temporal and occipital lobes. The limbic lobe 

is on the medial surface of each cerebral hemisphere. Image by Steve Garvie, 

distributed under a CC-BY 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 axons and cell bodies (Miller, 2011). 

Ovine Brain Structure 

While using human brain tissue for this study would have been preferable, 

due to the obvious practical and ethical limitations of obtaining fresh 

samples, an alternative model was used. Ovine brain tissue has been shown 

to have physiological and neuroanatomical similarities (Banstola & Reynolds, 

2022) to human brain tissue in areas such as: White matter distribution 

(Back et al., 2012), cerebral cortexes that contain gyri (gyrencephalic) 

(Morton & Howland, 2013; Piumatti et al., 2018), cerebral cortices 

containing four lobes (Sun & Hevner, 2014) and thick meninges (Morton & 

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) skulls (Lee et al., 
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2015). Drawbacks include: Ovine brains are an order of magnitude smaller 

than the human brain by mass (~130ς140 g v 1300ς1400 g), see Figure 1.3 

(Banstola & Reynolds, 2022; Morton & Howland, 2013), smaller frontal lobe 

(Treuting et al., 2017) and less abundant white matter (Pieri et al., 2019) 

Despite these drawbacks, ovine brain appears to be a valid large animal 

model that can be used for this study. A local EC2875 compliant abattoir 

(Athenry Quality Meats Ltd, Ireland) provided the samples and as the 

animals were not slaughtered for this study, ethical approval was not 

required. 

 

 

Figure 1.3 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 dog, pig, sheep, and rhesus monkey. 

Reproduced with permission from Sorby-Adams et al. (2018).  
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Mechanics of Brain Tissue 

Brain tissue is an ultrasoft, nonlinearly viscoelastic solid material with a very 

low linear strain limit, on the order of 0.1ς0.3% (Budday et al., 2019; Miller, 

2011). To discuss this area properly, an introduction to Continuum 

Mechanics and the theory of Nonlinear Elasticity must first be given.  

Nonlinear Elasticity 

An elastic material is termed linear elastic or Hookean if the force required 

to extend it or compress it by some distance is proportional to that distance 

(Timoshenko, 1983; Mihai & Goriely, 2017).  The assumption that materials, 

if under a small strain regime, are linearly elastic is used in many engineering 

applications. Many biological tissues, such as brain, undergo inherently 

large, nonlinear deformations. An approach to characterise these materials 

is to use a hyperelastic model, where the stress-strain relationship is derived 

from a strain energy density function. Here the constitutive parameters are 

functions of the deformation and from these, the material properties can be 

estimated directly from the experimental measurements (Drozdov, 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 tissue. The majority of brain modelling 

techniques assume that brain tissue is mechanically isotropic. Also, due to 

its high water content, brain is assumed to be incompressible or nearly 

incompressible with a Poisson ratio of 0.5 (Brands et al., 2004; Miller & 

Chinzei, 1997). The topic of brain isotropy, assuming that the mechanical 

properties of the tissue are the same in all directions, will be discussed later 

in the literature review. Finally, brain is said to be nonlinearly viscoelastic 

(Budday et al., 2017b), as it exhibits time-dependent strain. Experiments 

have shown that the viscosity of brain changes depending on the strain rate 

and that modelling at moderate strain rates 30ς90 s-1 is nontrivial (Gilchrist 

et al., 2013). 
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Continuum Mechanics 

Continuum Mechanics is a mathematical framework used to describe how 

the properties of a dense material vary in space and in time. The simplifying 

assumption is made that the matter is distributed continuously without gaps 

or empty spaces. This hypothetical continuous matter is then termed a 

continuum. This assumption allows one to shrink mathematically the volume 

of a material similarly to as one would take the limit in defining a derivative 

to define quantities of interest at a point. An example would be the mass 

density (mass per unit volume) of a material at a given point. It is defined in 

Equation (1.1) as the ratio of the mass Ўά of the material to its volume Ўὠ 

surrounding the point in the limit where Ўὠ becomes a value ‭, when ‭ is 

small compared with the mean distance between molecules: 

” ÌÉÍ
Ўᴼ

Ўά

Ўὠ
Ȣ ρȢρ 

If one takes the limit ‭O πȟ the mathematical study of the mechanics of this 

idealised continuum is called Continuum Mechanics (Reddy, 2013). The 

techniques used in this thesis involve imposing a mechanical load on the 

tissue and measuring the response of the tissue to characterise its 

mechanical properties. This is an inverse problem that can be solved using 

Continuum Mechanics, if properly posed (Li & Cao, 2017a).  

There are two different coordinate systems used to describe a continuum. 

The Lagrangian coordinates (X,t) are used to describe a body in its reference 

configuration (Br) where the spatial coordinate X is fixed in space, i.e. is in a 

fixed reference frame (Liu, 2002). If a deformation is applied to the material 

and it moves and deforms as time evolves, then Eulerian coordinates (x,t) 

are used to describe the material in the current configuration (Bc), see Figure 

1.4. 

 



Introduction 
 

8 
 

 

Figure 1.4 The reference (Br) and current (Bc) configurations of the continuum 

body B and associated deformation x = x(X,t). 

Imagine from Figure 1.4 that a small segment (or vector) dX originates at 

Point P in the reference configuration Br. This segment undergoes a 

combination of rotation and stretch to become a new vector dx in Bc. This 

deformation can be described using the deformation gradient F as 

Ὠ● ╕Ὠ╧ȟ ρȢς 

where 

╕╧ȟὸ  
‬●╧ȟὸ

‬╧
Ȣ ρȢσ 

The CauchyτGreen deformation tensors can be used to measure 

deformation independent of both translation and rotation (Reddy, 2013).  

C is called the right CauchyτGreen deformation tensor: 

╒ ╕╣Ȣ╕ȟ ρȢτ 

B is called the left CauchyτGreen deformation tensor: 

║ ╕Ȣ╕ȟ ρȢυ 

and their principal invariants are:  

Ὅ ὸὶ╒ ὸὶ║ȟ ρȢφ 

 



Introduction 
 

9 
 

Ὅ
ρ

ς
ὸὶ╒ ὸὶ╒

ρ

ς
ὸὶ║ ὸὶ║ ȟ ρȢχ 

Ὅ ÄÅÔ╒ ÄÅÔ║ Ȣ ρȢψ 

As ὸὶ╒ ὸὶ╕╕ ὸὶ╕╕╣ ὸὶ║ , etc. the invariants of C and B are 

equal. An important difference between these tensors is that B is objective 

(independent of the observer) while C is non-objective. The principle of 

material indifference requires that the constitutive equation must be 

invariant under a change of frame. Further information on this topic can be 

found from (Lai et al., 2009; Reddy, 2013). 

The Cauchy stress tensor Ɑ is defined to be the current force df per unit 

deformed area da measured in Bc, 

Ὠ█ ◄Ὠὥ Ɑ▪Ὠὥ ρȢψ 

where t is the stress vector and is a point function of the unit normal n. 

For non-linear elastic materials, the equations which govern the motion of a 

continuum include the equation of mass conservation 

” ”ὨὭὺ ○ πȟ ρȢρπ 

the equation of motion 

ὨὭὺ Ɑ ”╫ ”○ȟ ρȢρρ 

and the equation of angular momentum balance 

Ɑ Ɑȟ ρȢρς 

where b is the body force, ” is the mass density, v is the velocity, and the 

material time derivative is denoted by the dot (Mangan, 2018). 

To describe a state of stress in a body, we solve the eigenproblem 

Ɑ◊ ‗◊Ȣ ρȢρσ 

The associated characteristic equation  

ÄÅÔⱭ ‗╘ πȟ ρȢρτ 

gives three eigenvalues, called the principal stresses, and the associated 

eigenvectors are along the principal stress directions (Reddy, 2013). 
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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 strain-energy density function ὡ ὡ ὍȟὍ  

where ὍȟὍ are the first and second invariants of C defined in Equations (1.6-

1.8). The relationship is given by (Holzapfel & Mechanics, 2000; Mangan, 

2018) 

Ɑ  ὴ╘ ςὡ║ ςὡ║ ȟ ρȢρυ 

where p is a Lagrange multiplier which is associated with the constraint of 

incompressibility, det(F) = 1 (Reddy, 2013) and W1, W2 are the derivatives of 

W with respect to I1, I2, respectively. 

By performing experiments such as torsion of a cylindrical sample, a stress 

strain curve can be generated. This curve can be fitted using the theoretical 

stress relationship from the constitutive model and allows for the 

determination of the materials parameters (Mangan, 2018). 

Continuum Mechanics of Shear Waves 

The balance equation describes the conservation of linear momentum of a 

system as  

Ὠ

Ὠὸ
”
Ὠ◊

Ὠὸ
Ὠὠ  Ɑ▪Ὠὥ ”╫Ὠὠȟ ρȢρφ 

where u is the mechanical displacement of a particle, t is time, ” is the mass 

density and ╫ is the body force.  

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

strain tensor can be used. It is defined as 

ꜗ
ρ

ς
◊ɳ ◊ɳἢȢ ρȢρχ 

For a linear elastic, compressive isotropic solid, the constitutive law is  

Ɑ  ‘ ◊ɳ ◊ɳ ‗ Ȣɳ◊╘ȟ ρȢρψ 

where ‗ and ‘ are the Lamé constants, related to the ¸ƻǳƴƎΩǎ modulus E 

and Poisson ratio ’ by the equations  
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 ‘
Ὁ

ςρ  ’
ȟ ‗

’Ὁ

ρ ’ ρ ς’
ȟ ρȢρω 

and conversely, 

Ὁ  
‘σ‗ ς‘

‗  ‘
 ȟ ’

‗

ς‗ ‘
Ȣ ρȢςπ 

The constitutive law (1.18) can be inverted to give 

ꜗ
’

Ὁ
ὸὶⱭ╘  

ρ ’

Ὁ
Ɑ ρȢςρ 

By inserting Equation (1.18) into the differential form of Equation (1.13) the 

equation of wave motion is obtained as 

‘ɳ ◊ ‗ ‘ᶯ ɳȢ◊ ”
Ὠ◊

Ὠὸ
ȟ ρȢςς 

assuming the body force ”╫ to be zero. 

The displacement of a wave in a solid has both longitudinal and transverse 

(shear) components. The longitudinal component of motion occurs when 

the deformation is not accompanied by rotation, such that 

ᶯ Ȣɳ◊ ᶯ◊Ȣ ρȢςσ 

The equation of wave motion, Equation (1.22), then becomes 

Ὠ◊

Ὠὸ
ὧᶯ◊ȟ ρȢςτ 

where 

ὧ
‗ ς‘

”
ȟ ρȢςυ 

is the longitudinal wave speed. 

The transverse (shear) component of motion is such that 

Ȣɳ◊ Ȣ ρȢςφ 

The equation of wave motion, Equation (1.22), then becomes 

Ὠ◊

Ὠὸ
ὧᶯ◊ȟ ρȢςχ 



Introduction 
 

12 
 

where 

ὧ
‘

”
ȟ ρȢςψ 

is the shear wave speed. 

Combining Equations (1.17), (1.21) and (1.24) we find that 

Ὁ  
”ὧ σὧ τὧ

ὧ ὧ
 ȟ ’

ρ

ς

ὧ ςὧ

ὧ ὧ
Ȣ ρȢςω 

Most soft tissues are almost incompressible, which means that their volume 

does not change. Mathematically it means that ÄÅÔἐ  = 1 for large 

deformations, and tr  ꜗ= 0 for infinitesimal deformations. According to 

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

’ πȢυȟὉ σ‘ȟ‗O ЊȟὧᴼЊ ρȢσπ 

Once the shear wave velocity and the density of the incompressible material 

are measured, the ̧ ƻǳƴƎΩǎ modulus of the material can then be determined 

as 

Ὁ σ‘ σ”ὧȢ ρȢσρ 

This is the common equation used to describe most types of shear wave 

elastography modes (TE, ARFI-based 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 contain stiff collagen fibres are anisotropic and 

have non-linear 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 the prior stress induces anisotropy and Equation (1.31) 

no longer applies. 
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Continuum Mechanics in Torsion 

The Poynting effect is a non-linear 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 platens. This measurement of the normal 

force has seen increased attention in recent years as a method to 

characterise soft tissues such as brain tissue (Balbi 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 co-authored the 

resulting paper on this topic (Zurlo et al., 2020), see Appendix. 

For torsion testing, a rheometer is used to measure the variations of both 

the normal force Nz and torque † with the twist , which gives access to the 

mechanical properties of the material. 

The underlying theory is explained in detail by Balbi et al. (2019). In 

summary, the deformation is written in cylindrical coordinates as  

ὶ
Ὑ

Ѝ‗
ȟ —  ɡ  ‰‗ᾀȟ ᾀ  ‗ὤȟ ρȢσς 

 

for a sample of initial height L, where ˂  is the axial pre-stretch,  = h κό˂[ύ is 

the twist per unit current height and h is the angle of rotation in radians. 

Here, (R,ɸ,Z) and (r,—,z) are the coordinates of material points in the 

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

see Figure 1.5.  
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Figure 1.5 Diagram of a cylindrical sample of current length ὰ  ‗ὒ (initial 

length L) and radius r undergoing torsion. The rheometer measures the 

ǘƻǊǉǳŜ ˍ ŀƴŘ ǘƘŜ ƴƻǊƳŀƭ ŦƻǊŎŜ bz ǊŜǉǳƛǊŜŘ ǘƻ ǘǿƛǎǘ ǘƘŜ ǎŀƳǇƭŜ ōȅ ŀƴ ŀƴƎƭŜ ʰΦ 

A pre-stretch ‗ȟ is introduced to account for a possible small precompression 

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

brain sample. 

If the variations of Nz with  and of ̱  with 2 are linear, then the material 

can be modelled using the MooneyτRivlin strain energy function (Destrade 

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

ὡ ὧὍ σ ὧ Ὅ σȟ ρȢσσ  

where c1 and c2 are positive constants, and I1, I2 are the first two principal 

invariants of C. The constants are then deduced from the slopes of the lines 
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† versus ‰ and N versus ‰ , and the initial shear and ̧ƻǳƴƎΩǎ modulus 

follow as (Destrade et al., 2015; Nowicki & Dobruch-Sobczak, 2016)  

‘ ςὧ ὧ ȟ          Ὁ φὧ ὧ Ȣ ρȢστ 

Ultrasound 

Ultrasound has become a widely used non-invasive imaging modality in 

medical diagnosis, with 9.2 million ultrasound scans performed on patients 

in the UK National Health Service (NHS) between July 2016 and July 2017 

(Hoskins et al., 2019). This is nearly twice the number of computed 

tomography (CT) scans and almost three times the number of magnetic 

resonance imaging (MRI) scans carried out during the same period. The 

ǊŜƭŀǘƛǾŜƭȅ ƭƻǿ Ŏƻǎǘ ƻŦ ŜȄŀƳƛƴŀǘƛƻƴ όϤϵррύ ŎƻƳǇŀǊŜŘ ǘƻ /¢ όϤϵмтлύ ŀƴŘ awL 

όϤϵннлύ ŀƴŘ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ƛƻƴƛsing radiation make ultrasound particularly 

appealing for obstetric and paediatric investigations (Hoskins et al., 2019).  

Ultrasound refers to sound waves with a frequency greater than the upper 

limit of human hearing i.e. greater than 20 kHz (Dendy & Heaton, 2011). 

Diagnostic medical ultrasound devices typically use frequencies in the range 

of 1τ20 MHz. Resolution and imaging depth are determined by the 

operating frequency. Hence, low frequency waves have a relatively long 

wavelength resulting in low 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 cornea (Chan et al., 2021) for 

example. 

In gases, liquids and soft tissues, ultrasound travels as a longitudinal wave, 

where particle motion is parallel to the direction of propagation, see Figure 

1.6A. Equation (1.21) gives the speed of a longitudinal wave in a solid. 

Nominal values for the speed, ὧȟ of a longitudinal wave are 1,585 and 1,440 

m/s for muscle and fatty tissue, respectively (Szabo, 2004). Clinical 

ultrasound scanners typically assume a speed of 1,540 m/s for image 

reconstruction (Benjamin et al., 2018). 
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Figure 1.6 Schematic of (A) longitudinal and (B) shear wave propagation. 

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

Another form of wave, known as a transverse or shear wave, can also occur 

in solids, see Figure 1.6B. Equation (1.28) gives the speed of a shear wave in 

a solid. Shear waves are slower than longitudinal waves, with speeds, ὧȟ on 

the order of 2τ10 m/s in soft tissue (Taljanovic et al., 2017). From Equation 

(1.29), taking ὧ = 5 m/s and ὧ = 1,540 m/s as representative values, it is 

found that ’ πȢτωωωωȟ confirming that soft tissue is incompressible. 

Shear waves are polarised perpendicular to the direction of propagation, 

analogous to ciǊŎǳƭŀǊ ǊƛǇǇƭŜǎ ƻƴ ǘƘŜ ǿŀǘŜǊΩǎ ǎǳǊŦŀŎŜ ŎŀǳǎŜŘ ōȅ ŀƴ ƛƳǇŀŎǘΦ 

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., 2013). The shear wave speed is 

linked to the shear modulus of tissue, through Equation (1.27), which is 

highly sensitive to physiological and pathological structural changes of 

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

elastograms.  
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Ultrasound Image Formation 

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 subject (Hoskins et al., 

2019).  

B-mode imaging is a standard ultrasound imaging technique that gives a 

cross-sectional representation of the tissues and organ boundaries within 

the tissue, see Figure 1.7. The brightness of each point of the generated 

image is related to the strength or amplitude of the respective echo, hence 

the term άB-modeέ (brightness mode).  

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

ƘƛƎƘŜǊ ŜŎƘƻƎŜƴƛŎƛǘȅ ǿƛƭƭ ŀǇǇŜŀǊ ōǊƛƎƘǘŜǊ ŀƴŘ ŀǊŜ ǘŜǊƳŜŘ άƘȅǇŜǊŜŎƘƻƎŜƴƛŎέ 

while areas of poor echogenicity will appear darker and are termed 

άƘȅǇƻŜŎƘƻƎŜƴƛŎέΦ !ǊŜŀǎ ǘƘŀǘ ƭŀŎƪ ŜŎƘƻƎŜƴƛŎƛǘȅ ŀǊŜ ǘŜǊƳŜŘ άŀƴŜŎƘƻƎŜƴƛŎέ 

and appear completely dark (Iftekharuddin & Awaal, 2012; Stecco et al., 

2019). 
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Figure 1.7 B-ƳƻŘŜ ƛƳŀƎŜ ƻŦ ŀ ǇŀǘƛŜƴǘΩǎ ƭƛǾŜǊΦ bƻǘŜ ŀǊŜŀǎ ƻŦ ŘƛŦŦŜǊŜƴǘ 

brightness and granular appearance. Reproduced with permission from 

Zander et al. (2020). 

Ultrasound Imaging Artifacts 

Some of the main ultrasound imaging artifacts are now discussed below in 

particular those that may affect the planned study. 

Speckle 

Figure 1.7 has a granular appearance typical of a B-mode image: this 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 brightness. Excessive speckle can be distracting 

to the clinician performing the scan, and techniques have been created to 

reduce them (Park et al., 2014). However, if the scan is repeated with the 

same experimental variables, the same speckle pattern can be generated. 

This property of speckle is used in some elastographic imaging techniques 

(Chan, 2016). 
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Reverberations 

A reverberation artifact occurs when the assumption that an echo returns to 

the transducer after only one reflection is violated (Quien & Saric, 2018). 

Hence, the ultrasound wave can be reflected a second, or multiple, times on 

its way back to the transducer. Then one portion of the wave will travel back 

to the transducer as expected while the other portion will instead be 

reflected back to the original structure. As a result, an artificial image will be 

produced below the original image. A diagram of this reverberation artifact 

is shown in Figure 1.8. It will be important to monitor this artifact during 

testing, as the brain will be held in a relatively small container.  

 

Figure 1.8 Example of ultrasound reverberation artifact. Reproduced with 

permission from Quien & Saric (2018). 

Mirror-Image Artifacts 

A mirror-image artifact occurs when the sound wave bounces off a strong, 

smooth reflector such as the diaphragm (Aldrich, 2007) or, in the case of this 

study, the walls of the container. Here, the surface acts as a mirror and 

reflects the resulting pulse to another tissue interface. This results in the 

ultrasound system interpreting the second interface being beyond the first 

surface and mirroring the object. Figure 1.9 shows an example of a mirror-

image artifact caused by the diaphragm where the arrow shows the real 
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object, which appears as if reflected in a mirror on the other side of the 

diaphragm. 

 

Figure 1.9 Example of a mirror-image artifact caused by the diaphragm. 

Adapted from Aldrich (2007).  

Brain Imaging 

Magnetic resonance imaging (MRI) is considered the gold standard for 

imaging the brain in situ, because conventional ultrasound cannot penetrate 

the skull. Nonetheless, ultrasound can be used to image the brain of 

neonates, because imaging can be conducted through the fontanelle 

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

One difficulty in imaging ex-vivo brain using ultrasound is that there are no 

surrounding organs to compare the echogenicity of the brain to. As a result, 

it is important 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 even more hypoechoic than the white matter, 
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approaching anechoic levels (Daneman et al., 2006). A gradation of 

echogenicity proceeds from the white matter in the central part of the gyrus, 

which is the most echogenic segment of the white matter, towards the grey 

matter with no clear boundary of delineation between grey and white 

matter. Therefore, as the granular white matter blends with the grey matter, 

its echogenicity will gradually decrease, see Figure 1.10. In a clinical setting, 

the ability to distinguish between white and grey matter based on their 

echogenicity is crucial, especially in cases of hypoxic-ischaemic injury (HII) 

(Pinto et al., 2012; Salas et al., 2018). For this study an attempt will be made 

to assesses the stiffness of regions containing white and grey matter using 

shear wave ultrasound elastography and determine the location of these 

regions using B-mode ultrasound images. Therefore, it is essential to identify 

these regions effectively. 
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Figure 1.10 Examples of normal echogenicity of the grey and white matter 

and greyςwhite matter differentiation (GWMD). The curvilinear echogenic 

lines represent the surface of the sulci. The 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 matter giving it 

a granular appearance. (d) An image obtained with an older, lower 

frequency transducer. The echogenicity of the white matter is somewhat 

coarser than in images (aςc), which were obtained with higher frequency 

transducers, giving the white and grey matter a finer echogenicity. 

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

The hydrogen nucleus is the MR active nucleus used in clinical MRI 

(Westbrook & Talbot, 2018). Hydrogen is abundant in the human body but 

also has a large magnetic moment due to its spin. The nucleus is not spinning 

in the classical sense, but a local magnetic field with North and South poles 

is generated around it (Grover et al., 2015).The induced dipole is analogous 

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

Figure 1.11. 

 

Figure 1.11 ¢ƘŜ άǎǇƛƴƴƛƴƎέ ƴǳŎƭŜǳǎ όŀύ induces a magnetic field, behaving 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 from Grover et al. (2015).  

The magnetic moments of the hydrogen nuclei are randomly orientated 

according to Brownian motion (thermal excitation) in the absence of an 

applied magnetic field, but when placed in a strong external magnetic field, 

ὄȟ the magnetic moments will align parallel and anti-parallel with the 

magnetic field and precession around the main ὄ field. The distribution of 

protons in the high (anti-parallel) or lower energy (parallel) states is defined 

by the Boltzmann distribution with more protons in the lower parallel state 

(approximately 10 parts per million). This results in a net magnetisation 

vector in the parallel direction.  
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The precession frequency is referred to as the Larmor frequency and is 

described by the Larmor equation,  

‫ ‎ὄ ρȢσυ 

where ‫  is the precessional frequency (MHz), ὄ  is the magnetic field 

strength of the magnet (T) and ‎ is the gyromagnetic ratio (MHz/T) 

(Westbrook & Talbot, 2018). 

To image the hydrogen protons, we apply a tipping pulse using a 

radiofrequency (RF) pulse at the same frequency as the precessional 

frequency, and then resonance of the nucleus will occur. A result of this 

resonance is that the net magnetisation vector (NMV) will move out of 

alignment from ὄ, with the angle of misalignment termed the flip angle, 

see Figure 1.12. 

 

Figure 1.12 Diagram of flip angle with respect to the net magnetisation 

vector. ║  is in the longitudinal plane and the plane at 90° to ║  is the 

transverse plane. 

When the RF pulse is removed, the excited nucleus will relax and emit the 

absorbed energy. This can be detected by a tuned coil of wire and the 

ƳŜŀǎǳǊŜŘ ǾƻƭǘŀƎŜ ƛǎ ŘƛǎǇƭŀȅŜŘ ŀǎ ǘƘŜ άŦǊŜŜ-ƛƴŘǳŎǘƛƻƴ ŘŜŎŀȅέ όCL5ύΦ ¢ƘŜ 

resulting signal takes the form of a damped sine wave shown in Figure 1.13.  
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Figure 1.13 CǊŜŜ ƛƴŘǳŎǘƛƻƴ ŘŜŎŀȅ ǎƛƎƴŀƭΦ LƳŀƎŜ ōȅ άDȅǊƻƳŀƎƛŎƛŀƴέΣ 

distributed under a CC-BY 3.0 license. 

The process by which the net magnetisation vector loses the absorbed 

energy is called relaxation, and as it undergoes this process it will realign 

with ὄȢ During this process, the magnetic moments of the net 

magnetisation vector will lose transverse magnetisation due to dephasing. 

As a result, relaxation leads to the recovery of magnetisation in the 

longitudinal plane, termed T1  recovery and the decay of magnetisation in 

the transverse plane is termed T2 decay (Westbrook & Talbot, 2018). 

The time for the longitudinal magnetisation to recover to 63% of its original 

value is termed T1. Similarly, the time for the transverse magnetisation to be 

reduced by 63% is termed T2. Their formulas are governed by 

ὓ ὓ ρ Ὡ ȟ ρȢσφ 

and  

ὓ ὓὩ ȟ ρȢσχ 
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where ὓ  and ὓ  are the longitudinal and transverse components of the 

net magnetisation vector ὓ , respectively, see Figure 1.14 for a visualisation 

of the T1 and T2 relaxation curves. 

 

Figure 1.14 Example of T1 (red) and T2 (blue) relaxation curves. 

The importance of these times is that they will be different for different 

tissues. Fat for example has a much shorter T1 time than water, so that they 

will appear differently in MR images. This is in part due to the hydrogen 

protons that are bound in fatty acid chains which lose energy quickly from 

άōǳƳǇƛƴƎέ ƛƴǘƻ the tissue. This can further be taken advantage of by 

selecting appropriate weights such as T1, T2 or proton density during image 

acquisition so that additional contrast can be created. T1 weighted 

anatomical brain scans are routinely used in neuroimaging studies (Howarth 

et al., 2006).  

During an MRI scan, a pulse sequence is used which consists of RF pulses, 

signals and intervening periods of recovery. The main components are the 

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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amount of T1 relaxation. The echo time (TE), is 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 T2 relaxation that can occur (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. Gradients can perform: 

¶ Slice selection ς locating a slice within the selected scan plane. 

¶ Spatial encoding of the signal along the longitudinal axis ς this is 

called frequency encoding. 

¶ Spatially encoding of the signal along the transverse axis ς this is 

called phase encoding. 

The direction of the axes above is done by convention, but in practice they 

can be flipped. Once the gradients have been applied to select a single slice, 

the frequency and phase of the magnetic moments are measured. This 

information is ǎǘƻǊŜŘ ƛƴ άk ǎǇŀŎŜέ, which is a spatial frequency domain. The 

position of a data point in k-space (kx = 0, ky = 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 k-space, the greater the net strength of the 

gradient pulse and/or the longer a gradient is on with one polarity or sign, 

see Figure 1.15(a) and the corresponding image data in image space, see 

Figure 1.15(b) (Paschal & Morris, 2004). 
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Figure 1.15 Raw data in k-space array (a) and corresponding image data in 

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

Reproduced with permission from Paschal & Morris (2004).  

As more frequency and phase encoding samples are recorded, they can be 

built up into a field of view (FOV). Data points are typically collected along 

any given axis in k-space in a number that is a power of 2, such as 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 2n (Brigham, 1988). The size of the FOV is 

also dictated by the scan parameters, and a short TR may not allow for 

enough time to select and encode enough slices. The scan time is also 

affected by the number of times the signal is phase encoded with the phase 

encoding gradient slope, or NEX. The formula for scan time is given by  

ίὧὥὲ ὸὭάὩὝὙ  ὲόάὦὩὶ έὪ ὴὬὥίὩ ὩὲὧέὨὭὲὫ  ὔὉὢ ρȢσψ 

This leads to trade-offs between ensuring the FOV is of sufficient spatial 

resolution, having the correct scan parameters, and ensuring the signal to 

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

the FOV size (Westbrook & Talbot, 2018). 

Gradient Echo Imaging 

DǊŀŘƛŜƴǘ ŜŎƘƻΣ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƎǊŀŘƛŜƴǘ ǊŜŎŀƭƭŜŘ ŜŎƘƻέ όDw9ύ, imaging 

techniques are the basis of many applications on modern MRI systems. 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 due to short 

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 

Figure 1.16 (Hennig, 1991; Markl & Leupold, 2012).  

 

 

 

 



Introduction 
 

30 
 

 

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 two RF pulses, i.e., a second 

180° pulse, for echo generation. As a result, the gradient echo signal intensity 

is determined by T2
*-decay and, contrary to the spin echo T2-weighted signal 

intensity, field inhomogeneity effects are not refocused at the time of signal 

formation. DAQ reflects the period of data acquisition. Reproduced with 

permission from Markl & Leupold (2012).  
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The decay time T2*  consists of spin dephasing induced by static dephasing 

effects (T2 -decay) and time-variant field fluctuations (T2-decay) as described 

by 

ρ

Ὕᶻ
ρ

Ὕ

ρ

Ὕ
Ȣ ρȢσω 

The gradient echo sequence excludes the formation of a spin echo and 

instead will directly use the signal from the free induction decay following 

the RF excitation pulse, where the signal strength is dependent on T2 with 

the echo amplitude determined by T2*  (Hennig, 1991; Markl & Leupold, 

2012). 

As a result of modern hardware improvements which have reduced 

magnetic field inhomogeneities, GRE-based applications such as MR 

angiography (Dumoulin & Hart Jr, 1986; Hartung et al., 2011), assessment of 

tissue perfusion (Schwitter, 2006) and musculoskeletal imaging (Helms et al., 

2008; Shapiro et al., 2012) are routinely used in clinical settings. The fast-

imaging properties of GRE imaging are also ideal for proton resonance 

thermometry techniques, which will be expanded upon in subsequent 

chapters.  

Diffusion Tensor Imaging 

Diffusion-weighted imaging (DWI) is a type of MR imaging that relies on 

measuring the diffusion rate of water molecules in tissue (Taylor & 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 more easily alongside fibres than 

perpendicular to the fibres, leading to anisotropic diffusion and hence 

providing a representation of the tissue cytoarchitecture (Jeurissen et al., 

2019).  

The signal strength is described by the equation  

Ὓὦ ὛὩ ȟ ρȢτπ 
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where S(b) is the signal for a particular b-value (s/mm2) and D is the self-

diffusion constant of the tissue (mm2/s) (McRobbie et al., 2017). A b-value is 

a measure of the applied diffusion weighting. Indicating the amplitude, G, 

ǘƛƳŜ ƻŦ ŀǇǇƭƛŜŘ ƎǊŀŘƛŜƴǘǎΣ ʵΣ ŀƴŘ ŘǳǊŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǇŀƛǊŜŘ ƎǊŀŘƛŜƴǘǎΣ ɲΣ 

described by the equation 

ὦ  ‎Ὃ‏ Ў
‏

σ
Ȣ ρȢτρ 

Therefore, to obtain a larger b-value, one can increase the gradient 

amplitude and duration and widen the interval between paired gradient 

pulses (Koh & Padhani, 2006). In an MRI scan, to distinguish different 

physiological motions such as CSF or blood flow, the apparent diffusion 

coefficient (ADC) is calculated as 

ὃὈὅ ὭάὥὫὩ 
ρ

ὦ
ÌÎ
Ὀὡ ὭάὥὫὩ

Ὕ  ὭάὥὫὩ
ρȢτς 

where DW image and T2w image are the signal intensities of a diffusion 

weighted and T2-weighted (T2w) image taken at different b-values, 

respectively.  

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

apply diffusion weighting in multiple orientations, which is known as 

ŘƛŦŦǳǎƛƻƴ ǘŜƴǎƻǊ ƛƳŀƎƛƴƎ ό5¢LύΦ ! ǇŀǊŀƳŜǘŜǊ ƪƴƻǿƴ ŀǎ άŦǊŀŎǘƛƻƴŀƭ ŀƴƛǎƻǘǊƻǇȅέ 

(FA) is defined with values ranging from 0 to 1, where 0 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 of the fibre orientations inside the voxel can be created and 

repeated over the whole image (McRobbie et al., 2017)Φ ! άǘǊŀŎǘƻƎǊŀǇƘȅέ 

image can then be created which shows the water diffusion pathways 

through the brain. These pathways follow the direction of the white matter 

bundles, considered to be the main biological cause of diffusion anisotropy. 

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 tracking is widely used to determine 

cytoarchitectural integrity in white matter for a range of diseases, including 

!ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ ǎŎƘƛȊƻǇƘǊŜƴƛŀΣ ǎǘǊƻƪŜ ŀƴŘ ŜǇƛƭŜǇǎȅ (Jeurissen et al., 

2019). It is important to state that evidence of water diffusion anisotropy 

does not necessarily correspond to mechanical anisotropy. Though this 

information could be used as an aid in interpreting the results from the 

ultrasound images and SWE measurements along with future mechanical 

testing.  

Fibre Tracking Method 

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 voxels based on a single diffusion orientation of each voxel. This 

method is less computationally taxing than other methods and requires 

fewer orientations to be recorded. Probabilistic fibre tracking (pFT) assumes 

a distribution of fibre orientations, generating multiple tracts per seed voxel 

drawn from a probability distribution of the orientation estimates, see 

Figure 1.17. 

  



Introduction 
 

34 
 

 

 

Figure 1.17 (A): Degree of diffusion anisotropy. (B): Deterministic fibre 

tracking; the fibre path across voxels is inferred based on a single diffusion 

orientation per each voxel. (C): 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, 

άkissingέ or highly angulated fibres in image voxels containing more than one 

fibre orientation (Jeurissen et al., 2013). In these situations, the fibres tend 

to be reflected, see Figure 1.18. 
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Figure 1.18 Artifacts in fibre following due to singularities in the diffusion 

tensor field. (a,b): /ǊƻǎǎƛƴƎ ŀƴŘ άƪƛǎǎƛƴƎέ ŦƛōǊŜǎ ǘǊŀŎǘǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ (a) shows 

a bias against fibres crossing the plane of symmetry. (b) shows that 

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

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

pFT attempts to address 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 chosen (Jones, 2010). Drawbacks of pFT lie in 

the long processing time ~20 hours (Zolal 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 projections (Jones, 2010). For this study, as we 

were looking at a gross measure to examine the general orientation in the 

sample, a deterministic method was used. 
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MRI Specific Absorption Rate 
This section is adapted from the paper (Blackwell et al., 2019) published in 

Physica Medica. 

During a MR procedure, most of the transmitted radiofrequency energy is 

transformed into heat by the induction of eddy currents in the body and 

ŘŜǇƻǎƛǘŜŘ ƛƴǘƻ ǘƘŜ ǇŀǘƛŜƴǘǎΩ ǘƛǎǎǳŜΦ {ǇŜŎƛŦƛŎ ŜƴŜǊƎȅ ŀōǎƻǊǇǘƛƻƴ ǊŀǘŜ ό{!wύΣ 

expressed as watts per kg (W/kg), is the mass normalised dose metric for 

measuring the rate of energy deposition to tissue (Shellock, 2000): 

ὛὃὙ 
„

”
Ὁ ρȢτσ 

where „ is the conductivity of the tissue (S/m), ” is the density of the tissue 

(kg/m3) and E is the peak electric field (RMS) (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 effects (Shellock, 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 neonates who 

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 

(IEC60602-3-33) are not exceeded. The standard specifies derived SAR limits 

of 2 W/kg averaged over the whole-body (wbSAR), 3.2 W/kg for the head 

(hdSAR), and 2ς10 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 of the approximately quadratic 

SAR dependence on the strength of the main field, they pose a more 

frequent concern for 3 T acquisitions (Chen et al., 1986). Ultrahigh field MRI 

at 7 T and higher pose additional safety concerns (van Osch & Webb, 2014).   

Commercial MRI scanners provide an estimated SAR level for each scan 

calculated using factory-determined parameters. The accuracy of these 
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values can vary over time and can be highlighted in cases where patients 

sustain RF burns (Stralka & Bottomley, 2007). The need for SAR level 

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 patients (U.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 explore a 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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Mechanical Testing of Soft Tissue 

Soft tissue characterisation is a process of identifying material properties 

that govern the behaviour of soft biological tissues (Navindaran et al., 2022). 

The more researchers can learn about these material properties, the better 

they can understand a materialΩs natural response to a stress. The normal 

physiological function of various connective soft tissues, such as tendons, 

cartilage, skin, ligaments, and arteries, involves withstanding a variety of 

mechanical loads (Avril, 2017). There is a considerable variation in these 

mechanical requirements: for example, tendon is designed to resist uniaxial 

loading, skin provides a structural barrier against the environment, while 

cartilage reduces friction and provides compressive resistance at the end of 

bones (Vincent, 2012). The focus of this study is brain matter, but it is 

important to provide an overview of the typical mechanical testing methods 

used for soft tissues, such as those mentioned previously, to understand 

how variations in material composition, such as collagen or elastin, or pre-

existing stresses can impact results.  

Tensile Testing 

Tensile testing is a commonly used method to characterise the mechanical 

properties of a multitude of materials (Scholze et al., 2020), as well as for 

several soft tissues (Chow & Zhang, 2011; Cooney et al., 2015; Innocenti et 

al., 2017). 

This method consists in cutting a dog-bone shape sample, gripping it at both 

ends, with the top grip moved upwards until a predetermined strain has 

been reached or the sample fails. The tensile force that is applied to the 

sample and its previously measured cross-sectional area are used to 

calculate the tensile stress in the sample due to the external load. The 

resulting computed stress along with the measured elongation of the sample 

are recorded to create a stress-strain curve, see Figure 1.19 for an example. 

From these stress-strain curves, mechanical properties such as the ¸ƻǳƴƎΩǎ 

modulus, yield strength and tensile strength can be inferred (Navindaran et 

al., 2022). 
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Figure 1.19 General nonlinear behaviour of fibre-reinforced soft tissues 

stretched under a constant loading rate. Reproduced with permission from 

Al Mayah (2018). 

Figure 1.19 also demonstrates the typical nonlinear stress-strain relationship 

that many soft tissues exhibit. In Region I, there is a linear stress-strain 

relationship, as the collagen fibres unfold in the relaxed tissue. The stress-

strain relationship becomes non-linear in Region II, where the stiffness of 

the tissue increases due to the collagen fibres beginning to straighten. Then 

in Region III, the collagen fibres stretch and a mainly linear stress-strain 

relationship is demonstrated (Al Mayah, 2018). As mentioned previously, 

hyperelastic models can be used to characterise the full material response, 

where the stress-strain relationship 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 (formerly known as American 

Society for Testing and Materials) and British Standards, leading to highly 

repeatable 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 geometry and softness, especially as a dog-bone 

geometry is the standard testing geometry (Pei et al., 2021). This is 
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particularly challenging for brain, an aspect which will be discussed further 

in Chapter 2. 

Compression 

Compression testing is the opposite of tensile testing. Stress-strain curves 

are also obtained, though now the sample is placed between two flat 

lubricated platens instead of in grips. Compression testing can be either 

confined or unconfined. In confined compression, the sample is placed 

within an impermeable well and compressed using a porous platen. This 

allows for fluid within the sample to be displaced vertically (Griffin 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 direction (Navindaran 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 environment (Griffin et 

al., 2016). This is because compressive forces are experienced by numerous 

load-bearing tissues 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., 2022). By measuring the external force applied to the 

sample and the displacement of the indenter, force-displacement curves can 

be produced. The mechanical properties of the tissue can then be inferred 

using the appropriate model. There are a range of different indentation tools 

from atomic force microscopy, capable of applying piconewton loads, to 

industrial indenters, capable of applying micro to meganewton loads (McKee 

et al., 2011). Indentation measurements are limited to the area where the 

indenter is in contact, and this area can range from millimetres to 

nanometres, depending on the size and shape of the probe. As a result, using 

the correct tool for the specific organ in question and the correct model are 

critical requirements in getting an accurate result. Indentation offers 
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numerous advantages over traditional techniques for characterising soft 

tissues. A key benefit is that it requires less sample preparation effort, 

leading to higher accuracy. This is because testing is not limited by the 

necessity for uniform cross-sectional areas or consistent dimensions 

between samples, as is the case with other methods (Navindaran et al., 

2022). However, according to McKee et al. (2011) it has been shown that on 

average, ̧ ƻǳƴƎΩǎ modulus values of soft tissues are consistently lower when 

obtained by local indentation as compared to bulk tensile deformations. It is 

also difficult to model indentation when the sample is anisotropic. 

Rheometry 

As mentioned previously, a rheometer can be used to measure the amount 

of deformation a material undergoes when a moment is applied. Rheometry 

experiments have successfully been conducted on soft tissues such as rat 

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

brain (Balbi et al., 2019) and the human colon ό5ŜǇǘǳƱŀ Ŝǘ ŀƭΦΣ нлнлύ. 

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 contact (Balbi et al., 2019; Perepelyuk et 

al., 2016) see Figure 1.20. 
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Figure 1.20 Diagram of rheometry method. Sample is glued to the platens. 

Tension and compression are measured, and moments are applied by 

rotating the bottom plate. Reproduced with permission from Perepelyuk et 

al. (2016).  

A difficulty specific to testing using a rheometer is in preventing 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 at low strain, but glue was recommended in 

the nonlinear regime. It was also stated that while the glue thickness is 

unknown, its effect can be minimised by applying a small precompression 

before the glue hardens, with the glue also forming a barrier to prevent 

water invading the sample-plate interface, which would increase the chance 

of slipping. As a result, cyanoacrylate glue was used for testing in this thesis. 
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Chapter 2 Literature Review 

Introduction 

The purpose of this chapter is to discuss the literature and principles 

specifically relating to the mechanical properties of brain by both destructive 

and non-destructive means. The topic of magnetic resonance thermometry 

is also introduced and its implementation for this thesis is described.  

Mechanical Testing of Brain 

Brain tissue has proven difficult to model in part due to its extreme softness, 

requiring specialised mechanical testing and hyperelastic constitutive 

modelling. Figure 2.1 compares the stiffness of various organs in the body. 

 

Figure 2.1 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 testing such as uniaxial tensile testing 

needs to be modified. A uniaxial tensile test requiring a sample with a dog-

bone geometry, to be clamped at both ends, is not feasible, as brain is fragile 

and not easily cut to this geometry. A solution has been to glue a cylindrical 

sample between the tension plates, but it has been found to rapidly lead to 

an inhomogeneous deformation near the boundaries (Rashid et al., 2012a, 

2012b), see Figure 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., 2012c), see Figure 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, 1997). Simple 

shear will also induce the aforementioned Poynting effect, though in 

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 deform under gravity. 

Current setups are in the horizontal plane, see Figure 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 determine all the 

material parameters.  

Torsion testing is another destructive protocol, requiring the excision of a 

cylindrical sample from the material. Torsion testing using a rheometer has 

been used for both fresh ex-vivo porcine (Balbi et al., 2019), see Figure 

2.2(d), and frozen ovine brain tissue (Lilley et al., 2020). It is noted that in 

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

to both the normal and shear forces recorded by Balbi et al. (2019).  
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Figure 2.2 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 

loading-unloading cycles before the actual test is called preconditioning 

(Bianco et al., 2021). The intention of this method is to put tissues that 

undergo cyclic loading in-vivo, such as tendons, myocardium, cartilage etc. 

in an in-vitro loading state to simulate an in-vivo 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 testing, consistent preconditioning of the sample is less common, 

some tests precondition the tissue (Budday et al., 2017a; Forte et al., 2017; 

Gefen et al., 2003; Lilley et al., 2020) and others do not (Balbi et al., 2019; 

Hrapko et al., 2008; Rashid et al., 2014).  

Budday et al. (2017a) 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. (2019) reported 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) who attempted to use phosphate-

buffered saline (PBS) and petroleum jelly when testing and storing the 

sample between tests to maintain hydration. This required the removal of 

the samples from the rheometer; therefore, sandpaper was used to prevent 

slippage, which as mentioned previously is not ideal for measuring the 

nonlinear properties of brain. Lilley et al. (2020) attempted to maintain 

hydration between cycles by spraying the outer surface of the sample with 

PBS, but it is difficult to assess how much of an effect this had on maintaining 

hydration within the tissue. The tissue from this sample had also been frozen 

for a week prior to testing, a factor which may also affect the mechanical 

properties or the hydration of the sample. 

For this study, it is not possible to precondition the brain prior 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 Tissue-Mimicking Phantom 

Tissue-mimicking models, also tŜǊƳŜŘ άǇƘŀƴǘƻƳǎ,έ ƘŀǾŜ ǎŜŜƴ ǿƛŘŜǎǇǊŜŀŘ 

use in clinical simulations and biomedical research. These phantoms can 

range from simple homogeneous designs to highly specialised heterogenous 

constructions designed to mimic specific body parts and tissues (McGarry et 

al., 2020). The reasoning for using a tissue-mimicking phantom over 

biological tissues is that by creating a standardised phantom with known 

mechanical properties and signal parameters, repeated tests can be 

conducted in the development and evaluation of new techniques. This 

allows for reduced specimen wastage during in-vivo or ex-vivo testing, in line 

with the άThree RΩsέ concept of animal experimentation: Replacement, 

Reduction and Refinement (Hooijmans et al., 2010). 

Tissue-mimicking phantoms in the literature can generally be divided into 

two categories, commercial or homemade. Commercially available training 

phantoms, such as those produced by ATS (ATS Laboratories Inc., Bridgeport, 

CT, USA) and CIRS (Computerized Imaging Reference Systems Inc., Norfolk, 

VA, USA) have tightly controlled tolerances in their manufacture, while they 

might not be tailored for specific purposes, and their costs can be in the 

thousands of euros, which makes it cost prohibitive to smaller labs (Amini et 

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

This situation has led researchers to develop a range of homemade, or in-

house, phantoms using less expensive materials such as agar (Mitchell et al., 

1986), polyvinyl alcohol (PVA) (Mano et al., 1986), gelatine (Blechinger et al., 

1988) or other polysaccharide gels (Hellerbach et al., 2013) 

Agar has long been used as an inexpensive tissue-mimicking phantom for 

both MR (McGarry et al., 2020) and ultrasound research (Culjat et al., 2010). 

This is due to it being a relatively low-cost material with, for example, a 1 kg 

sample of 2% agar costing less than ten euros to manufacture, depending on 

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

seems quite simple: heat the solution until the agar dissolves, pour into a 
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container and allow it to cool set as a gel. As an imaging material for MR, 

agar has a similar T2 relaxation time to human tissue, in the range of 40ς150 

ms (Hellerbach et al., 2013; Mitchell et al., 1986). However, the T1 relaxation 

time is quite dissimilar, in the range of 1400ς1600 ms compared to 500ς900 

ms for soft tissue (Antoniou et al., 2022). The addition of a paramagnetic 

ƳŀǘŜǊƛŀƭ ƻǊ άŘƻǇƛƴƎέ ŀƎŜƴǘ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ōǊƛƴƎ ƛǘ ǘƻ ǘƘŜ ǊŀƴƎŜ ƻŦ ǎƻŦǘ ǘƛǎǎǳŜ 

(Kraft et al., 1987). For this study, the MR phantom chosen was an agar 

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

3. 

For the use of an agar-based tissue mimicking phantom in ultrasound 

research, some of the important characteristics are attenuation, scattering, 

absorption and propagation velocity. Cook et al. (2011) reported that for soft 

tissue the average wave velocity is 1540 m/s,  with attenuation coefficients 

ranging from 0.2 to 3.3 dB/MHz/cm and a backscatter coefficient ranging 

from 10-5 to 10-1 cm-1 sr-1. A phantom composed of pure agar will have 

relatively poor echogenicity and as a result, a scatterer is typically 

introduced to improve echogenicity and backscatter signal. A range of  

scatterers have been used, from evaporated milk, to wood powder to 

cellulose (Drakos et al., 2021). The important characteristic of the scatter in 

question appears to be having a relatively small particle size, on the 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 attenuation coefficient of 0.1ς07 

dB/MHz/cm. Francois et al. (2014) created an agar-based phantom 

containing 0.5% cellulose to mimic tissue scattering with an attenuation 

coefficient of 0.3 dB/MHz/cm.  

For this study, the ultrasound phantom chosen was an agar phantom with 

0.5% of cellulose powder added as a scatterer. Further details are given in 

Chapter 5. 

A disadvantage of agar is that, unless stored under the correct conditions, 

the gel will dehydrate over the timespan of an evening if uncovered, and of 
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a few days if covered. This means that the time between creation of the gels 

and the actual testing should be as short as is reasonably possible and noted 

for the test batch with 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 agar powder for example, does not have the same level of purity as a 

bacteriological culture grade (agar no.1 or no.2), and the visual difference is 

clear from Figure 2.3. 

 

Figure 2.3 Side by side comparison of (left) food grade agar (Raazi Agar Agar 

Powder, China) and (right) bacteriological culture grade agar no.2 powder 

(LAB M, Michigan, United States). 

Method of preparation is also a key aspect for creating a homogeneous agar 

gel. Agar does not dissolve into a solution until the 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 a risk to burn the agar at the 

bottom, see Figure 2.4 
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Figure 2.4 Agar that has been overheated, note the burn at the bottom of 

the flask. 

There appears to be a wide variation in the care in the method of phantom 

preparation, with some authors going as far as using a degassing technique 

to remove bubbles (Chan, 2016), to other authors using a microwave to heat 

the agar (Earle et al., 2016). In that paper, the authors 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, removal from 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 

homogeneous, T1 ς doped MR phantom, which is described in Chapter 3.  

So far, only the imaging characteristics of an agar phantom have been 

discussed. As part of this study is concerned with the evaluation of the 

mechanical properties of brain, it would be ideal to create a phantom with 

the same mechanical properties as brain tissue. A detailed study by Pervin 

& Chen (2011) showed that agar at concentration of 0.4ς0.6% presents 
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similar properties to brain tissue at a strain rate of 10 s-1 in uniaxial 

compression, see Figure 2.5 

 

Figure 2.5 Average stress-strain curve of different gel materials at strain rate 

of 10 s-1. Reproduced with permission from Perving and Chen (2011). 

Agar at this concentration is both quite soft and brittle, which makes it 

difficult to work with in mechanical testing. This is discussed further in 

Chapter 4. 
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Shear Wave Ultrasound Elastography 

Elastography 

Many pathological or physiological processes such as cancer, liver fibrosis 

and cardiovascular diseases can result in 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 

qualitative and prone to inter/intra operative variability (Chan et al., 2021). 

Biopsy is a standard method for diagnosing cancerous and fibrotic diseases 

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 patient (Afdhal & Nunes, 2004). These issues have 

motivated scientists and clinicians to develop a non-invasive method to 

assess tissue stiffness, and led to the emergence of a new branch of imaging 

ŎŀƭƭŜŘ άŜƭŀǎǘƻƎǊŀǇƘȅέΦ ¢ƘŜ ǘŜǊƳ άŜƭŀǎǘƻƎǊŀǇƘȅέ ƳŜŀƴǎ ŜƭŀǎǘƛŎƛǘȅ ƛƳŀƎƛƴƎΣ 

see Figure 2.6 for a summary of the key steps of the elastography method Li 

& Cao (2017).  

 

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 applied to the target soft tissue.  

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

technique, such as ultrasound or MRI methods.  

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

can then be inferred. 

4. A clinical diagnosis can 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 tissues (Gao et al., 1996; Li & Cao, 

2017a; Parker et al., 2010; Sarvazyan et al., 2011). As a result, 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 by Ophir 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 inseparable (Ophir et al., 2002). 

Ultrasound elastography utilises the properties of ultrasound images to 

generate maps of the elastic properties of the tissue, called elastograms. 

Initially, elastography only referred to strain-based imaging. As other 

methods of imaging elasticity have emerged since, it is now more suitable to 

collectively term all ultrasound-based methods as ultrasound elastography. 

These elastograms are then overlaid on the B-mode image, see Figure 2.7. 
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Figure 2.7 Example of shear wave elastography (above) of a brain with a 

tumour compared to regular ultrasound image (below). SWE delineates the 

contours of the tumour much better than the B-mode image. Reproduced 

with permission from Chan et al. (2021).  

Ultrasound-based techniques typically have much quicker acquisition times 

than magnetic resonance elastography (MRE), approximately 3 seconds 

compared to approximately 1 minute for SWE and MRE, respectively (Tang 

et al., 2015). Due to the use of sound waves, a large variation in acoustic 

impedance such as in tissue-bone or gas-filled interfaces will cause 

hyperechoic artefacts when scanning (Wells & Liang, 2011). The overall 

penetrative power of ultrasound is also reduced compared to MRI ς at a 

scanning frequency of 5 MHz, the attenuation of ultrasound in soft tissue 

limits scans to a maximum depth of around 10 cm (Wells & Liang, 2011). 

Despite these limitations, widescale availability, skilled training of operators 

to recognise artifacts, 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 reviews (Gao et al., 1996; Li & Cao, 2017b; Parker et 
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al., 2010; Sarvazyan et al., 2011). These methods can be subdivided into 

three main areas: 

1) Quasistatic strain elastography (QSE). 

2) Acoustic radiation force 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 radiation force (ARF) (Bercoff et al., 2004a; 

Sarvazyan et al., 1998; Wang, 2013) or mechanically (Catheline et al., 1999; 

Sandrin et al., 2003; Wu et al., 2006). ARF-based SWEI was first introduced 

by Sarvazyan et al. (1998). Since then, different methods of generating shear 

waves by means of ARF have been created. They can be subdivided into two 

categories: impulsive (< 1 ms) and harmonic ARF, see Figure 2.8. 

 

Figure 2.8 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 

ARFI-based SWEI was developed by Nightingale et al. (2002). ARF 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 therefore the relative stiffness between 

tissues can be estimated. 

The magnitude of the focused radiation force (F) from the ultrasound pulse 

is  

Ὂ
ς‌Ὅ

ὧ
ᴂ ςȢρ 

where ‌ is the absorption coefficient (W/m), c is the speed of sound of the 

tissue (m/s), and Ὅ is the local temporal average intensity (W/m2).  

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 Equation (1.27), elastograms of the region of interest can be 

generated. 

Spatially Modulated Ultrasound Radiation Force (SMURF) 

This technique was developed by McAleavey et al. (2007). In this method 

ARF excitations are applied simultaneously at different locations to create 

shear waves 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., 2009). This method requires impulsive ARF on 

the order of 10τмлл ˃ǎ due to 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.  

Comb-push Ultrasound Shear Elastography (CUSE) 

The CUSE technique was developed by Song et al. (2012). Here, multiple 

unfocused ultrasound beams arranged in a comb pattern (comb-push) are 
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used to generate shear waves. After the transmission of the comb-push, the 

ultrasound system images the resulting tissue motion. The principle of this 

method is that one can excite 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 method (Song, 2014). Hence, in-vivo 

experiments have been conducted to evaluate thyroid nodules and to detect 

breast masses, showing promising results (Denis et al., 2015; 

Mehrmohammadi et al., 2014). 

Supersonic Shear Imaging (SSI) 

In this method, developed by Bercoff et al. (2004b), multiple 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 

quasi-plane shear waves (Deffieux et al., 2012). Two quasi-plane shear 

wavefronts interfere along the Mach cone and propagate in opposite 

directions, in a phenomenon known as the elastic Cherenkov effect (Li et al., 

2016), see Figure 2.9.  

 

Figure 2.9 Finite element analysis of shear wave Mach cone. Reproduced 

with permission from Li et 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 artefacts (Gennisson 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 to detect 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 determine 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 

3ς12 and 4ς15 MHz, respectively. The results indicated that the ̧ ƻǳƴƎΩǎ 

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 study was created by Chauvet et al. 

(2016) with 63 patients using the same SuperSonic® Aixplorer ultrasound 

scanner, but using a transducer with a 6 MHz central frequency. Their 

findings indicated a ̧ ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŦƻǊ άƴƻǊƳŀƭέ ōǊŀƛƴ ǘƛǎǎǳŜ ƻŦ тΦо ± 2.1 

kPa with values of 23.7 ± 4.9 kPa and 11.4 ± 3.4 kPa for high- and low-grade 

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 first-of-its-kind study by Liu et al. (2016) studied five Japanese big-ear 

rabbits in-vivo using trepanation and a SuperSonic® Aixplorer ultrasound 

scanner, but the frequency of the transducer was not listed. An in-vivo 

¸ƻǳƴƎΩǎ modulus value of 4.7 ± 0.4 kPa compared to an ex-vivo value of 3.2 

± 0.5 for harvested brain kept in artificial CSF was 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 ex-vivo porcine (pig) brains was conducted by Jiang et al. (2015) 

using a SuperSonic® Aixplorer ultrasound scanner with a transducer with a 9 

MHz central frequency. A shear modulus of 2.35 ± 0.5 kPa was reported 

which corresponds to a ̧ƻǳƴƎΩǎ modulus of ~7.1 ± 1.5 kPa. See Table 2.1 for 

a tabulation of these results. 

Table 2.1 Reported ̧ ƻǳƴƎΩǎ modulus values for different in-vivo and ex-vivo 

brain samples imaged using the SSI technique. 

Subject ¸ƻǳƴƎΩǎ Modulus 

(kPa) 

Reference 

Human in-vivo 14.9 (Chan et al., 2021) 

Human in-vivo 7.3 ± 2.1 (Chauvet et al., 2016) 

Rabbit in-vivo & ex-

vivo 

4.7 ± 0.4 (in-vivo) 

3.2 ± 0.5 (ex-vivo) 

(Liu et al., 2018) 

Porcine (pig) ex-vivo 7.1 ± 1.5 (Jiang et al., 2015b) 

 

While studies of the ovine cervix (Peralta et al., 2015), kidney (Leong et al., 

2020), myocardium (Couade et al., 2009) and patellar tendon (Kayser et al., 

2022) have been conducted using shear wave elastography, it does not 

appear that ovine brain has been studied so far. An aim of this thesis is to 

record ̧ ƻǳƴƎΩǎ modulus values for ex-vivo ovine brains using SWE. 

Transcranial Ultrasound Elastography 

Transcranial shear wave ultrasound elastography by means of trepanation 

in animals and humans or through the fontanelle in infants (Albayrak & 

Kasap, 2018; Dirrichs et al., 2019; Su et al., 2015) has been well documented. 

These methods were implemented because conventional ultrasound cannot 

penetrate the relatively thick bone of the skull. It would be highly desirable 

to have a non-invasive transcranial SWE method to allow for brain imaging 

and blood flow monitoring. Shear shock waves have been observed in the 

brain (Espíndola et al., 2017) and novel models have been proposed to 

model their path (Chandrasekaran et al., 2020). New 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 

propagation principle is shown in Figure 2.10 

 

Figure 2.10 Schematic diagram of brain imaging using US shear wave 

imaging. A shear wave (green) propagates perpendicular 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. (2020) demonstrated 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 deposition. A proton resonance shift 

thermometry (PRF) method, presented in Chapter 3, could 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 in-vivo ovine tractography atlas from ten 

anaesthetised sheep, see Figure 2.11.  

 

Figure 2.11 Details of the course of the main ovine white matter fibre bundles 

in a representative sheep. Tracts are displayed as volumes onto high-

resolution T1 anatomical images and showed in sagittal, lateral, coronal and 

transverse views. (A) Corpus callosum (orange). (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 fibres 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 orientation-induced effects can 

be found.  
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MR Thermometry 

This section is adapted from the paper (Blackwell et al., 2022), published in 

the Journal of Magnetic Resonance Imaging.  

MRI can also be used to monitor temperature changes in tissue during 

thermal ablation procedures. This application of MRI, called MR 

thermometry, allows for the monitoring and regulation of the thermal dose 

during treatment. In practice, near real-time, 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 processes such as 

perfusion and changes in diffusion (Knavel & 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 field ὄ . This local magnetic field is related 

to the magnetic field ὄ by  

ὄ ρ „ ὄ  ὄ ςȢς‏

where „  is the shielding constant of the protons (which depends on the 

chemical environment) and ‏ὄ  represents the local deviations from ὄ 

that are not temperature-dependent.  

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

as 

‫  ‎ὄ ρ „ ςȢσ 

where ‎ is the gyromagnetic ratio of hydrogen (‎ = 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: 

„ Ὕ  ‌Ὕ ςȢτ 

where ‌ is the temperature-dependent chemical shift coefficient (ppm/°C), 

with a value of approximately 1 x 10-8 /°C in pure water (De Poorter et al., 



Literature Review 
 

63 
 

1995; Stollberger et al., 1998). Studies (Carter et al., 1998; Chen et al., 2000) 

suggest that values in biological tissues range from 0.9τ1.1 x 10-8 /°C. 

PRF thermometry 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 maps) of the region pre- 

and post-heating. By subtracting these images, the change in phase (phase 

shift) can be determined. This subtraction also removes the effects of 

temperature-independent contributions. The Larmor equation states that 

the phase • (in radians) measured within a voxel at temperature T is 

described as 

•Ὕ  ‎ὝὉρ Ὕ ὄ ὄ‏ ȟ ςȢυ 

where TE is the echo time (ms). The change in phase as a result of an increase 

in temperature for T to ¢Ω is determined by 

Ў•  •Ὕ  •Ὕ  ‎ὝὉ„ Ὕ  „ Ὕ ὄ

‎ὝὉ‌ЎὝὄȟ ςȢφ
 

Once reordered, this equation is then used to determine temperature maps 

of the region of interest 

ЎὝ  
Ў•

‌‎ὄὝὉ
Ȣ ςȢχ 

The temperature maps generated by the PRF method need to be converted 

into thermal dose maps. Empirically derived parameters are used to display 

the relationship between temperature and cell death rate. The cumulative 

equated minutes spent at 43 °C (CEM43) is commonly used to estimate 

tissue damage (Bitton et al., 2016; Dewey, 2009):  

ὅὉὓ Ὑ ЎὸὙ
πȢυπȟὝ τσᴈ
πȢςυȟὝ τσᴈ

ςȢψ 

where ὅὉὓ  is the thermal dose in equivalent minutes at 43 °C, R is a 

constant related to the number of minutes needed to compensate for a 1 °C 
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temperature change around the breakpoint, and T is the temperature (°C) 

during the time interval ɲǘ. 

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 

temperatures during heating are generally spatially non-homogenous and 

will fluctuate during heating and cooling. Therefore, well-designed MRI 

temperature mapping techniques are required that can be used to adjust 

the power of the heat source to allow for the careful control of the thermal 

dose during treatment (Zhu et al., 2017). Figure 2.12 A) shows an example 

of a temperature map produced during MR guided laser interstitial therapy 

using Equation (2.7), B) shows the calculated damage map using Equation 

(2.8).  

 

Figure 2.12 (A) Temperature map. (B) Damage map (tumour ablation) of a 

patient undergoing MR guided laser interstitial therapy. Reproduced with 

permission from Blackwell 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 range (ҍ15 °C to 100 °C) and is not 

significantly affected by tissue ablation (Peters et al., 1998). However, this 

method shows a lack of sensitivity in fat and bone. Adipose tissues exhibit a 
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ƳǳŎƘ ǎƳŀƭƭŜǊ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ ƻŦ ҍмΦу Ȅ мл-10 /°C (Kuroda et al., 1998) due to a 

lack of hydrogen bonds. Tissue with a high fat content will therefore 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 change. High intensity focused ultrasound (HIFU) ablation 

ǎƛƳǳƭŀǘƛƻƴǎ ƛƴ ōǊŜŀǎǘ ǘƛǎǎǳŜ ƘŀǾŜ ŘŜƳƻƴǎǘǊŀǘŜŘ ŀ ƳŀȄƛƳǳƳ ŜǊǊƻǊ ƻŦ ҍуΦс ϲ/ 

ŦƻǊ ŀƴ ŀōǎƻƭǳǘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴŎǊŜŀǎŜ ƻŦ ɲ¢ Ґ ол ϲ/ ƛŦ ǳƴŎƻǊǊŜŎǘŜŘ 

(Sprinkhuizen et al., 2010). This could result in a standard deviation of Ḑ1 °C 

ŦƻǊ ŀ ɲ¢ Ґ р ϲ/ ƛƴ ŀ ŎƭƛƴƛŎŀƭ ƘȅǇŜǊǘƘŜǊƳƛŀ ǘǊŜŀǘƳŜƴǘ (Winter et al., 2016). To 

overcome this, lipid suppression techniques are routinely employed 

(Grissom et al., 2009), though accurate PRF-based temperature monitoring 

remains a challenge. See Odéen and Parker (2019) for a comprehensive 

discussion on this topic.  

Movement 

The PRF method is very susceptible to interscan motion due to the voxel-by-

voxel subtraction of phase maps pre- and post-heating. A discrepancy 

between these images will lead to errors such as baseline phase elimination 

and inaccurate temperature measurements (Rieke et al., 2004). Typical 

sources of interscan motion include respiration, body, or organ motion. 

Rieke et al. (2004) proposed a method where the baseline phase is estimated 

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

ƴƻǘ ǊŜǉǳƛǊŜŘΦ Lƴ ǘƘŀǘ ƳŜǘƘƻŘΣ ƴŀƳŜŘ άwŜŦŜǊŜƴŎŜƭŜǎǎ twC ǎƘƛŦǘ 

ǘƘŜǊƳƻƳŜǘǊȅέΣ ŀƴ whL ƛǎ ǎŜǘ ǿƘƛŎƘ ŎƻǾŜǊǎ ǘƘŜ ƘŜŀǘŜŘ ŀǊŜŀ ŀƴŘ ŀƴ ŜǎǘƛƳŀǘƛƻƴ 

of the phase distributiƻƴ ǿƛǘƘƛƴ ǘƘŜ whL ƛǎ ƳŀŘŜΦ !ƴ άŜǎǘƛƳŀǘŜŘέ ǊŜŦŜǊŜƴŎŜ 

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 effects of 

interscan motion are reduced. Several papers have since been written on 

ƛƳǇǊƻǾƛƴƎ ǘƘƛǎ ƳŜǘƘƻŘΣ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǎŜƭŦ-ǊŜŦŜǊŜƴŎŜŘ ǘƘŜǊƳƻƳŜǘǊȅέ 

(Kuroda et al., 2006; Kuroda et al., 2000; Langley et al., 2011).  
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Another source of error can be heat-induced 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 MR-guided HIFU treatment (Baron et al., 2016) 

and further phase-based recalibration methods have been proposed to 

correct for these errors (Hofstetter 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 inhomogeneities. As the phase is calculated by the 

ǘŀƴƎŜƴǘ ƛƴǾŜǊǎŜ ŦǳƴŎǘƛƻƴ ǿƘƛŎƘ ŀǇǇƭƛŜǎ ŀ ƳƻŘǳƭƻ нˉ ƻǇŜǊŀǘƛƻƴ ǘƻ ǘƘŜ ǘǊǳŜ 

ǇƘŀǎŜΣ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ǇƘŀǎŜ ƛǎ ƭƛƳƛǘŜŘΣ ƻǊ άǿǊŀǇǇŜŘέΣ ǘƻ ŀ ǊŀƴƎŜ ƻŦ όҍˉΣ ˉύΣ 

leading to discontinuities appearing in the phase function (Wang, 2017). 

Phase unwrapping algorithms (Maier 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 

inhomogeneities. Then, if severe inhomogeneities are detected, the scanner 

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

apply the PRF method (Blackwell 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 lead to changes in phase which will affect the sensitivity of 

the PRF method (Bing et al., 2016). As hyperthermia procedures can be 

performed over long periods of time, B0 drifts can cause significant errors 

(up to 6 °C per minute of scan time) in the temperature maps over time 

(Odeen & Parker, 2019). Phase drift correction methods for PRF 

thermometry generally use multiple reference points inside the field of view. 

Phase correction maps can then be generated from these reference points 

and fitted over the ROI (Hernandez et al., 2016). 
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Despite these limitations, PRF allows for a non-invasive 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 and the 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 in this area is the lack of access to 

ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ aw ǘƘŜǊƳƻƳŜǘǊȅ ǎƻŦǘǿŀǊŜΣ ǿƘƛŎƘ ƛǎ ǘȅǇƛŎŀƭƭȅ ŀ άōƭŀŎƪ 

ōƻȄέ ǇǊƻŘǳŎǘ ōǳƛƭǘ ƛƴǘƻ ǘƘŜ ǎŎŀƴƴŜǊ ǿƛǘƘƻǳǘ ŀŎŎŜǎǎ ǘƻ ǘƘŜ ŎƻŘŜ ƛǘǎŜƭŦΦ hǘƘŜǊ 

open-source methods, such as the one presented by Yan et al. (2018), 

require specialised 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 method implementing PRF 

thermometry that could quantify potential heating effects from HIFU or 

other factors.  
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Chapter 3 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 to attempt to 

calculate the specific absorption rate (SAR) output from the scanner and 

compare it to the scanner estimate.  

A novel method for the creation of a homogeneous, agar-based head 

phantom is reported. A PRF thermometry method is described which utilises 

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 for five 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 the Head Phantom 

To create the phantom, agar no.1 (LAB M, Michigan, United States) (60 g/L), 

NaCl (10 g/L) and copper sulphate CuSO4 (1 g/L) were dissolved in 80 °C 

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 splitting. The 

temperature of the solution was verified using a k-type thermocouple 

connected to a RS PRO RS42 Handheld Digital Thermometer (Radionics Ltd. 

Dublin, Ireland). To ensure the solution was homogeneous, it was stirred for 

15 minutes using a magnetic stirrer. The stirrer was removed, and the 

solution was transferred to a 3 L round-bottomed, borosilicate glass flask 
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using a funnel, which was the final phantom container. The phantom was 

placed in a BST/VA-22 vertical autoclave (Bionics Scientific Technologies, 

Delhi, India) and cured for 15 minutes at 121 °C. This high-pressure, high-

temperature environment was chosen as an attempt to ensure the solution 

was homogeneous and for residual bubbles to be reduced. This environment 

is also used to sterilise the agar solution, thereby allowing for the phantom 

to have a longer shelf life is properly sealed. The autoclave was 

depressurised, and the phantom was allowed to cool down to room 

temperature overnight, see Figure 3.1. 

 

Figure 3.1 Image of cooled, ready 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 used following the method by Oh et al. (2014), 

but the phantom was only a viscous fluid. Higher concentrations such as 30 

g/L and 40 g/L created a slurry, and it was not until 60 g/L was used that a 

reliably solid phantom was created. It was found that agar concentrations 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 set. The copper 

sulphate acts as both a preservative and as a dopant to decrease the T1 
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relaxation time to that of soft tissue and NaCl was used to adjust the 

conductivity of the phantom. 

To ensure phantom homogeneity, T1 mapped calibration curves were 

generated over the whole phantom as first described by Freeman et al. 

(1998). By using variable inversion times, a T1 recovery curve is generated by 

matching the signal intensity at each pixel for each inversion recovery time, 

and a T1 can be measured for the whole phantom. A STIR sequence was 

applied over 20 inversion times (TI) at intervals between 50ς2000 ms to 

determine the T1 properties of the phantom. The TR was set to 2000 ms to 

ensure full T1 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 the 8-channel head coil and inserted into the isocentre of the 

magnet. A STIR sequence was applied five separate times with 20 equal 

space inversion times ranging from 50ς2000 ms and 10 slices with a TR 2000 

ms, TE 14 ms, voxels size 1.1x1.1x5 mm in a 256x256 matrix size and a total 

scan time of 97 seconds. The scans were then imported into MATLAB 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 TI time, see Figure 3.2. T1 

was then calculated from each curve that corresponded to 63% recovery of 

the longitudinal magnetisation. The calculation consisted of applying a 

fourth-order polynomial fitting in Excel (Microsoft Corporation, Washington, 

United States) to find the y-intercept, the range from the y-intercept to the 

ǇŜŀƪ ǎƛƎƴŀƭ ƛǎ ǘƘŜ άŀōǎƻƭǳǘŜ ǎƛƎƴŀƭ ƛƴǘŜƴǎƛǘȅέΦ ¢ƘŜ T1 is the time that 

corresponds to when the signal reaches 63% of the absolute signal intensity. 

The T1 value was found by solving the polynomial from the fit using the 

άpolvalέ ŦǳƴŎǘƛƻƴ ƛƴ a!¢[!. ǿƛǘƘ ǘƘŜ со҈ ǎƛƎƴŀƭ ǾŀƭǳŜ. The average T1 

measured across all scans was 235.7 ± 7.2 ms, see Table 3.1 
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Figure 3.2 Graph of average Signal Intensity V Inversion Time with standard 

deviation error bars added to each point.  

Table 3.1 Summary of T1 measurements. 

Test T1 measurement (ms) 

Test 1 230.0 

Test 2 245.3 

Test 3 213.7 

Test 4 256.3 

Test 5 233.2 

Mean  235.7 

Std. Dev 16.1 

Std. Error 7.2 

 

A lab member, Dr Marcin KraǏny, took the phantom to the engineering 

department to measure the specific heat capacity of the phantom to inform 

further calculations. A NETZSCH DSC 214 differential 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 to an inert 

reference sample, typically indium (Abd-Elghany & Klapötke, 2018). A 

specific heat capacity of 4292 ± 2 J/kg K was recorded. This becomes the 

dominant factor in Equation (2.7) as the specific heat capacity of the glass is 

negligible in comparison at 80 J/kg K (Systems, 2023). 

MRI Heating and Imaging 

My supervisor, Dr Niall Colgan, collected the MR images during annual QA of 

MR systems in clinics around the west coast of Ireland. The author was 

present for scans in Galway University Hospital and the Galway Clinic.  

Initial Validation 

To verify that heating occurred, two independent measures were used in 

conjunction with the PRF method, namely thermal imaging and fibre optic 

temperature measurements. 

Thermal Imaging 

A FLIR ONE Gen 2 (Teledyne FLIR, Wilsonville, Oregon, United States) 

thermal camera was connected to an iPhone 8 (Apple, California, United 

States) smartphone. This external, no-contact calorimetric infrared 

thermometry method was used to give an estimate of the location of hot 

spots during heating. The smartphone was fixed to the wall in line with the 

patient table and aimed down the bore, approximately 4 metres from the 

bore of the scanner, see Figure 3.3.  
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Figure 3.3 A diagram of standard MRI setup. iPhone and thermal camera 

were fixed to the wall behind the patient table. Reproduced with permission 

from Serai (2022).  

Neither the thermal camera nor the 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 be ~5 Gauss. Despite 

this, it was found that the thermal camera was damaged after the recording 

of the images. The recovered image is shown in Figure 3.4,  
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Figure 3.4 (A) Recovered image down the bore of the scanner. (B) Zoomed in 

image of phantom, a ring of heating is potentially identified, but the extent 

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 as the RF energy will be absorbed 

first at the edges before moving further inwards. The camera itself has a 

thermal sensitivity of ±70 mK, but the extent of the heating could not be 

quantified due to the low quality of the recovered image. 

Since this study was conducted, a study by Testagrossa et al. (2021) used a 

MR conditional thermal camera to successfully show that this technique can 

be applied to an MR clinic. In this study a temperature increase was found 

of 1.5 K for a head coil in a 3 T scanner and 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 standard MR QA would typically not use 

high SAR level scans. 

Direct Temperature Measurement 

A MR-compatible, two-channel OTG-M170 fibre optic temperature sensor, 

connected to a TempSens multi-channel signal conditioner (Opsens 

Solutions Ltd, Québec, Canada), with a total system accuracy of ±0.3 K, was 

incorporated into the phantom. Two fibre 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 the centre of the phantom, see Figure 3.5.  

 

Figure 3.5 Diagram of the placement of the fibre optics and imaging plane. 

This configuration allowed for discrete points of measurement within the 

phantom. The temperature shift values of 0.5 ± 0.3 K and 2.3 ± 0.3 K at the 

centre and periphery (see Figure 3.7), respectively, were recorded. A 

detailed study by Oh et al. (2014), found 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 maximum recorded temperature shift of 2.3 

± 0.3 K seem reasonable for a 1.5 W/kg energy deposition. 

MRI Heating and SAR Measurement 

Image Acquisition 

As discussed in Chapter 2, the PRF method involves comparing the change 

in phase of the hydrogen protons before and 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 multi-channel birdcage head coil and 

left in the MRI scanner bore overnight before testing. This 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 GRE parameters used were: 2 NEX; 256 × 256 matrix; 16 × 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 high-power 2D fluid-attenuated 

inversion recovery (FLAIR) sequence was employed to exaggerate the effects 

of RF-induced 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). The FLAIR parameters used were: 256 × 256 

matrix; 0 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 FLAIR sequence, the 2D ultrafast 

GRE sequence was repeated to acquire post-heating images. The images 

were saved in the Digital Imaging and Communications in Medicine (DICOM) 

format. This standardised format combines image data with metadata that 

describes the MRI unit specific details, the imaging procedure, and the 

spatial referencing information. 

Image Processing 

The images were loaded into MicroDicom (MicroDicom Ltd, Sofia, Bulgaria), 

a free, lightweight DICOM viewer for non-commercial use. Centre slices of 

the phantom were used to maximise the area of the phantom to be analysed 

and were exported for further processing. 

MATLAB was 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 

ǘƘŜ άdicomreadέ ŎƻƳƳŀƴŘΦ The metadata can also be read using the 

άdicomdispέ ƻǊ άdicomfindέ ŎƻƳƳŀƴŘǎΣ ǘƘƻǳƎƘ ƛǘ ǿŀǎ ŦƻǳƴŘ ƛƴ ǇǊŀŎǘƛŎŜ ǘƘŀǘ 

it was easier to use MicroDicom for this use 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., 2005)Φ ¢ƘŜ άƳultiplicative intrinsic component optimizationέ 

(MICO) method (Li et al., 2014) was implemented on the images, but it did 

not make a noticeable difference to the images or the results. This could be 

due in part to testing only being conducted on MR scanners that had 

immediately undergone a QA check, if magnet inhomogeneities were noted, 

testing would not take place. 

To create the phase maps used in the heating calculation, an initial phase 

map was created by calculating the difference between the GRE images 

which were read from right to left and left to right prior to heating. The 

ŘƛŦŦŜǊŜƴŎŜ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ άimabsdiffέ ŦǳƴŎǘƛƻƴΦ ¢Ƙƛǎ ǿŀǎ ǊŜǇŜŀǘŜŘ 

for the GRE images which were acquired after heating. The 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 would correspond to the edges 

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

ǘƘŜ άstrelέ ŦǳƴŎǘƛƻƴ ǿŀǎ ǳǎŜŘ ǘƻ ŎǊŜŀǘŜ ŀ flat morphological structuring 

element, this produces a neighbourhood of pixels from where further 

processing can be completed. Then the image was dilated to join any 

ƴƻƴŎƻƴǘƛƴǳƻǳǎ ŜŘƎŜǎ ǳǎƛƴƎ ǘƘŜ άimdilateέ ŦǳƴŎǘƛƻƴΦ ¢ƘŜ ŎŜƴǘǊŜ ƻŦ ǘƘŜ ƛƳŀƎŜ 

ǿŀǎ ǘƘŜƴ ŦƛƭƭŜŘ ǳǎƛƴƎ ǘƘŜ άimfillέ ŦǳƴŎǘƛƻƴ ŀƴŘ Ŧƛƴŀƭƭȅ ǘƘŜ ōƻǊŘŜǊǎ ƻŦ ǘƘŜ ƛƳŀƎŜ 

ǿŜǊŜ ŎƭŜŀƴŜŘ ǳǎƛƴƎ ǘƘŜ άimerodeέ ŦǳƴŎǘƛƻƴ, see Figure 3.6. By completing 

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

ŀǊŜ άмέ ŀƴŘ ŀƭƭ ǾŀƭǳŜǎ ƻǳǘǎƛŘŜ ǘƘŜ ŜŘƎŜǎ ŀǊŜ άлέΦ .ȅ ƳǳƭǘƛǇƭȅƛƴƎ ǘƘŜ ǇƘŀǎŜ 

map by this binary mask, the relevant data can be extracted from the 

images.  
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Figure 3.6 Example of edge detection to create a binary mask (A) before using 

ǘƘŜ άƛƳŜǊƻŘŜέ ŦǳƴŎǘƛƻƴ (.ύ ŀŦǘŜǊ ǳǎƛƴƎ ǘƘŜ άƛƳŜǊƻŘŜέ ŦǳƴŎǘƛƻƴΦ 9ȄŀƳǇƭŜ 

includes wrap-around effects. 

By subtracting the two images, 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 

ЎὝ  
Ў•

‌‎ὄὝὉ
Ȣ σȢρ 

The tŜƴƴŜǎΩ bio-heat transfer equation (Pennes, 1948) is used to describe 

the transfer of heat in a biological system, it typically takes the form of 

”ὧ‬Ὕ‬ὸ​ȢὯ​Ὕ ”ὧ‫ Ὕ Ὕ ήȢ σȢς 

Where ¢Σ ǘΣ ˊt, ctΣ ƪΣ ˊb, cbΣ ˖p, Ta, qm are the tissue temperature, time, the 

density of the tissue, the specific heat capacity of the tissue, the thermal 

conductivity of the tissue, the density of blood, the specific heat capacity of 

blood, the blood perfusion rate, core body temperature and the volumetric 

metabolic heat generation rate, respectively (Ostadhossein & Hoseinzadeh, 

2022). 

As the phantom used in this study is nonperfused and the period of heating 

is relatively short (~15 min), physiological changes and the effects of 

conduction can be ignored, reducing the energy deposition estimation to be 

only based on heat capacity and temperature change over time: 
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ὛὃὙὧ
ЎὝ

Ўὸ
σȢσ 

where ὧ  is the specific heat capacity of the phantom (J/kg.K), ЎὝ is 

the change in temperature and Ўὸ is the period of heating. 

By averaging the temperature changes over the whole phantom, an 

estimate of the global SAR was made using Equation (3.3). The calculated 

SAR was then compared to the scanner SAR readout.  

Results 

The initial results of the SAR values were measured by a Siemens 1.5 T 

Symphony scanner and PRF thermometry are summarised in Table 3.2.  

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 PRF heatmap.  

Table 3.2 PRF thermometry method validation - initial results. 

 SAR (W/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 heat map are shown in Figure 

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 application of 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 phantom, which was 

expected.  
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Figure 3.7 (A) GRE image of the phantom. (B) Phase map of the phantom. (C) 

Calculated heat 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 Table 3.3.   

Table 3.3 SAR Measurement comparison to PRF method. 

MRI Model  Scanner 

readout (W/kg) 

PRF method 

(W/kg) 

Difference 

Siemens 1.5 T Symphony  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 ҍ2.3% 

GE 1.5 T Signa Explorer  0.55 0.56 1.7% 

Siemens 1.5 T Magnetom 

Sola  

1.50 1.49 ҍ0.7% 

 

The experimentally calculated SAR values were in good agreement with the 

ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ǾŀƭǳŜǎΦ CƻǊ ŀƭƭ ǎŎŀƴƴŜǊǎ ǘƘŜ percentage difference ranged 

from 0 to 2.3%. For the Siemens 1.5 T Symphony MRI system, the MRI 

scanner-reported SAR value was 1.88 W/kg, and the calculated SAR value 

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

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

W/kg. For both the GE 1.5 T Signa 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 0.56 W/kg respectively. For the Siemens 1.5 T Magnetom Sola MRI 

system, the MRI scanner-reported SAR value was 1.50 W/kg, 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 Signa Explorers and Siemens 1.5 T 

Magnetom Sola were 1.0%, 0%, ҍ2.3%, 1.7% and ҍ0.7%, respectively.  

Discussion  

The goal of this study was to develop a method that could be used to 

quantify MR induced heating to a head phantom.  The PRF method showed 

good agreement with both validation methods and the scanner readouts, 

while the initial results appear promising (within 2.3%) compared to the 

MRI-scanner reported values. It must be emphasised that these are not 

absolute measurements, to do so would require further calibration which 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 optics. It was demonstrated to work for a 

variety of different scanner models and field strengths of both 1.5 and 3 T. 

MR SAR has 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 that a single phantom was used for all 

measurements. Nonetheless, the T1 validation method utilised multiple 

measurements to ensure the T1 over the whole volume was uniform and did 

not vary significantly over multiple days of testing. 

While the phantom can be created 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 non-degrading 

phantom. 

Seo and Wang (2017) reported less accurate results using a plastic capsule 

phantom. Plastic has a large specific heat capacity (1700ς1900 J/kg.K) 
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compared to that of the borosilicate glass used in this study (80 J/kg.K). This 

may result in a larger portion of the heat of the phantom being lost to the 

container. In their study, thermometry was performed using diffusion tensor 

imaging (DTI) where image acquisition was on the order of 4ς5 minutes. This 

would allow the phantom to cool for a longer period of time than when 

imaged using GRE sequences which are on the order of 10ς20 seconds. They 

performed thermometry using DTI rather than GRE sequences. However, 

field inhomogeneity will have a greater adverse effect on GRE acquisitions 

and must be considered when performing this technique.   

Conclusion  

A protocol was successfully created to independently verify MR induced 

heating and the SAR output of an MRI scanner. Experimental values were in 

ƎƻƻŘ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ ŦƛǾŜ ǎŎŀƴƴŜǊǎ ǘŜǎǘŜŘΦ  

This method may also be used to quantify the heating effects 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 clear. It would 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. The method proposed in 

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

ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ {!w ǾŀƭǳŜǎΦ aƻǊŜ ǿƻǊƪ ƛǎ ǎǘƛƭƭ ǊŜǉǳƛǊŜŘ ǘƻ ŘŜǾŜƭƻǇ ŀ ƴƻƴ-

degrading phantom and to verify this method at higher field strengths. 

Commercial Output after Publication 

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 

ǘƘƛǎ ǿƻǊƪ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ άvǳŀƭƛǘȅ !ǎǎǳǊŀƴŎŜ ƻŦ ǘƘŜ {ǇŜŎƛŦƛŎ !ōǎƻǊǇǘƛƻƴ wŀǘŜ 

induced in magnetic resonŀƴŎŜ ƛƳŀƎƛƴƎέ όv!{!wύ ǇǊƻƧŜŎǘΦ !ŦǘŜǊ my first 
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author paper was published, my group were funded to expand on this 

project further. 

A cloud-based solution was created, described in Figure 3.8, where the user 

uploads the MR image in DICOM format via a Python version 3.7.2 graphical 

user interface (GUI) 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. 

 

Figure 3.8 Workflow of QASAR software 
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Chapter 4 Torsion Testing 

Introduction 

This chapter describes the creation of a torsion testing protocol for ex-vivo 

ovine brain tissue. The protocol was first verified using tissue-mimicking agar 

gels before testing on ex-vivo 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 MooneyτRivlin strain-energy function and estimate the 

shear modulus of the material and therefore, the ̧ ƻǳƴƎΩǎ modulus. This was 

then compared to existing values for the ¸ƻǳƴƎΩǎ modulus of ovine and other 

animal brain tissue in the literature. 

Testing Protocol Verification with Agar Gels 

To verify the procedure and reduce wastage of tissue samples, the protocol 

was first developed and verified on agar gels. As mentioned in Chapter 2, 

agar gels with a concentration of 0.4ς0.6% have been found to behave 

similarly to brain tissue in uniaxial compression, but the gel at this 

concentration is very brittle. Instead, 2% agar gel samples were used as they 

are much easier to handle for the torsion protocol.  

Gel Preparation 

Two 3D printed designs were created using Autodesk Inventor Professional 

2018 (Autodesk, California, United States) software. The first was a 

cylindrical mould (160x60x25 mm) used for the creation of the testing 

samples, see Figure 4.1 (A). The second model was a scalpel guide to allow 

for the cutting of the samples into 10 ± 0.4 mm high samples, see Figure 4.1 

(B). The reasoning was to remove the bottom and top layer of the sample, 

so that the top of the sample did not have to be perfectly level once poured.  



Torsion Testing 
 

85 
 

 

Figure 4.1 3D computer aided design (CAD) models of (A) cylindrical mould, 

(B) scalpel guide. 

The models were exported as .stl files and Ultimaker Cura (Ultimaker, 

Utrecht, Netherlands) software was used to decide the final parameters of 

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 printing time: 7 hours versus 2 hours for 0.1 mm and 0.4 mm 

resolutions for these models, for example. As the samples were going to be 

cut afterwards, 0.4 mm was used for the cylindrical mould and 0.1 mm was 

used for the scalpel guide. The designs were then printed in Polylactic acid 

(PLA) filament using an Ultimaker S5 3D printer, by a member of the School 

of Physics technical staff. 

To produce the gels, distilled water was heated to a temperature of 80 °C on 

a hotplate with a magnetic stirrer. From experience, it was found this 

temperature was reached when the water started to bubble at the bottom 

of the hotplate. Agar no. 2 (LAB M, Michigan, United States) was then 

dissolved in the water, and it was heated for ten minutes to ensure it was 

homogeneous. Less time was prescribed than in Chapter 3, as only 300 ml of 

a sample was being produced. The sample was allowed to cool for another 

~10 minutes at room temperature until the beaker was warm to the touch 

and the solution had started to thicken slightly. It was stirred, then poured 

into the moulds and allowed to set for at least two hours in a fridge at 4 °C. 

The samples were not removed from the mould until testing time, when they 
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were gently pressed out of the mould to produce a 30 ± 1 mm tall cylinder, 

see Figure 4.2 (A), these were then placed in the scalpel guide, see Figure 4.2 

(B), and cut using a scalpel into 10 ± 0.4 mm high samples, see Figure 4.2 (C). 

An error of ± 0.4 mm is used as the gaps on the model were 1 ± 0.1 mm and 

the thickness of the scalpel is approximately 0.4 mm. The height of the 

cylinder using the rheometer was consistently found to be 10.4 ς 10.8 mm 

which includes the thickness of the glue and tape. The individual height 

values measured by the rheometer were used in all calculations. 

 

Figure 4.2 (A) cylindrical scalpel guide (B) sample being cut (C) final sample. 
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Rheometer 

An Anton Paar MCR 302 modular compact rheometer (Anton Paar, Graz, 

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

 

Figure 4.3 Anton Paar MCR 203 modular compact rheometer. 

This device is paired with a compressor, see Figure 4.4 (A), and a water bath, 

see Figure 4.4 (B). The compressor periodically turns on to deliver 

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 the temperature of the bottom platen.  
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Figure 4.4 (A) air compressor (B) water bath. 

For this study the temperature of the bottom plate was paired with the 

temperature of the room which was recorded before testing with a 

thermometer. Typically, the room temperature did not vary beyond 21 ± 1 

°C.  

The device has the following specifications relevant to the testing in this 

thesis: torque resolution 0.5 nN.m, normal force resolution 0.01 N, 

deflection angle resolution 0.05 ˃ rad. Further specifications, if required, can 

be found from the Anton Paar website (Paar, 2023). 

The bottom plate, a Peltier plate, is a ceramic disk that cannot easily be 

changed, while the top plate όŀƭǎƻ ǘŜǊƳŜŘ άǇǊƻōŜέύ is interchangeable with 

a 10 mm, 25 mm and 50 mm diameter probe available for testing. Under the 

advice of the technical officer of the lab, Dr Olena Kudina, the 25 mm probe 

was used, and 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 useful for 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 

sample, the smaller the strain induced for the same angle of twist, as strain 

is 
 z  

 
. Therefore, the normal force value will be too small 

with too tall a sample, and conversely, too short of a sample will mean that 

the sample breaks at a relatively small deflection angle. As a result, a height 

of 10 mm was used in this test. 

Device Set-Up 

Training on the use of the device was provided by Dr Kudina before testing 

could commence. The setup procedure for the device which is independent 

of the testing itself is also described. 

¶ Turn on compressor for 5 minutes before starting  

¶ Turn on the rheometer and leave protective cap on 

¶ Turn on water bath 

¶ Turn on the associated software, Anton Paar RheoCompass 

¶ Clean the probe before putting it into the rheometer 

¶ /ƭƛŎƪ ƻƴ ǘƘŜ ŎƻƴǘǊƻƭ ǇŀƴŜƭΣ ŎƭƛŎƪ άƛƴƛǘƛŀƭƛǎŜέΣ ŎƭƛŎƪ άǊŜǎŜǘ ŦƻǊŎŜέ ǘƻ ȊŜǊƻ 

the force. The temperature of the bottom plate can also be edited 

here, though it will be overridden by the template software 

mentioned later 

¶ To insert the top plate, unscrew the protective cap, lift up the sheath, 

insert the probe and it will audibly click into place 

¶ Lƴ ǘƘŜ ǎŜǘǘƛƴƎǎ ǇŀƴŜƭΣ ŎƭƛŎƪ άǎŜǘ ȊŜǊƻ ƎŀǇέ 

Once setup is complete the device is ready for use and the appropriate 

testing template can be chosen. 

Testing Procedure 

! άŎƻƴǎǘŀƴǘ ǎƘŜŀǊΣ ǾƛǎŎƻǎƛǘȅ ǘŜǎǘέ ǿŀǎ ǘƘŜ ǘŜƳǇƭŀǘŜ ƳƻŘƛŦƛŜŘ ŦƻǊ ǘŜǎǘƛƴƎΦ ! 

testing flowchart is initially shown as in Figure 4.5 
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Figure 4.5 Original testing flowchart. 

¢Ƙƛǎ ƛǎ ƳƻŘƛŦƛŜŘ ǘƻ ƻƴƭȅ ǎƘƻǿ άƳŜŀǎǳǊŜƳŜƴǘΣ ŀƴŀƭȅǎƛǎ ŀƴŘ ǾƛŜǿέΣ ǎŜŜ CƛƎǳǊŜ 

4.6 

 

Figure 4.6 Modified testing flowchart. 
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After this modification, the shear rate was changed to a rotational speed of 

1 revolutions per minute (rpm). This slow rate of rotation was chosen to 

mimic a quasi-static deformation. Datapoints were set to be taken every 50 

ms for a total of 10 seconds. Masking tape was applied to both the bottom 

and top plate to allow for gluing while also protecting the plates. Tape was 

first applied to the bottom plate, then the top plate was brought down, and 

marks were made around the position of the plate as a guide for where to 

glue the sample, see Figure 4.7.  

 

Figure 4.7 Tape markings help centre the sample. 

The rheometer was put into manual operating mode which allows the 

operator to move the probe manually. The rheometer must first be 

ŘƛǎŎƻƴƴŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ŎƻƳǇǳǘŜǊ ōȅ ǇǊŜǎǎƛƴƎ ǘƘŜ άƻƴƭƛƴŜέ ōǳǘǘƻƴ ƻƴ ǘƘŜ 

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 plate, which would 

require expensive and time-consuming recalibration. To reconnect the 
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ǊƘŜƻƳŜǘŜǊ ǘƻ ǘƘŜ ŎƻƳǇǳǘŜǊΣ ŎƭƛŎƪ ǘƘŜ άƻƴƭƛƴŜέ ōǳǘǘƻƴ ŀƎŀƛƴ ŀƴŘ ǿŀƛǘ ǳƴǘƛƭ ƛǘ 

turns green.  

The probe was moved back to the original position, removed, and the tape 

applied to the probe. The tape should not be applied to the probe while still 

attached to the rheometer as the air bearings are sensitive to side-to-side 

motion. The probe was reattached with the force zeroed again. Then the 

sample was first dried using a paper towel and glued to the tape with two 

drops of quick cure cyanoacrylate glue (RS-Pro 473-499 Cyanoacrylate, 

Radionics Ltd., Ireland) on the bottom and two drops on the top of the 

sample, and left to cure for two minutes with a precompression of 0.1 N to 

ensure good contact between sample and the glue. The reasoning for 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 sample and yield meaningless data. Additionally, excess glue, while 

capable of securing the sample, left a thick layer that could drip down the 

side and affect the mechanical response, see Figure 4.8. 

 

Figure 4.8 Sample with too much glue (A) Before torsion (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 the sample 

and nonphysical results will be recorded. The black line in Figure 4.9 shows 

a graph of torque (mN.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 the image of the excess glue.  

 

Figure 4.9 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 4.10 shows a graph of normal force (N) versus time (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 explained by the images in Figure 4.8 as the 

sample is not undergoing pure torsion due to the excess glue. 



Torsion Testing 
 

94 
 

 

Figure 4.10 Graph 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 chosen to ensure complete 

adherence and that the sample is not dehydrated. After the curing time had 

elapsed, the probe was raised until a normal force reading of 0.00 ± 0.01 N 

was registered on the rheometer. 

When ready to start, testing was initiated by ǇǊŜǎǎƛƴƎ ǘƘŜ άǎǘŀǊǘέ ōǳǘǘƻƴΦ ¢ƘŜ 

recorded data will thŜƴ ōŜ ǎƘƻǿƴ ƻƴ ǎŎǊŜŜƴ ƛƴ ǘƘŜ άŘƛŀƎǊŀƳέ ǎŜŎǘƛƻƴΣ 

additional columns of data can be added by right clicking the data and 

ŎƘƻƻǎƛƴƎ άŀŘŘ ŎƻƭǳƳƴέΦ ¢ƘŜ ŦƻƭƭƻǿƛƴƎ Řŀǘŀ ŎƻƭǳƳƴǎ ǿŜǊŜ ǳǎŜŘΥ άtƻƛƴǘ 

NumberέΣ άTime [s]έΣ άShear Rate [1/s]έΣ άTorque [mN.m]έΣ άNormal Force 

[N]έΣ άGap [mm]έΣ ά5ŜŦƭŜŎǘƛƻƴ !ƴƎƭŜ [mrad]έΣ άShear Strain [%]έΣ άRotational 

Speed [1/min]έ. 

The exclusion criterion applied to the testing data in the final results was as 

follows: 

¶ Samples with a height of less than 9 mm or greater than 11 mm, as 

measured by the rheometer, were 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 was employed to 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 and then analysed using Rstudio 

version 1.2.5033 (Rstudio: Integrated Development for R, Boston, United 

States).  

A functƛƻƴ άexvarέ ǿŀǎ ŎǊŜŀǘŜŘ ǘƻ ŜȄǘǊŀŎǘ ǘƘŜ ǾŀǊƛŀōƭŜǎ ŦǊƻƳ ǘƘŜ 9ȄŎŜƭ ŦƛƭŜ 

ǿƘƛŎƘ ǳǘƛƭƛǎŜŘ ǘƘŜ άreadxlέ ƭƛōǊŀǊȅΦ ¢ƻ ǳǎŜ ǘƘƛǎ ƭƛōǊŀǊȅΣ ǘƘŜ Řŀǘŀ Ƴǳǎǘ ōŜ 

separated into individual sheets for each sample and for there to be no gap 

between the column name and the data. As the data was not in standard SI 

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

variables were extracted, converted to their standard SI units and added to 

ŀ άdataframeέΣ ŀ ǘǿƻ-dimensional array-like structure which is used as 

standard in R. The twist , was calculated as the deflection angle, ,h divided 

ōȅ ǘƘŜ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ƻǊ άƎŀǇέΣ L, as recorded by the rheometer. The 

square of the twist 2, was also calculated and added to the dataframe.  

A plot of the torque versus the twist and a plot of the normal force versus 

the square of the twist for the samples was generated and a suitable cut-off 

range was chosen. The choice of cut-off range for the samples will be 

expanded upon later.  

MooneyτRivlin strain energy function described in Chapter 1 was used to 

model the deformation because the torque ς twist and normal force ς twist2 

were linear. To calculate the constants ὧ and ὧȟ we use the following 

equations (Balbi et al., 2019): 

ὧ
ςὃ ὄ

“Ὑ
τȢρ 

ὧ
‗ὃ ςὄ

“Ὑ
τȢς 

where ὃ is the slope of the Torque V Twist plot, ὄ is the slope of the Normal 

Force V Twist2 plot,  Ὑ is the radius of the sample and ‗ is the pre-stretch. 

To calculate ὃ, the slope of each sample in the Torque V Twist graph was 

calculated, stored in a dataframe ƴŀƳŜŘ άtorquecoeffsέ ŀƴŘ ǘƘŜ ƳŜŀƴ ƻŦ 
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these values was taken as the value for ὃ. The standard deviation of the 

mean was used to calculate the error in ὃ. 

To calculate ὄ, the slope of each sample in the Normal Force V Twist2 graph 

was calculated, stored in a dataframe ƴŀƳŜŘ άnormalcoeffs [,2]έ ŀƴŘ ǘƘŜ 

mean of these values was taken as the value for ὄ. The standard deviation 

of the mean was used to calculate the error in ὄ. 

A third value, ὅ, was also measured, as the intercept of each sample in the 

Normal Force V Twist2 graph, stored in a dataframe ƴŀƳŜŘ άnormalcoeffs 

[,1]έ ŀƴŘ ǘƘŜ ƳŜŀƴ ƻŦ ǘƘŜǎŜ ǾŀƭǳŜǎ ǿŀǎ ǘŀƪŜƴ ŀǎ ǘƘŜ ǾŀƭǳŜ ŦƻǊ ὅ. The 

standard deviation of the mean was used to calculate the error in ὅȢ 

Standard deviation of the mean, or standard error, is given by 

ὛὉ
ὛὈ

Ѝὲ
τȢσ 

where SD is the standard deviation of the sample and n is the number of 

samples. 

To calculate ‗, the vertical pre-stretch, the following cubic equation needs 

to be solved (Balbi et al., 2019) 

ςὃ‗ ὅὙ ςὃ πȢ τȢτ 

¢ƘŜ ƭƛōǊŀǊȅ άRConicsέ ǿŀǎ ǳǎŜŘ ǘƻ ǎƻƭǾŜ ǘƘŜ ŜǉǳŀǘƛƻƴΣ resulting in only one 

real value. The errors in ὧ and ὧ were calculated using the following error 

propagation formula (Fantner, 2013) 

Ўᾀ  Ўὼ Ўώ ỄȢ τȢυ 

Once ὧ and ὧ have been calculated, they are then checked to ensure that 

they are both positive to confirm that it is a physical result. Once verified, 

the shear modulus ˃ and ̧ ƻǳƴƎΩǎ Modulus E can be calculated as  

‘ ςὧ ὧ ȟ          Ὁ φὧ ὧ Ȣ τȢφ 

To aid in the visualisation of the data, further plots of the mean of the Torque 

V Twist and Normal Force V Twist2 with error bars corresponding to the 

ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ŜŀŎƘ Ǉƻƛƴǘ ǿŜǊŜ ƎŜƴŜǊŀǘŜŘΦ ¢Ƙƛǎ ǳǎŜŘ ǘƘŜ άggplot2έ 
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ƭƛōǊŀǊȅ ƛƴ wǎǘǳŘƛƻ ŀƴŘ ǘƘŜ άgeom_errorbarέ ŦǳƴŎǘƛƻƴΣ ǿƘŜǊŜ ǘƘŜ ǳǇǇŜǊ ŀƴŘ 

lower bounds of the error bar are the standard deviation of each point. This 

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

ƳǳƭǘƛǇƭŜ ǇƻƛƴǘǎΣ ŀǎ ǘƘŜ ǎƭƻǇŜ ƻŦ ǘƘƛǎ ƎǊŀǇƘ ǿƻǳƭŘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ άƳŜŀƴ 

ƻŦ ƳŜŀƴǎέ ƻŦ ǘƘŜ ǎŀƳǇƭƛƴƎ ŘƛǎǘǊƛōǳǘƛƻƴΦ 
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Results Agar Gels 1 rpm 

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

2% agar gel samples. 

 

Figure 4.11 Torque V Twist full dataset (Agar gel 1 rpm). 

 

Figure 4.12 Normal Force V Twist2 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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Figure 4.13 Torque V Twist data cut to a twist of 20 rad/m (Agar gel 1 rpm). 

 

Figure 4.14 Normal Force V Twist2 data cut to a twist2 of 400 rad2/m2 (Agar 

gel 1 rpm).  
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Figure 4.15 Mean plot of Torque V Twist with standard deviation error bars 

(Agar gel 1 rpm). 

 

Figure 4.16 Mean plot of Normal Force V Twist2 with standard deviation error 

bars (Agar gel 1 rpm). 

Figures 4.11 and 4.12 show the raw data and Figures 4.13 and 4.14 show the 

data cut at a twist of 20 and twist2 of 400 respectively. The reasoning behind 

this is that the formula for strain is given by 
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‎  
Ὑ‌

Ὤ
Ὑ•ȟ τȢχ 

where ‎ is the maximum strain, Ὑ is the radius of the sample, ‌ is the 

deflection angle,  Ὤ is the height of the sample and • is 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 sample starts to break or display strain stiffening behaviour. In the range 

chosen, the plots are linear, see Figures 4.15 and 4.16, so that the Mooneyτ

Rivlin model is appropriate. 

Table 4.1 Values for the coefficients ═, ║ and ╒ for 2% agar gel at 1 rpm. 

 ═ ║ ╒ 

S1 6.63 × 10-4 -2.74 × 10-4 2.28 × 10-4 

S2 5.21 × 10-4 -4.69 × 10-4 5.48 × 10-3 

S3 3.91 × 10-4 -5.01 × 10-4 -3.07 × 10-2 

S4 4.92 × 10-4 -7.08 × 10-5 -9.25 × 10-3 

S5 6.70 × 10-4 -1.21 × 10-4 -2.57 × 10-2 

S6 6.05 × 10-4 -2.64 × 10-4 -1.27 × 10-2 

S7 3.44 × 10-4 -2.59 × 10-4 -8.07 × 10-3 

S8 6.81 × 10-4 -1.46 × 10-4 -2.01 × 10-3 

S9 3.97 × 10-4 -1.48 × 10-4 -3.39 × 10-3 

S10 3.67 × 10-4 -2.45 × 10-4 -1.51 × 10-2 

S11 3.47 × 10-4 -3.13 × 10-4 -1.33 × 10-2 

Mean 4.98 × 10-4 -2.56 × 10-4 -1.10 × 10-2 

Std. Dev 1.37 × 10-4 1.36 × 10-4 1.11 × 10-2 

Std. Error 4.13 × 10-5 4.10 × 10-5 3.27 × 10-3 

    

 

Mean values of 4.98 × 10-4 ± 4.13 × 10-5, -2.56 × 10-4 ± 4.10 × 10-5, -1.10 × 10-

2 ± 3.27 × 10-3 were recorded for ὃ, ὄ and ὅ, respectively.  
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When used to solve Equation (4.4) a value of 0.9994 was found for ‗ which 

demonstrates that there was no pre-stretch for these samples. 

Table 4.2 Values for ⱦ, ╬, ╬, Ⱨ, and ╔ for 2% agar gel at 1 rpm. 

ⱦ ╬ (Pa) ╬ (Pa) Ⱨ (Pa) ╔ (Pa) 

0.9994 6235 ± 163 169 ± 31 12989 ± 388 38967 ± 1164 

 

The ̧ ƻǳƴƎΩǎ modulus value of approximately 39.0 ± 1.1 kPa did not agree 

with a value of 29.0 ± 8.5 kPa reported by Manickam et al. (2014) who 

conducted uniaxial compression tests with a MooneyτRivlin strain energy 

function, though their agar solution was prepared in a microwave oven, 

which as mentioned in Chapter 2, may affect the mechanical properties of 

the resulting material. Following the initial validation of this method, further 

testing was conducted on ex-vivo ovine brain samples. 
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Ovine Brain Testing 1 rpm 

Ovine brain samples, n = 6, were collected from freshly slaughtered 

Charollais lambs, aged 4τ6 months, 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 °C in PBS solution (Gibcoϰ PBS, pH 7.4 by Thermo 

Fisher Scientific, Waltham, Massachusetts, United States) until needed for 

testing (~4 hours). Testing was conducted at room temperature ~20ς22 °C 

with the Peltier plate set to 21 °C to match this temperature. 

The samples were received as hemispheres from the abattoir; for testing, 

both were retrieved from the PBS solution and a cylindrical sample was 

taken using a cylindrical punch of diameter 25 mm as shown in Figure 4.17 

 

Figure 4.17 (A) Brain samples before cylindrical sample extraction (B) 

example of sample with cylinder removed. 

Care was taken not to take samples too close to the frontal lobe of the brain 

as this region was too thin to punch a sample and, in some cases, 

discoloured. Care was also taken not to take samples too close to the 

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

The same testing methodology was used as for the gel, though it was difficult 

ǘƻ ŎƻƭƭŜŎǘ άƎƻƻŘέ όŦƭŀǘ ƻǊ ƭŜǾŜƭύ ǎŀƳǇƭŜǎ ǳǎƛƴƎ ǘƘŜ ŎǳǘǘƛƴƎ ƳŜǘƘƻŘ ŘǳŜ ǘƻ ǘƘŜ 

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 samples. In this study, 

only 10 usable samples were created. The results of the testing are shown in 

Figures 4.18ς21. 

 

Figure 4.18 Torque V Twist full dataset (Brain 1 rpm). 

 

 

Figure 4.19 Normal Force V Twist2 full dataset (Brain 1 rpm). The discrete 

nature of the graph is due to the sensitivity limitations of the rheometer. 
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Figure 4.20 Torque V Twist data cut to a twist of 50 rad/m (Brain 1 rpm). 

 

Figure 4.21 Normal Force V Twist2 data cut to a twist2 of 2500 rad2/m2 (Brain 

1 rpm). 
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Figure 4.22 Mean plot of Torque V Twist with standard deviation error bars 

(Brain 1 rpm). Note the ramping effect at the start. 

 

Figure 4.23 Mean plot of Normal Force V Twist2 with standard deviation error 

bars (Brain 1 rpm). 

It was found in this testing that the graphs, in particular for Torque V Twist, 

showed a ramping effect at the early stages of testing. The data also 

maintained linearity up to a twist of approximately 50 rad/m which equates 

to a maximum strain of approximately 62.5%. As such, it was decided to 

remove the first 10 data points, approximately equal to a twist = 5 rad/m 
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and create a new set of plots, see Figures 4.24ς27. In that new set, the plots 

are linear and the MooneyτRivlin model is appropriate. Also, a weighted 

least squares (WLS) method was applied to the Normal Force V Twist2 data. 

This function is used in cases of heteroscedasticity, when the variance of the 

residuals is non-constant. Here the WLS method applies a weighting to each 

of the residuals to make them constant. Both WLS and non-WLS results were 

recorded and compared. 
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Figure 4.24 Torque V Twist with first 10 points cut (Brain 1 rpm). 

 

Figure 4.25 Normal Force V Twist2 with 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 twist2. 
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Figure 4.26 Mean plot of Torque V Twist with first 10 points cut; standard 

deviation error bars are included (Brain 1 rpm). 

 

Figure 4.27 Mean plot of Normal Force V Twist2 with first 10 points cut; 

standard deviation error bars are included (Brain 1 rpm). 
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Table 4.3 Values for the coefficients ═, ║ and ╒ for brain at 1 rpm. 

 ═ ║ ╒ 

S1 7.81 × 10-6 -2.07 × 10-5 -8.87 × 10-3 

S2 1.09 × 10-5 -1.63 × 10-5 -1.70 × 10-3 

S3 8.69 × 10-6 -2.43 × 10-5 -1.05 × 10-2 

S4 6.45 × 10-6 -1.61 × 10-5 -9.40 × 10-3 

S5 7.85 × 10-6 -2.52 × 10-5 -2.98 × 10-2 

S6 1.08 × 10-5 -2.45 × 10-5 -2.15 × 10-2 

S7 6.93 × 10-6 -1.49 × 10-5 -1.39 × 10-2 

S8 1.06 × 10-5 -2.42 × 10-5 -1.17 × 10-2 

S9 1.57 × 10-5 -2.44 × 10-5 -1.28 × 10-2 

S10 1.29 × 10-5 -3.85 × 10-5 -1.14 × 10-2 

Mean 9.86 × 10-6 -2.23 × 10-5 -1.13 × 10-2 

Std. Dev 2.89 × 10-6 6.78 × 10-6 7.62 × 10-3 

Std. Error 9.13 × 10-7 

 

2.14 × 10-6 2.41 × 10-3 

 

Mean values of 9.86 × 10-6 ± 9.13 × 10-7, -2.23 × 10-5 ± 2.14 × 10-6, -1.13 × 10-

2 ± 2.41 × 10-3 were recorded for ὃ, ὄ and ὅ, respectively.  

A mean value of 0.9665 was found for ‗ from Equation (4.4) which 

demonstrates that there was a small pre-stretch for these samples. 

Table 4.4 Mean values for ⱦ, ╬, ╬, Ⱨ, and ╔ for brain at 1 rpm. 

ⱦ ╬ (Pa) ╬ (Pa) Ⱨ (Pa) ╔ (Pa) 

0.9665 -340.44 ± 2.88 454.21 ± 59.69 225 ± 189 675 ± 563 

 

Note that a negative value for ὧ can lead to loss of strong ellipticity and 

other non-physical predictions for the MooneyτRivlin model in large 

deformations. Here, however we are only interested in finding the 

infinitesimal shear modulus ‘ (and ̧ ƻǳƴƎΩǎ modulus, Ὁ = 3‘) so that only 

the small amplitude range of the MooneyτRivlin model is invoked. At 1 rpm, 
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we find  ‘ = 225 ± 189 Pa, which is in line with the only other study that 

reports the shear modulus for ovine brain tissue (Feng et al., 2013), i.e. 400ς

620 Pa for white matter and ~300 Pa for grey matter. We also note that in 

the linear elasticity regime, the stiffness of the brain, as measured by ‘ (and 

Ὁ) is more than 50 times smaller than that of the agar gel, confirming its 

extreme softness. The WLS method was used to confirm the results. 

Table 4.5 Values for the coefficients ═, ║◌■▼ and ╒◌■▼ for brain at 1 rpm. 

 ═ ║◌■▼ ╒◌■▼ 

S1 7.81 × 10-6 7.81 × 10-6 3.12 × 10-5 

S2 1.09 × 10-5 1.09 × 10-5 3.12 × 10-5 

S3 8.69 × 10-6 8.69 × 10-6 5.33 × 10-5 

S4 6.45 × 10-6 6.45 × 10-6 2.96 × 10-5 

S5 7.85 × 10-6 7.85 × 10-6 5.95 × 10-5 

S6 1.08 × 10-5 1.08 × 10-5 4.89 × 10-5 

S7 6.93 × 10-6 6.93 × 10-6 3.73 × 10-5 

S8 1.06 × 10-5 1.06 × 10-5 3.83 × 10-5 

S9 1.57 × 10-5 1.57 × 10-5 4.85 × 10-5 

S10 1.29 × 10-5 1.29 × 10-5 4.68 × 10-5 

Mean 9.86 × 10-6 -2.23 × 10-5 -1.13 × 10-2 

Std. Dev 2.89 × 10-6 6.78 × 10-6 7.62 × 10-3 

Std. Error 9.13 × 10-7 

 

2.14 × 10-6 2.41 × 10-3 

  

Table 4.6 Values for ⱦ◌■▼, ╬◌■▼, ╬◌■▼, Ⱨ◌■▼, and ╔◌■▼ for brain at 1 rpm. 

ⱦ◌■▼ ╬◌■▼ (Pa) ╬◌■▼ (Pa) Ⱨ◌■▼  (Pa) ╔◌■▼ (Pa) 

0.9664 -340.76 ± 2.94 453.20 ± 59.99 223 ± 189 669 ± 563 

 

Using the WLS method, a small difference was found for each of the 

calculated values, though the difference was at most 1ς2%. The negative 

value for ὧ, 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 agar, a sufficient normal force was not being 

generated to allow for this relatively poor sensitivity. It was postulated that 

a slower rate of rotation may increase the accuracy, and consequently 

repeated testing was conducted at 0.5 rpm for agar and brain samples. For 

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

for the calculation of ὧ & ὧ.  

For the brain samples, both the torque and normal force were recorded, but 

only the torque data was used to calculate the shear modulus because, as 

shown in Figure 4.25, the normal force data could not be exploited in a 

reliable and accurate way. Instead, another method was relied upon to 

characterise the material, which is to read  ‘ directly from the torque v twist 

graph provided ‗ is close to 1, which we assumed to be the case here (also 

confirmed by the calculations based on both graphs, which give ‗ = 0.966, 

see Table 4.4). The slope of that graph is A given by  

ὃ  “Ὑ ὧ ὧ ȟ τȢψ 

when ‗ ḙρ. 

As the shear modulus ‘ is ςὧ ὧ , Equation (4.8) gives  

‘
ςὃ

ς“Ὑ
Ȣ τȢω 

This value will be calculated and compared to 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 to 0.5 rpm. For the agar testing, n = 10 

samples were recorded. For the brain testing, an additional 2 brains were 

tested to bring the number of brains tested to n = 8, which yielded a total of 

15 useable samples. 

Results Agar Testing at 0.5 rpm  

 

Figure 4.28 Torque V Twist data full dataset (Agar gel 0.5 rpm). 

 

Figure 4.29 Torque V Twist data cut to a twist of 20 rad/m (Agar gel 0.5 rpm). 
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Figure 4.30 Normal v Twist2 full dataset (Agar gel 0.5 rpm). The discrete 

nature of the graph is due to the sensitivity limitations of the rheometer. 

 

 

Figure 4.31 Normal Force V Twist2 data cut to a twist2 of 400 rad2/m2 (Agar 

gel 0.5 rpm).  
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Figure 4.32 Mean plot of Torque V Twist with standard deviation error bars 

(Agar gel 0.5 rpm). 

 

Figure 4.33 Mean plot of Normal Force V Twist2 with standard deviation error 

bars (Agar gel 0.5 rpm). 

By using half the rate of rotation as the previous test, double the number of 

data points were recorded. This resulted in smoother plots and smaller error 

bars, but again, the Normal Force V Twist2 data cannot yield an accurate 

slope due to low sensitivity, see Figures 4.30 and 4.35 for agar and brain, 

respectively. 
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Table 4.7 Values for ═, ║ and ╒ for 2% agar gel at 0.5 rpm. 

 ═ ║ ╒ 

S1 4.63 × 10-4 -2.12 × 10-4 -1.44 × 10-2 

S2 2.91 × 10-4 -2.80 × 10-4 -3.21 × 10-2 

S3 4.16 × 10-4 -3.02 × 10-4 -7.86 × 10-3 

S4 4.46 × 10-4 -1.52 × 10-4 -1.12 × 10-2 

S5 4.54 × 10-4 -3.04 × 10-4 -6.95 × 10-3 

S6 4.02 × 10-4 -2.94 × 10-4 -1.50 × 10-2 

S7 3.76 × 10-4 -2.37 × 10-4 1.82 × 10-3 

S8 2.23 × 10-4 -2.19 × 10-4 -8.27 × 10-3 

S9 2.92 × 10-4 -3.08 × 10-4 -1.68 × 10-2 

S10 4.32 × 10-4 -7.20 × 10-5 -1.45 × 10-3 

Mean 3.80 × 10-4 -2.38 × 10-4 -1.12 × 10-2 

Std. Dev 8.26 × 10-5 7.77 × 10-5 9.39 × 10-3 

Std. Error 2.61 × 10-5 2.46 × 10-5 2.97 × 10-3 

 

Table 4.8 Values for ⱦ, ╬, ╬, Ⱨ, and ╔ for agar at 0.5 rpm. 

ⱦ ╬ (Pa) ╬ (Pa) Ⱨ (Pa) ╔ (Pa) 

0.9992 3690 ± 39 1258 ± 156 9895 ± 390 29685 ± 1170 
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Figure 4.34 Torque V Twist full dataset (Brain 0.5 rpm). 

 

 

Figure 4.35 Normal Force V Twist2 full dataset (Brain 0.5 rpm). The discrete 

nature of the graph is due to the sensitivity limitations of the rheometer. 
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Figure 4.36 Torque V Twist with first 10 points cut (Brain 0.5 rpm). 

 

Figure 4.37 Normal Force V Twist2 with first 10 points cut (Brain 0.5 rpm).  
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Figure 4.38 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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Table 4.9 Values for ═ for brain at 0.5 rpm. 

Sample ═ 

S1 9.49 × 10-6 

S2 8.80 × 10-6 

S3 1.03 × 10-5 

S4 1.70 × 10-5 

S5 1.74 × 10-5 

S6 8.34 × 10-6 

S7 9.18 × 10-6 

S8 1.11 × 10-6 

S9 1.06 × 10-5 

S10 7.97 × 10-6 

S11 1.12 × 10-5 

S12 2.07 × 10-5 

S13 1.14 × 10-5 

S14 1.13 × 10-5 

S15 7.52 × 10-6 

Mean 1.15 × 10-5 

Std. Dev 3.85 × 10-6 

Std. Error 9.95 × 10-7 

 

Table 4.10 Values for ⱦ ╪▼▼◊□▄▀ȟ

═ □▄╪▼◊►▄▀ȟⱧ ╬╪■╬◊■╪◄▄▀, and ╔ ╬╪■╬◊■╪◄▄▀ for brain at 0.5 

rpm, using Equation (4.8). 

╢◄◊▀◐ ⱦ ═ Ⱨ (Pa) ╔ (Pa) 

Brain 1 rpm 1.00 9.86 × 10-6 ± 9.13 × 10-7 257 ± 24 771 ± 72 

Brain 0.5 rpm 1.00 1.15 × 10-5 ± 9.95 × 10-7 300 ± 26 900 ± 78 
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Discussion 

For both agar and ovine brain, a positive Poynting effect was observed, see 

Appendix for further details on this effect. Agar was shown to be a consistent 

material for torsion testing that is relatively straightforward to produce if the 

correct manufacturing protocol is followed. Values for the pre-stretch, ‗, for 

the agar tests approached 1 very closely (0.9992 and 0.9997 for the 0.5 and 

1 rpm tests, respectively). The ¸ƻǳƴƎΩǎ modulus was 29685 ± 1170 and 

38967 ± 1164 Pa for the 0.5 and 1 rpm tests, respectively. The value of ~29.7 

± 1.2 kPa for the 0.5 rpm test agreed with a value of 29.0 ± 8.5 kPa reported 

by Manickam et al. (2014) who conducted uniaxial compression tests with a 

MooneyτRivlin strain energy function. It was initially thought that the 

discrepancy between the 1 rpm test anŘ aŀƴƛŎƪŀƳ Ŝǘ ŀƭΦΩǎ ǊŜǎǳƭǘ ǿŀǎ ŘǳŜ ǘƻ 

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 agar, which is 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. The brains were difficult to acquire as the small 

abattoir where they were purchased did not slaughter on a regular basis, 

(~every two weeks). Of note was the freshness of the samples, being 

slaughtered that morning, processed very shortly after slaughter and 

immediately transported for testing. Time between animal slaughter and 

testing was <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 frozen was given. Balbi 

et al. (2019) also used rheometry to test porcine brain samples, no exact 

ǘƛƳŜ ƛǎ ƎƛǾŜƴ ōǳǘ ǘƘŜ ǘŜǊƳ άŦǊŜǎƘƭȅ ƪƛƭƭŜŘέ is used.  

Despite the extreme care that was used when preparing and testing the 

brain samples, a negative ὧ value was recorded for both the 0.5 and 1 rpm 

tests. A discussion of why a negative ὧ value is not desirable is provided in 
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Appendix B. It was decided to assume that ‗ was close to 1 and use just the 

Torque V Twist data to calculate the ‘ and ╔ values as the data from this set 

was consistent. A shear modulus of 300 ± 26 and 257 ± 24 Pa was recorded 

for the 0.5 rpm and 1 rpm tests, respectively giving a ¸ƻǳƴƎΩǎ modulus of 

900 ± 78 and 771 ± 72 Pa, respectively. These results are similar to the shear 

modulus of ~230 Pa predicted by the negative ὧ parameter and these 

results are now based on physically realistic, positive, definite values.  A 

weighted least squares regression was also implemented as conducted by 

Balbi et al. (2019), though negligible changes to the results were found, in 

the range of 1ς2%. 

These values generally agree with the only other study that reports a shear 

modulus for ovine brain tissue, an indentation test by Feng et al. (2013) 

which reported shear modulus values of 0.40ς0.62 kPa for white matter and 

0.30 kPa for grey matter, respectively, which gives a ̧ ƻǳƴƎΩǎ modulus of 1.2ς

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

Balbi et al. (2019) reported a shear modulus of 900 ± 312 Pa, i.e., a ̧ ƻǳƴƎΩǎ 

modulus of 2.7 ± 0.9 kPa for porcine brain which is in a similar range to this 

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

The study by Lilley et al. (2020) did not directly measure the shear or ¸ƻǳƴƎΩǎ 

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 testing. Values for these gels agreed with previously published 

data. Torsion testing was shown to be a valid protocol for testing brain tissue 

with a first-of-its-kind study conducted on ovine brain tissue and results 

agreeing with previously published indentation tests. Further testing is 

planned with a more sensitive rheometer to gain reliable normal force data 

and explore the sign of the ὧ value.  
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Chapter 5 Diffusion Tensor Imaging & Shear 

Wave Ultrasound Elastography of Ovine Brain 

In this chapter, the physical and mechanical 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 ¸ƻǳƴƎΩǎ modulus of both the white and grey matter. SWE values for 

ovine brain were not found in the literature; instead, the ¸ƻǳƴƎΩǎ modulus 

values are compared to published results on ex-vivo porcine and in-vivo & 

ex-vivo rabbit and human brains. The 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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Shear Wave Ultrasound Elastography 

Scanning Methodology 

The scanner used in this study was a SuperSonic® Aixplorer ultrasound 

scanner, see Figure 5.1, which as mentioned in Chapter 2, utilises the 

supersonic shear imaging (SSI) technique. 

 

Figure 5.1 Image of SuperSonic® Aixplorer scanner ŀǘ {ǘΦ WŀƳŜǎΩǎ IƻǎǇƛǘŀƭ 

Testing was conducted using a SL15-4 Gen 2 linear probe at room 

ǘŜƳǇŜǊŀǘǳǊŜ Ϥ нл ϲ/ ŀǘ {ǘΦ WŀƳŜǎΩǎ IƻǎǇƛǘŀƭ 5ǳōƭƛƴΦ This probe has an imaging 

frequency range of 4.0 ς 15.0 MHz with a nominal centre frequency of 8.5 

MHz. A clinical ultrasound specialist was contacted prior to testing who gave 

general shear wave imaging advice. Prior brain SWE research by Chan (2016) 

formed a foundation for the testing methodology in this study. 
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Testing was conducted first on an agar phantom and then on the ovine brain 

samples. The scanning methodology did not significantly change between 

samples and any variations will be discussed in their respective sections. 

First, the ǎŎŀƴƴŜǊ ǿŀǎ ǎŜǘ ǘƻ ǘƘŜ άƎŜƴŜǊŀƭέ ǇǊŜ-set: this is a mode which does 

not assume any specific material properties during imaging. The surface of 

the transducer was covered in ultrasound coupling gel (SKINTACT, Turkey) 

and was brought in contact with the sample with minimal force to ensure 

there were no strain-induced mechanical effects, hence avoiding nonlinear 

effects. First a B-mode image was acquired using the time gain 

ŎƻƳǇŜƴǎŀǘƛƻƴ ό¢D/ύ ōȅ ƳŜŀƴǎ ƻŦ ǘƘŜ άAuto TGCέ ōǳǘǘƻƴΦ ¢Ƙƛǎ ŀƭƭƻǿǎ ŦƻǊ 

rapid, automated correction of the B-mode 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 ROI for at least 3 seconds 

to allow the image to stabilise. Once a 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 the B-mode and SWE images first, then proceed with 

elasticity measurements. 

To perform elasticity measurements, άReviewέ is pressed to enter review 

mode. The previously saved images will be displayed, and the desired image 

must first be displayed in full size by double clicking on it. To display the 

measurements controls on the touch screen, άMeasέ is pressed. Elasticity 

measurements are performed by placing a built-ƛƴ άQ-Boxϰέ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ 

tool covering as much of the ROI as possible. The trackball can be used to 

select points where a circle of radius 4.0 mm is to be placed. Within this 

circle, three elasticity measurements are provided: the ROI maximum 

elasticity value (Emax), the ROI average elasticity (Emean), and the ROI elasticity 

standard deviation (ESD). The Q-Box can also be manipulated using the 

trackball to create a non-circular ROI. For this study, only 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 was created in the same manner as in Chapter 4, though 

an addition of 0.5% 100 µm cellulose powder (Blackburn Distributions, 

Burnley, United Kingdom) was required to act as a scatterer. Phantom 

dimensions were 200x150x50 mm, resulting in a 1.5 L phantom. This size 

was chosen to reasonably reduce scattering effects. The same methodology 

as previously described was implemented, and images were only collected 

towards the centre of the phantom to reduce scattering effects. Four 

separate images were collected in regions spaced approximately 30 mm 

apart with the transducer in the same orientation, see Figure 5.2. 

 

Figure 5.2 Image of transducer imaging the agar gel sample with ultrasound 

coupling gel. 

For each image, three circular Q-Boxes of radius 4 mm were placed in a 

diagonal pattern from the top left to the bottom right, see Figure 5.3. The 

reasoning was to give a range of areas being measured. The results of these 

measurements are compiled in Table 5.1 and visualised in Figure 5.4. Data 
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analysis was conducted using IBM SPSS Statistics for Windows, Version 26.0 

(IBM Corp. Armonk, NY, United States). 

 

Figure 5.3 Sample image of agar gel SWE scan. Incorrect date is due to an 

error with the internal clock. 

Table 5.1 Summary of results from each agar gel test. 

Test Reading 1 

(kPa) 

Reading 2 

(kPa) 

Reading 3 

(kPa) 

Reading 4 

(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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Figure 5.4 Boxplot of results for each test on the same sample, dark line 

shows the mean value and whiskers are one standard deviation. 

A one-way analysis of variance (ANOVA) test, see Table 5.2, was performed 

to compare the results from the four different readings to see if there was a 

statistically significant difference between the recorded stiffness values. A 

significance of p = 0.73 was found which showed that there was not a 

statistically significant difference between the groups. 

Table 5.2 Results from one-way ANOVA test for agar gel. 

 Sum of 

Squares 

Degrees of 

freedom 

Mean 

Square 

F-value p-value 

Between 

Groups 

11.50 3 3.85 0.44 0.73 

Within 

Groups 

69.53 8 8.70   

Total 81.07 11    

 

Following the one-way ANOVA test, as the overall p-value was not 

statistically significant, post-hoc multiple comparisons were not conducted. 

Instead, a Tukey honest significant difference (HSD) test was conducted to 

see if there was a statistically significant difference between the mean 
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values of the ̧ ƻǳƴƎΩǎ modulus for each reading, see Table 5.3. A significance 

of p = 0.75 was found which showed that the means do not show a 

statistically significant difference from each other. 

Table 5.3 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 applying excessive compression to the sample, a 

reasonable force was placed on the transducer (not enough to damage the 

sample), and increased stiffness values and aberrations at the top of the 

elastography image were noted, see Figure 5.5. 

 

Figure 5.5 Effects of excessive compression to the sample 

These values range from 81ς91 kPa, whereas the minimal compression 

samples range from 50ς60 kPa. This clearly 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 to study if the stiffness values are dependent on 

the angle of the transducer. Angles of 0, 30, 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 Figure 5.6. 

 

Figure 5.6 Transducer imaging at different orientations, blue arrow 

represents the transducer orientation (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 each time. As the transducer changes orientation, only the central 

part of the image will stay constant, see Figure 5.7. 
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Figure 5.7 Visualisation of region overlap when the transducer is in different 

orientations. 

Therefore, Q-Boxes were only placed in the central region of the image. The 

results of these measurements are compiled in Table 5.4 and visualised in 

Figure 5.8. 

Table 5.4 Results for each transducer orientation from 0ς90° (agar). 

Test 0° 30° 45°  60° 90° 

1 52.3 45.7 46.7 45.2 45.1 

2 54.1 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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Figure 5.8 Boxplot of results for each orientation, dark line shows the mean 

value and whiskers are one standard deviation. 

A one-way ANOVA test, see Table 5.5, was performed to compare the results 

from the four different readings to see if there was a statistically significant 

difference between the recorded stiffness values. A significance of p = 0.75 

was found which showed that there was not a statistically significant 

difference between the groups. 

Table 5.5 Results from one-way ANOVA test for different transducer 

orientations (agar). 

 Sum of 

Squares 

Degrees of 

freedom 

Mean 

Square 

F-value p-value 

Between 

Groups 

55.18 4 13.79 0.49 0.75 

Within 

Groups 

283.16 10 28.32   

Total 338.34 14    
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Following the one-way ANOVA test, as the overall p-value was not 

statistically significant, post-hoc multiple comparisons were not conducted. 

Instead, a Tukey HSD test was conducted to see if there was a statistically 

significant difference between the mean values of the ̧ ƻǳƴƎΩǎ modulus for 

each reading, see Table 5.6. A significance of p = 0.76 was found which 

showed that the means do not show a statistically significant difference from 

each other. 

Table 5.6 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 with 0.5% 100 µm 

cellulose powder added as a scatterer. The 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 ex-vivo ovine brains were collected from freshly 

slaughtered Charollais lambs, aged 4ς6 months, 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 °C in PBS solution until needed for 

testing (18ς20 hours). Testing was conducted using the same SuperSonic® 

Aixplorer ultrasound scanner and SL15-4 Gen 2 linear probe as used for the 

agar gel, ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ Ϥнл ϲ/ ŀǘ {ǘΦ WŀƳŜǎΩǎ IƻǎǇƛǘŀƭ 5ǳōƭƛƴΦ The 

samples were removed from the refrigerator approximately 2 hours prior to 

scanning and were not kept cold during testing. The samples were kept in 

PBS for imaging, this is the same method as used by Chan (2016). Ultrasound 

coupling gel was applied to the transducer and the transducer was gently 

applied to the surface of the brain, see Figure 5.9.  

 

Figure 5.9 Ovine brain being scanned using SL15-4 Gen 2 linear probe. 
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Three images for each brain hemisphere were recorded, with the transducer 

moved 1ς2 cm between each image. This resulted in a total of six SWE 

images of each brain with three Q-Box measurements made for each image, 

resulting in a total of 18 stiffness readings for each brain, see Table 5.7. The 

same Q-Box placement as with the agar was not possible due to the 

appearance of anechogenic regions, see Figure 5.10. Placing the Q-box in 

this region would result in an artificially low SWE measurement. As a result, 

areas of reasonable echogenicity that were chosen to ensure that a true 

value was recorded and not an area of poor transducer contact. 

 

Figure 5.10 Anechogenic region in US image of ovine brain. 
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Table 5.7 Summary of results from each brain test. 

Test Brain 1 

(kPa) 

Brain 2 

(kPa) 

Brain 3 

(kPa) 

Brain 4 

(kPa) 

Brain 5 

(kPa) 

1 17.5 28.2 22.2 15.9 26.0 

2 20.2 27.3 21.0 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 25.0 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 21.5 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 21.0 14.1 25.0 17.3 22.3 

15 23.9 14.0 29.6 21.6 20.9 

16 21.4 19.1 29.0 25.5 22.7 

17 22.7 17.3 23.1 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 1.1 1.7 1.2 1.3 0.7 

 

These results were visualised as a boxplot, see Figure 5.11 and one-way 

ANOVA and Tukey HSD tests were performed, see Tables 5.9ς10.
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Figure 5.11 Boxplot of results for each brain, dark line shows the mean value 

and whiskers are one standard deviation. 

A one-way ANOVA test, see Table 5.8, was performed to compare the results 

from the five different brain samples to see if there was a statistically 

significant difference between the recorded stiffness values. A significance 

of p = 0.17 was found which showed that there was not a statistically 

significant difference between the groups. 

Table 5.8 Results from one-way ANOVA test (brain). 

 Sum of 

Squares 

Degrees of 

freedom 

Mean 

Square 

F-value p-value 

Between 

Groups 

184.37 4 46.09 1.66 0.17 

Within 

Groups 

2366.68 85 27.84   

Total 2551.05 89    

 

Following the one-way ANOVA test, as the overall p-value was not 

statistically significant, post-hoc multiple comparisons were not conducted. 

Instead, a Tukey HSD test was conducted to see if there was a statistically 
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significant difference between the mean values of the ¸ƻǳƴƎΩǎ Modulus for 

each group, see Table 5.9. A significance of p = 0.092 was found which 

showed that the means do not show a statistically significant difference from 

each other. 

Table 5.9 Results from Tukey HSD test (brain). 

Brain Sample N Subset for alpha = 0.05 

1 18 19.5 

4 18 21.4 

5 18 21.7 

3 18 22.1 

2 18 24.0 

p-value  0.092 

 

To test for inter-user variability, my supervisor Dr Niall Colgan repeated 

testing on the second brain sample after seeing the method used on the 

previous sample. The results are compiled in Table 5.10. 

  



Diffusion Tensor Imaging & Shear Wave Ultrasound Elastography of Ovine 
Brain 

 

140 
 

Table 5.10 Test for inter-user variability for 2nd brain sample. 

Test Author Supervisor 

1 28.2 27.4 

2 27.3 31.2 

3 29.0 25.7 

4 24.4 21.5 

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 1.2 
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As only two groups are being tested, an independent-samples t-test was 

conducted to see if the results were user-independent, see Table 5.11.  

Table 5.11 Independent-samples t-test for Equality of Means. 

 Equal variances 

assumed 

Equal variances not 

assumed 

t-value 0.92 0.92 

Degrees of Freedom 34.0 30.1 

p-value  

(2-tailed) 

0.37 0.37 

Mean Difference 1.87 1.87 

Std. Error Difference 2.04 2.04 

95% Confidence Interval 

(Lower) 

-2.28 -2.30 

95% Confidence Interval 

(Upper) 

6.01 6.03 

 

The results for this t-test showed that there was not a statistically significant 

difference, p = 0.37, between the testing conducted by two different users 

showing that in this case, testing was user-independent.  

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 90° were examined on the 4th brain sample and 

the results are recorded in Table 5.12 and visualised in Figure 5.12. 
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Table 5.12 Summary results for each transducer orientation from 0ς90° 

(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 17.3 18.7 

Std. Dev 3.3 1.5 0.9 3.4 0.8 

Std. Error 1.9 0.9 0.5 2.0 0.4 

 

 

Figure 5.12 Boxplot of results for each orientation, dark line shows the mean 

value and whiskers are one standard deviation. 

A one-way ANOVA test, see Table 5.13, was performed to compare the 

results from the four different readings to see if there was a statistically 

significant difference between the recorded stiffness values. A significance 
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of p = 0.009 was found which showed that there was a statistically significant 

difference between the groups. 

Table 5.13 Results from one-way ANOVA test for different transducer 

orientations (brain). 

 Sum of 

Squares 

Degrees of 

freedom 

Mean 

Square 

F-value p-value 

Between 

Groups 

130.72 4 32.68 6.23 0.009 

Within 

Groups 

52.48 10 5.25   

Total 183.20 14    

 

Following the one-way ANOVA test, as the overall p-value was statistically 

significant, a post-hoc Tukey HSD multiple comparison test was conducted, 

see Table 5.14. 
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Table 5.14 Tukey HSD multiple comparison test between the different 

transducer angles (brain). 

(I) 

Transducer 

Angle 

 

(J) 

Transducer 

Angle 

 

Mean 

Difference 

(I-J) 

 

Std. 

Error 

 

p-value 

 

95% 

Confidence 

Interval 

Lower Bound 

0 

 

30 -3.267 1.870 0.451 -9.423 

45 5.667 1.870 0.075 -0.489 

60 2.700 1.870 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 5.967 1.870 0.058 -0.189 

90 4.600 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 1.870 0.216 -10.489 

60 

 

0 -2.700 1.870 0.617 -8.856 

30 -5.967 1.870 0.058 -12.123 

45 2.967 1.870 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 1.870 0.177 -10.756 

45 4.333 1.870 0.216 -1.823 

60 1.367 1.870 0.944 -4.789 

 

Finally, a test was conducted on the fifth brain sample, where excessive force 

was used when imaging the sample. As can be seen in Figure 5.13, elevated 

stiffness values ranging from 29.4ς34.0 kPa were recorded. 
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Figure 5.13 Increased stiffness values as a result of excessive transducer 

pressure on brain sample 

Discussion 

The SWE protocol was developed on a 2% agar, 0.5% 100 µm cellulose 

phantom. This was relatively easy to image as it was a homogeneous, 

isotropic phantom that had a level imaging surface. Multiple independent 

tests were carried out to assess the ¸ƻǳƴƎΩǎ modulus of the material, with 

values of 56.3 ± 2.2, 55.4 ± 0.5, 53.9 ± 1.8, 56.2 ± 1.8 kPa recorded for each 

test, respectively. A one-way ANOVA test did not show 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 difference (p = 0.75) between the means of the independent 

tests. These values are higher than those recorded for the 0.5 rpm (29.7 ± 

1.2 kPa) or 1 rpm (39.0 ± 1.1 kPa) rheometry testing. One possible reason for 

the increase in stiffness is the addition of the scatterer, though it is in such a 

small quantity that it should not make such a large (40ς80%) difference. The 

main reason suggested by the author is due 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 protocol was verified on agar, testing was conducted on ex-vivo 

ovine brain. This proved more challenging to image due to the relatively 

small size of the ovine brain and the lack of a flat imaging surface. This 

required angling the transducer correctly so that the 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 readings. ¸ƻǳƴƎΩǎ 

modulus values of values of 19.5 ± 1.1, 24.0 ± 1.7, 26.1 ± 1.2, 21.4 ± 1.3, 21.7 

± 0.7 kPa were recorded for each brain, respectively. A one-way 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 significant difference (p = 0.092) between the means of the 

groups. Q-Q plots and results of a Shapiro-Wilk test for both the agar and 

brain datasets to show that the data was normally distributed are provided 

in Appendix C. 

A test for inter-user variability was conducted whereby both my supervisor 

Dr Niall Colgan and I imaged the second brain sample using the same 

method. I recorded a mean value of 24.0 ± 1.7 kPa and my supervisor 

recorded a value of 22.1 ± 1.2 kPa. An independent-samples t-test showed 

that there was not a statistically significant difference (p = 0.37) between the 

two results. 

These SWE results of 19ς26 kPa are much larger than the rheometry results 

of 0.7ς1.0 kPa. This may demonstrate the strain-rate dependence of the 

brain response due to viscoelasticity. 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 shown (~3ς15 kPa). To the authors knowledge, this is also 

the first time that ovine brain has been studied using SWE. As interspecies 

differences in brain stiffness have been demonstrated along with the effects 

of different storage methods, it would be interesting to see how these 

results compare to future studies. 

The change of transducer angle experiment was repeated for brain, 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 review. Issues with this conclusion are that the 

samples size was small and that the brain is not presenting a flat imaging 

surface like the agar phantom. This means that imaging the same area in 

each orientation proves to be almost impossible. A method to investigate 

this potential effect further 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 force. Elevated 

stiffness values ranging from 29.4ς34.0 kPa were recorded, representing a 

~40ς60% increase over the mean value with minimal pressure applied. This 

demonstrates the importance of consistent imaging pressure on the sample 

to ensure consistent and representative values. 

Conclusion 

An imaging protocol was successfully created to measure the ̧ ƻǳƴƎΩǎ 

modulus of agar gels and ex-vivo 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 brain, but not for agar gel, 
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which may suggest anisotropic mechanical effects, though it is noted that 

further tests are required to prove these results. Future 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 brain. By 

rotating the transducer along these tracts, this method might reveal 

evidence of mechanical anisotropy. 
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Chapter 6 Conclusion 

Summary of Thesis Work 

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 and 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 Continuum 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 mechanical 

properties by destructive and non-destructive 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 agar gel head phantom was created and a method to 

measure the heating effects for a high-power 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 purposes. 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 high-power 2D FLAIR acted as proxy for the 

potential energy deposition created by a focused ultrasound scan. The 

heating effects were successfully measured to within ±2.3% 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 to continue with this method, due to cost and 

difficulty accessing hospital resources during the COVID-19 pandemic.  
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In Chapter 4, a torsion study was first verified on 2% agar gel cylindrical 

samples before being applied to ex-vivo ovine brain samples. Results 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 indentation. This torsion method had previously been 

applied to ex-vivo porcine brain tissue, but it appears to be the first of its 

kind for ex-vivo ovine brain tissue.  

In Chapter 5, a protocol for SWE imaging was verified on a 2% agar gel 

sample with 0.5% 100 µm cellulose powder added as a scatterer. Consistent 

results were found and statistical analysis techniques such as one-way 

ANOVA and Tukey HSD were used. This protocol was then applied to ex-vivo 

ovine brain tissue. This appears to be the first time that ovine brain tissue 

has been tested using SWE. In both sets of results an increased stiffness 

value was observed compared to the torsion tests, 40ς80% 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 tissues, if slightly stiffer. Mechanical 

anisotropy may have been observed when the angle of the transducer was 

varied between 0ς90°, though a more 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 with other 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 the quasistatic 

testing method. Consequently, caution should be exercised when 

interpreting SWE results. 
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Nevertheless, the SWE testing methodology has demonstrated repeatability 

and independence from the operator, making it a promising approach for in-

situ or in-vivo testing to assess relative mechanical changes, 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 tissue. Transcranial 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 the results from the mechanical and non-destructive 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 in-vivo. Some of the variations can be 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 identify mechanical anisotropic effects using a 

diagnostic SWE transducer. As mentioned in Chapter 5, it would be 

interesting to conduct tractography 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 evidence of 

mechanical anisotropy.  

While some mechanical testing methods for brain matter have successfully 

tested both grey and white matter separately, this distinction presents 

challenges when using a diagnostic SWE scanner. It can be difficult to 

accurately delineate the two and maintain the same size region of interest 
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in the Q-Box. 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 can be directly compared with 

SWE and torsion results.  
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