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Abstract 

Minimally invasive therapies aim to deliver effective treatment whilst reducing off-

target burden, limiting side effects, and shortening patient recovery times. 

Remote navigation of untethered devices is one method that can be used to 

deliver targeted treatment to deep and otherwise inaccessible locations within the 

body. Minimally invasive image-guided ablation (MINIMA) is a novel thermal 

ablation therapy for the treatment of solid tumours, whereby an untethered 

ferromagnetic thermoseed is navigated through tissue to a target site within the 

body, using the magnetic field gradients generated by a magnetic resonance 

imaging (MRI) system. Once at the tumour, the thermoseed is heated remotely 

using an alternating magnetic field, to induce cell death in the surrounding cancer 

tissue. The thermoseed is then navigated through the tumour, heating at pre-

defined locations until the entire volume has been ablated. 

The aim of this PhD project is to develop MINIMA through a series of proof-of-

concept studies and to assess the efficacy of the three key project components: 

imaging, navigation, and heating. First, an MR imaging sequence was 

implemented to track the thermoseeds during navigation and subsequently 

assessed for precision and accuracy. Secondly, movement of the thermoseeds 

through a viscous fluid was characterised, by measuring the effect of different 

navigation parameters. This was followed by navigation experiments performed 

in ex vivo tissue. To assess thermoseed heating, a series of in vitro experiments 

were conducted in air, water, and ex vivo liver tissue, before moving onto in vivo 

experiments in the rat brain and a murine subcutaneous tumour model. These 

final experiments allowed the extent of cell death induced by thermoseed heating 

to be determined, in both healthy and diseased tissue respectively. 
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Impact statement 

 
The development of therapies for the treatment of cancer and other diseases is 

an ongoing challenge within engineering and science research. And in recent 

decades, the focus of researchers has shifted from traditional techniques, such 

as surgery, to minimally invasive and automated technologies. These novel 

treatment options bring promise of better outcomes for patients, by ensuring 

swifter recovery and minimising the chance of life-altering morbidities, as well as 

reducing costs for healthcare providers. MINIMA (minimally invasive image-

guided ablation) is a novel thermal ablation therapy that may be used to treat 

cancer in a number of organs minimally invasively. 

Typically a diagnostic tool, MRI scanners are essential in modern medicine for 

the detection of various diseases and, as a result, are readily available in clinical 

settings around the world. With small modifications to the existing hardware of an 

MRI scanner, this device may also be used for treatment purposes. The work 

presented in this thesis demonstrates the initial proof-of-concept for MINIMA, 

which is delivered using an MRI scanner. Should this therapy by translated into 

the clinic in the future, it could be made available through the pre-existing 

infrastructure of diagnostic MRI, thus making it readily accessible for many 

people. The developments explored in this thesis will also be valuable to 

researchers working in the fields of magnetic resonance navigation and magnetic 

hyperthermia.  

Whilst completing my PhD, MINIMA has been presented through talks and 

exhibitions aimed at the public, as part of events such as Cheltenham Science 

Festival. These outreach opportunities are essential for disseminating research 

and engaging with the community, which help build and maintain confidence in 

both scientists and science in general and help inform researchers and policy 

makers on the most valuable and impactful areas of research. 
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1 Introduction 

1.1 The MINIMA concept 

Minimally invasive therapies aim to improve current healthcare practice by 

reducing the risk of complications, mitigating off-target effects, shortening patient 

recovery times and, consequently, minimising associated financial burden. Some 

recent examples include the Gamma-knife, for localised radiation therapy in the 

brain, and high-intensity focused ultrasound (HIFU), a non-invasive method of 

thermal ablation. However, these novel approaches tend to be specific to an 

organ or disease and, therefore, have had little opportunity to be applied more 

widely across conditions. 

Increasingly, the navigation of untethered devices through the body has been 

investigated, allowing minimally invasive therapies to reach deeper targets for 

both treatment and diagnostic purposes. An established example is the PillCam, 

a camera contained within a swallowable capsule that is used to study the 

gastrointestinal tract (Iddan et al., 2000). The PillCam is passively propelled 

through the body by peristalsis, alleviating the discomfort patients experience 

with traditional endoscopic procedures. Active methods of navigation have also 

been developed, including chemical, magnetic and ultrasound mediated 

propulsion (Soto et al., 2020). Medical imaging is often employed to track and 

guide these devices, thus forming an essential component of minimally invasive 

focal therapies (Pane et al., 2019). 

One project developed in the late 1980s called ‘Video Tumour Fighter’ (VTF), 

used a rotatable electromagnet to navigate ferromagnetic cylindrical 

thermoseeds through the brain of a dog, before heating them to induce cell death 

(Grady et al., 1990). While in vivo navigation and heating of the thermoseed was 

successful, VTF was not taken any further than preclinical experiments. A 

potential reason for this is the inferior imaging technology that was available at 

the time. Pre-acquired magnetic resonance (MR) images were registered with 

fluoroscopic images based on the position of fiducial markers attached to the 

skull; not only is this invasive, but the registration would likely have lacked the 

accuracy required to safely perform the procedure in the brain. Alternatively, this 
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work led to the formation of the company Stereotaxis, which develops external 

electromagnets to guide magnetically tipped catheters to treat atrial fibrillation 

(Lim et al., 2017; Carpi and Pappone, 2009). 

A magnetic resonance imaging (MRI) scanner, a diagnostic tool readily available 

in most hospitals, may provide the ideal platform on which to deliver a minimally 

invasive thermal ablation therapy. Alongside the inherent advantage of image-

guidance, the magnetic field gradients generated by the MRI scanner can be 

used to exert a force on a ferromagnetic device, navigating it towards the 

diseased tissue of interest. This concept forms the basis of MINIMA (minimally 

invasive image-guided ablation). MR images will help determine the least 

invasive path, along which a ferromagnetic thermoseed will be navigated. 

Additionally, imaging may be used to constantly track the position of the 

thermoseed, giving real-time assurance of the thermoseed’s location. Once at the 

target, an alternating magnetic field (AMF) may be applied, causing the 

thermoseed to heat and induce localised cell death. The thermoseed may then 

be navigated through the target tissue, heating at multiple locations until the 

whole volume has been ablated. Having navigated the thermoseed for removal, 

MRI could then be used to inform on the success of the procedure. 

In the remainder of this chapter, I introduce the three essential components of 

MINIMA: navigation, imaging, and heating. Following this, chapters 2 and 3 

provide an explanation of the physical phenomena that underpin the project, and 

finally, in chapters 4 – 7 I present a series of proof-of-concept studies that 

evaluate the potential of MINIMA as a minimally invasive cancer therapy. 

1.2 Magnetic resonance actuation 

1.2.1 Magnetic resonance navigation 

Magnetic resonance navigation (MRN) has developed over the last 20 years as 

a technique to deliver targeted therapies, using the technology readily available 

in MRI scanners. By incorporating a ferromagnetic component into a miniaturised 

medical device, the imaging magnetic field gradients that are generated by an 

MRI scanner will exert a force on the device, causing it to move along the gradient 

axis. Furthermore, the imaging coils can generate gradients along three 

orthogonal axes, providing freedom to steer the device in any direction. MRN may 
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be used to target therapies to precise locations within the body and 

simultaneously increase therapeutic effect and reduce toxicity, by increasing and 

reducing delivery to targeted and healthy tissues respectively. 

The ability to exert sufficient force to actuate a ferromagnetic sphere with an MRI 

scanner was first demonstrated by Sylvain Martel’s group. With the intention of 

using MRN to navigate microdevices through the vasculature, experiments 

propelling 2 – 3 mm diameter steel spheres through tubular flow phantoms, 

mimicking the conditions of peripheral arteries, were conducted (Mathieu et al., 

2005; Mathieu, Beaudoin and Martel, 2006). By applying 18 mT m-1 magnetic 

field gradients in the opposite direction to water flow, spheres were successfully 

actuated, allowing their position within the tube to be maintained at equilibrium. 

These studies were shortly followed by the first in vivo MRN proof-of-concept 

(Martel et al., 2007). Using a balloon catheter to stop blood flow and magnetic 

field gradients of no more than 40 mT m-1, a 1.5 mm diameter steel sphere was 

successfully navigated through the carotid artery of a living swine, at speeds of 8 

– 11 cm s-1. These initial experiments provided confidence in MRN as a technique 

and demonstrated the possibility of elevating an MRI scanner from a diagnostic 

tool to a therapeutic platform.  

However, for MRN to be clinically translatable, devices must be navigated much 

deeper into the vascular network, guided not just through arteries but also 

capillaries, thus imposing a limit on the size of the device. Since the magnitude 

of the magnetic actuation force decreases with the volume of the ferromagnetic 

object, navigation through capillaries requires gradient strengths at least an order 

of magnitude larger than those available within typical clinical MRI scanners (40 

– 80 mT m-1). Consequently, a specialist steering gradient coil was manufactured, 

which could be inserted into the bore of a clinical MRI scanner and deliver 

gradient strengths of up to 400 mT m-1 (Mathieu and Martel, 2007). Using this 

coil, microcarriers loaded with iron-cobalt nanoparticles and a chemotherapy drug 

(Pouponneau, Leroux and Martel, 2009) were directly injected into the hepatic 

artery of a rabbit and subsequently navigated to the left or right liver lobe for 

targeted chemoembolisation (Pouponneau et al., 2011). The delivered drug dose 

increased by 15 – 40 % in the targeted lobe and decreased by 20 – 30 % in the 
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untargeted lobe, when compared with no steering, thus demonstrating the 

potential of MRN-mediated drug delivery to minimise off-target effects. 

1.2.2 Magnetic resonance targeting 

 

Figure 1.1 Magnetic resonance targeting. The patient is positioned within the 
centre of an MRI scanner, where linear magnetic field gradients can be used to 
induce a force on ferromagnetic particles and devices. Superparamagnetic iron 
oxide nanoparticle-labelled cells or drugs are injected systemically and circulate 
through the patient’s vascular network. By consistently applying a magnetic field 
gradient in the direction of the physiological target, in this case the right 
hemisphere of the brain, the cells/drug will preferentially accumulate in the 
diseased tissue/organ, thus increasing therapeutic effect and minimising 
unwanted side effects. Schematic reproduced from Muthana et al. (2015). 

Ferromagnetic agents of a much smaller size, such as superparamagnetic iron 

oxide nanoparticles (SPIONs), can also be used to deliver therapeutic agents 

within the body. Termed magnetic resonance targeting (MRT), this technique 

differs from MRN, as the SPIONs are administered systemically and, rather than 

being navigated along a determined path, a magnetic field gradient is consistently 

applied in the direction of the physiological target (Figure 1.1), thus leading to 

increased SPION accumulation in the diseased tissue. This has been 

demonstrated in a simple bifurcation model with SPION-labelled stem cells and 

a gradient strength of 500 mT m-1 (Riegler et al., 2010), as well as in vivo 

(Muthana et al., 2015). Using MRT, Muthana et al. observed a reduction in 

primary tumour growth in a murine prostate cancer model following MRT-

mediated delivery of macrophages loaded with oncolytic viruses, when compared 

with control groups. Although these studies demonstrate that MRT can increase 

doses delivered to diseased organs, the systemic delivery still carries a risk of 

exposing healthy tissues to potentially toxic agents. 
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1.2.3 Thermoseed tracking with MRI 

A key advantage of MRN is the imaging modality, user interface and system 

control provided by the MRI scanner, enabling the navigation of untethered 

devices to be performed autonomously. Early examples of ferromagnetic device 

navigation and tracking without the need for human interaction integrated a real-

time feedback loop into the software platform used to control a typical MRI 

scanner. Waypoints identified at three distinct locations on a pre-acquired 

angiography formed the intended path of a 1.5 mm steel sphere through the 

artery of a swine (Figure 1.2) (Chanu and Martel, 2007). The control sequence 

would identify the current position of the sphere from an MR-based tracking 

sequence, determine the direction and distance to travel to the next way point, 

and calculate and apply the appropriate gradient amplitude, direction, and timing. 

Once the sphere reached a defined circle of precision around the waypoint (10 

mm diameter), the software would move onto the next waypoint on the planned 

trajectory. The control sequence was rapid and could be implemented at a 

frequency of 24 Hz.  

 

Figure 1.2 Automated tracking of a chrome steel sphere. The intended path 
of the sphere was defined using three waypoints and passed from waypoint 1 to 
3, before moving backwards and forwards between waypoints 2 and 3. The 
sphere was considered to have reached the waypoint once within a surrounding 
circle of precision (10 mm radius). A The software in which the path is defined 
and sphere movement is tracked (Chanu and Martel, 2007). B Sphere trajectory 
superimposed over an x-ray angiography. The green dots show actual 
displacement of the sphere. Arrows indicate the direction of movement. (Martel 
et al., 2007) 

Although the flow within the swine’s artery was controlled using a balloon 

catheter, later in vitro studies demonstrated the ability to use this automated 

navigation platform under quiescent (Chanu et al., 2008) and pulsatile flow 
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(Tamaz et al., 2008). More recent advances have focused on optimum path 

planning for more complex pathways. A 750 µm steel sphere was navigated 

through a 2D maze, along trajectories optimised for different intentions, such as 

the thermoseed sticking to the centreline of the vessels or improving gradient coil 

power efficiency (Folio and Ferreira, 2017). Taken together, these examples 

demonstrate the advantages that pre-existing MRI hardware and software 

provide in the development of fully automated MRN procedures. 

1.2.4 Dipole field navigation 

 

Figure 1.3 Dipole field navigation (DFN). A In vitro experimental setup for DFN 
proof-of-concept consisted of three ferromagnetic cores positioned around a 
three-bifurcation, vessel-mimicking network, through which ferromagnetic 
nanoparticles were injected under a continuous flow. The paths followed by the 
ferromagnetic nanoparticles were monitored with a camera, and the nanoparticle 
motion density was presented as a heatmap. B With the ferromagnetic cores in 
position, most of the detected motion was along the intended path, with few 
nanoparticles travelling down the wrong branches. C The control experiment, 
performed without the ferromagnetic cores, emphasises the effect the cores have 
on the paths followed by the ferromagnetic nanoparticles. Figure adapted from 
Latulippe and Martel (2015). 

Meanwhile, alternative MR actuation techniques, such as dipole field navigation 

(DFN) and fringe field navigation (FFN), have been developed to overcome some 

of the limitations of MRN. DFN involves the positioning of ferromagnetic cores 

around the patient, within the bore of the MRI scanner. These cores distort the 

homogenous magnetic field and, with carefully planned positioning, can create a 

magnetic path that guides the ferromagnetically-labelled therapeutic agents to 

the intended target (Figure 1.3) (Latulippe and Martel, 2015). Although this 

technique can generate gradients of up to 400 mT m-1 (Latulippe and Martel, 

2018), modelling the path taken by the therapeutic agent can be challenging, 
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especially when accounting for variation in anatomy between patients. In 

addition, the magnetic field distortions created by the ferromagnetic cores inhibits 

any real-time MRI-based tracking, thus necessitating complex mechanisms to 

insert and remove the ferromagnetic cores throughout the procedure (Shi et al., 

2021). 

1.2.5 Fringe field navigation 

 

Figure 1.4 Fringe field navigation (FFN). FFN utilises the magnetic field 
external to the MRI scanner to navigate magnetic guidewires through narrow 
vessels for catheterisation. With the patient table attached to a robotic arm (A), 
the patient can be rotated and moved through the fringe field, allowing the 
direction of the magnetic field gradient to be aligned with the required axis of 
actuation (B). Figure adapted from Tremblay et al. (2014) and Azizi et al. (2019). 

Alternatively, FFN takes advantage of the large magnetic field gradients 

surrounding the MRI scanner, known as the fringe field, that can be as large as 

4 T m-1 (Tremblay et al., 2014). The patient table is attached to a robotic arm, and 

the patient is rotated and moved through the field, allowing the magnetic field 

gradient to be aligned with the intended direction of navigation (Figure 1.4). These 

gradient strengths are ten-fold larger than what can be achieved with MRN and 

DFN and, therefore, could be used to navigate smaller therapeutic agents through 

narrower vessels, much deeper in the vascular network. Martel’s group recently 

demonstrated this concept for the first time in vivo in a swine model, by navigating 
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a magnetically-tipped guidewire through vessels 2 mm in diameter (Azizi et al., 

2019). Although this technique shows some potential, a limitation is again the 

inability to track the navigable agent with MRI-based imaging. Real-time imaging 

is instead performed using x-rays, which are registered with pre-acquired MR-

angiography images. 

1.2.6 MRN through tissue 

Although the work discussed so far has focused on the navigation of devices and 

particles through vasculature, navigating a device directly through tissue could 

expand the range of MRN applications, to include minimally invasive surgery and 

biopsies for example. However, the ability to penetrate tissue requires much 

larger actuation forces. Studies conducted as part of the VTF project determined 

that a force of 0.07 N was required to move a 3 mm diameter sphere through 

brain tissue at approximately 0.7 mm s-1 (Molloy et al., 1990). To exert 0.07 N on 

a 3 mm ferromagnetic sphere using an MRI scanner would require a magnetic 

field gradient strength of 3.6 T m-1. Since clinical MRI scanners can typically 

generate 40 – 80 mT m-1 magnetic field gradients, modifications, to either the MRI 

system or the penetrating device, would need to be made to perform MRN 

through tissue. This has led to the development of elaborate technologies such 

as the MRI-Gauss gun (Becker, Felfoul and Dupont, 2015) and magnetic hammer 

actuation (Leclerc et al., 2018). The MRI-Gauss gun consists of three stages 

containing two magnetised spheres and a non-magnetic spacer (Figure 1.5A, B). 

The first stage is actuated using the magnetic field gradients of an MRI scanner 

until it collides with the second stage, starting a chain reaction of collisions that 

amplifies the velocities of the magnetised spheres until the final device is actuated 

with enough force to penetrate tissue. Although the MRI-Gauss gun was shown 

to actuate a 0.46 mm diameter needle ~15 mm into a brain tissue-mimicking 

phantom, it has several disadvantages, the main one being the size of the device. 

Each stage of the device is ~35 mm in length, and almost 10 mm in diameter, 

meaning it can only be used to penetrate tissue from outside the body.  

Magnetic hammer actuation instead uses a single-component millirobot 

consisting of a magnetised sphere in a tube. A spring and an impact plate are 

placed at the tail and front end of the tube respectively, and a pointed tip is added 

to the front of the device to aid penetration (Figure 1.5C). Using the magnetic field 
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gradients generated by the MRI scanner, the sphere is projected towards the 

spring. Once the gradients are switched off, the sphere is released and propelled 

to the front of the device, generating a large force as it comes into contact with 

the plate. This process is then repeated to create a pulsed force. A 7.5 mm 

diameter, 50 mm long millirobot, containing a 5 mm steel ball, penetrated ex vivo 

brain tissue up to 9 mm using a magnetic field gradient of 23 mT m-1 (Figure 

1.5E). Although this method is effective at penetrating tissue with small magnetic 

field gradients that are readily achievable on a clinical MRI scanner, once again 

the device is very large, thus inhibiting its use in vivo (Figure 1.5D). 

 

Figure 1.5 MRN-based tissue penetration technologies. A, B Schematic and 
cross-sectional photograph of the MRI-Gauss gun before and after triggering 
(Becker, Felfoul and Dupont, 2015). C Schematic of a millirobot designed for 
tissue penetration, actuated by a magnetic hammer. D Photographs of magnetic 
hammer millirobot designs. E Photographs showing the magnetic hammer 
millirobot driven by an MRI scanner to penetrate ex vivo brain tissue. C, D and E 
are adapted from Leclerc et al. (2018). 

A key element of all MRN-based techniques and studies discussed in this chapter 

is the magnitude of the magnetic field gradients generated by the MRI scanner. 

With current clinical MRI gradient coils limited to just 10’s of mT m-1, this is one 
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of the greatest challenges in the field. Unlike clinical systems, high-field preclinical 

MRI scanners can typically deliver gradient strengths up to 1 T m-1. Using a 

preclinical MRI scanner may therefore be advantageous in the development of 

MINIMA. Chapters 4 and 5 discuss this point further and include MRN 

experiments that investigate the navigation component of the MINIMA project. 

1.3 Imaging magnetic devices 

Medical imaging forms an essential part of minimally invasive therapies, as it is 

the only means by which the inside of the body can be visualised without open 

surgery. Image-guided therapies not only use imaging to diagnose and visualise 

the diseased tissue, but also to guide interventional tools and devices. A range 

of different imaging modalities are used in the clinic for diagnostic purposes and 

have been incorporated into image-guided interventions, including MRI, 

ultrasound, computed tomography (CT) and positron emission tomography (PET) 

(Kalinyak et al., 2011). MRI has a distinct advantage when imaging magnetic 

devices, as it is particularly sensitive to the magnetic properties of metals. In 

addition, MRI provides excellent soft tissue contrast, high spatial resolution and 

does not use ionising radiation, thus allowing repeated scanning. These 

advantages make MRI an ideal method of imaging for MRN and the MINIMA 

project. 

The sensitivity of MRI to the magnetic properties of metals has resulted in the use 

of magnetic nanoparticles (MNPs) as an image contrast agent for over 25 years 

(Estelrich, Sanchez-Martin and Busquets, 2015). MNPs appear as large 

hypointense regions, which makes them easy to track, and have been used for a 

range of applications including identification of liver (Semelka and Helmberger, 

2001) and brain tumours (Enochs et al., 1999), and molecular and cellular 

tracking (Bulte and Kraitchman, 2004). In fact, the hypointensities are so large, it 

is even possible to track a single cell (Korchinski et al., 2015; Lee et al., 2011). 

Although advantageous when working with magnetic particles on the nano or 

micro scale, the presence of larger metal objects can cause significant problems 

in MRI. In the worst case, it is not safe for patients with certain orthopaedic 

implants or pacemakers to be exposed to the magnetic field of an MRI system, 

thus inhibiting them from having a scan. In more modest scenarios, for example 
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when patients have implants made from a paramagnetic material such as 

titanium, the patient’s safety is not compromised, but large artefacts appear in the 

images, thus masking or distorting the anatomy. To overcome these challenges, 

specialised MRI pulse sequences have been developed for imaging near metals 

(Cho, Kim and Kim, 1988; Hargreaves et al., 2018) and tracking ferromagnetic 

devices (Felfoul et al., 2008). These methods may be useful in the development 

of MINIMA and will be discussed in more detail in chapter 3, following a brief 

introduction to MRI theory. 

1.4 Thermal ablation therapies 

Thermal ablation therapies increase temperatures in vivo to induce irreversible 

cell death and tissue damage. A modest temperature increase (41 – 45 °C) is 

termed hyperthermia, and within this range proteins become denatured, apoptotic 

cell death is induced and after prolonged periods (30 – 60 minutes) irreversible 

tissue damage can occur (Hilger, 2013). Heating to temperatures above 45 °C is 

referred to as thermal ablation and causes direct damage at the tissue and 

subcellular level, leading to coagulative necrosis (Chu and Dupuy, 2014). A range 

of different techniques have been developed to deliver focal thermal ablation and 

have been employed in the treatment of many diseases including epilepsy 

(Tovar-Spinoza et al., 2013) and Parkinson’s (Martinez-Fernandez et al., 2018). 

Due to the increased thermo-sensitivity of cancer cells (Nikfarjam, Muralidharan 

and Christophi, 2005), hyperthermia and ablation can be particularly effective 

cancer treatments, with hyperthermia typically used as an adjuvant therapy and 

thermal ablation as a minimally invasive alternative to surgery. 

Various methods have been developed for thermal ablation therapy, with each 

technique differing in its process of heat generation and delivery. Typically, these 

techniques treat focal regions, and are much less invasive than traditional 

surgical techniques, thus limiting side effects and reducing recovery times. Some 

of the more established thermal ablation methods include radiofrequency (RF) 

ablation, laser interstitial thermal therapy (LITT) and HIFU. 

RF ablation involves the flow of an RF current through an electrode that has been 

inserted into the target tissue, with dispersion pads placed elsewhere on the 

patient to close the circuit (Hong and Georgiades, 2010). The electrode has a 
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small cross-sectional area, thus creating a high energy flux around it, while the 

large area of the pads disperses the energy. As a result, heat is generated at the 

electrode tip. RF ablation is most commonly used to treat liver tumours (McGahan 

and Dodd, 2001) and epilepsy (Quigg and Harden, 2014) and is often cheaper 

than other thermal ablation therapies. The main limitations of this technique is the 

inability to treat tumours > 3 cm with a single electrode, thus necessitating 

specialised electrode designs (Meijerink et al., 2011) or the insertion of multiple 

electrodes, and the requirement for tissues to have high electrical conductivity. 

LITT ablates tissue using laser light delivered via optical fibres that have been 

stereotactically inserted into the tissue of interest. The photon energy from the 

laser is converted to molecular motion when it encounters the tissue, which 

generates heat. Typically, this is performed within an MRI scanner, and imaging 

is interleaved with firing of laser pulses to monitor the boundary between the 

viable and non-viable tissue in real time (Patel and Kim, 2020). Diseases 

commonly treated with LITT include epilepsy and brain tumours. Like RF ablation, 

the therapy is delivered from a single source within the tissue, thus limiting the 

region of necrosis to 2 cm (Prince et al., 2017). In addition, abnormally shaped 

lesions would require multiple fibres to be inserted at different locations to ensure 

full coverage. 

HIFU consists of a piezoelectric transducer that delivers ultrasound waves to the 

target tissue, like those used for ultrasound imaging. The main difference is that 

the ultrasound waves are concentrated at a focal point, transferring energy to the 

tissue, which causes a rapid increase in temperature to above 70 °C. The size of 

the focal lesion can be varied, but is typically cylindrical in shape with a diameter 

and length of approximately 3 and 11 mm respectively (Illing and Emberton, 

2006). The focal lesion is then rastered through the tumour to ensure complete 

coverage. The main advantages of HIFU are that it is completely non-invasive, 

and it does not use ionising radiation. Disadvantages include the need for the 

patient to remain very still, thus necessitating a general anaesthetic. HIFU has 

been used to treat cancer in a range of organs including prostate (van der Poel 

et al., 2018), liver, pancreas (Diana et al., 2016) and the brain (Alkins and 

Mainprize, 2018). 
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Magnetically mediated hyperthermia and ablation involves the application of an 

AMF to heat magnetic nanoparticles or thermoseeds, leading to a rise in 

temperature which subsequently induces localised cell death. This is the method 

of heating that will be used for MINIMA. The physical principles behind this 

heating process are presented in the next chapter, and its application within the 

literature is discussed further in chapters 6 and 7. 
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2 Magnetically mediated actuation and heating 

The basic introduction to magnetism provided in this chapter has been 

summarised from the following texts: Coey (2009) and Griffiths (2017). 

2.1 Magnetism 

Magnetism is a natural phenomenon that arises from the movement of electric 

charges or the intrinsic magnetic moment of electrons or atoms and results in 

attractive and repulsive forces between objects. All materials interact with 

magnetic fields to varying degrees, depending on their atomic properties. This 

interaction (i.e., the extent to which a material is magnetised by an external 

magnetic field) can be described by magnetic susceptibility, a dimensionless 

parameter, which is defined in SI units as: 

𝛸 =
𝑀

𝐻
(2. 1) 

where M is the internal magnetisation of the material and H is the external 

magnetic field, both expressed in units of A m-1. The magnetic behaviour of 

materials can be classified into 5 distinct types: diamagnetism, paramagnetism, 

ferromagnetism, anti-ferromagnetism, and ferrimagnetism. 

Diamagnetism originates from the change in orbital motion of electrons in the 

presence of a magnetic field. This behaviour occurs in all materials and results in 

a weak magnetisation, antiparallel to the applied field. Diamagnetic materials, 

such as water, have a small, negative susceptibility (-10-3 to -10-6) and do not 

exhibit any other form of magnetic behaviour. 

Paramagnetism arises primarily from the spin of unpaired electrons. In the 

absence of a magnetic field, magnetic moments of paramagnetic atoms are 

randomly orientated, due to thermal motion, resulting in no net magnetisation. 

When a field is applied, the magnetic moments tend to align with the field. 

Paramagnetic materials do not retain their magnetisation, meaning the net 

magnetisation returns to zero once the applied field is removed. 
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Ferromagnetism is observed in metals such as iron, nickel, and cobalt; it is 

caused by the alignment of atomic magnetic moments (from unpaired electron 

spins) with one another over large regions called domains. Neighbouring 

domains are orientated randomly, resulting in no net magnetisation. When an 

external field is applied, domain boundaries shift, increasing the volume of 

regions in alignment with the field. Unlike paramagnetic materials, the interaction 

of magnetic moments within ferromagnetic materials results in residual 

magnetisation when the field is removed. The maximum magnetisation that can 

be achieved is called the saturation magnetisation. This process of magnetisation 

is irreversible due to the pinning of domain walls, a property referred to as 

hysteresis (Figure 2.1).  

 

Figure 2.1 Magnetisation of ferromagnetic materials. In the absence of an 
external magnetic field (H), magnetic moments align with one another to form 
domains that are orientated at random, resulting in no net magnetisation (M). 
When an external field is applied, magnetic domains begin to align with one 
another in the same direction as H. When the magnetic field is removed, domains 
tend to remain aligned, resulting in some residual magnetisation. This process 
can be described by a hysteresis curve (top). 

Anti-ferromagnetism is similar to ferromagnetism in the formation of magnetic 

domains; however, within each domain the magnetic moments are aligned anti-
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parallel, leading to no net magnetisation. This is also true for ferrimagnetism, but 

with opposing magnetic moments of varying amplitude. Ferro-, anti-ferro- and 

ferrimagnetic materials become paramagnetic above a certain temperature, 

called the Curie, Néel and ferrimagnetic Curie temperature respectively, due to 

increased thermal motion. 

2.2 Magnetic actuation 

When a magnetic particle is placed within a magnetic field it will behave as a 

point-like magnetic dipole. The magnetic field will exert a torque (𝛕) on the 

particle, causing it to rotate and align its magnetic dipole moment (𝒎) with the 

magnetic field vector (𝑩): 

𝛕 = 𝒎 × 𝑩 (2. 2) 

 
𝒎 = 𝑉𝑚𝑴 (2. 3) 

where 𝑉𝑚 is the volume of the particle and 𝑴 is the magnetisation of the particle. 

To exert a translational force (𝑭𝒎) on the particle, a magnetic field gradient is 

required: 

𝑭𝒎 = (𝒎 ∙ ∇)𝑩 (2. 4) 

This can be written as (Pankhurst et al., 2003): 

𝑭𝒎 =
𝑉𝑚∆𝜒

𝜇0

(𝑩 ⋅ ∇)𝑩 (2. 5) 

where Δχ is the difference in magnetic susceptibility between the particle and its 

surroundings and μ0 is the permeability of free space. Equation 2.5 shows the 

dependence of the force on both the magnitude and gradient of the magnetic 

field, as well as the magnetic susceptibility and volume of the material. If the 

particle is ferromagnetic and has reached saturation magnetisation (𝑴𝒔), 

equation 2.5 is simplified to give (Riegler et al., 2011): 
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𝑭𝒎 = 𝑉𝑚(𝑴𝒔 ⋅ ∇)𝑩 (2. 6) 

Due to the high magnetic field generated by an MRI scanner, any ferromagnetic 

thermoseeds positioned within the bore will be fully magnetised, and the 

translational force will be dependent on the size of the particle, the saturation 

magnetisation, and the magnetic field gradient. 

MRN uses the imaging coils of an MRI scanner to generate magnetic field 

gradients and exert a translational force on a ferromagnetic object. In the case of 

MINIMA, when the ferromagnetic thermoseed is placed within the MRI scanner 

its magnetisation will be aligned with the main magnetic field, traditionally defined 

as the z axis. Neglecting the x and y magnetisation components, equation 2.6 

can be simplified to give: 

[

𝐹𝑚,𝑥

𝐹𝑚,𝑦

𝐹𝑚,𝑧

] = 𝑉𝑚𝑀𝑧

[
 
 
 
 
 
 
∂𝐵𝑧

∂𝑥
∂𝐵𝑧

∂𝑦
∂𝐵𝑧

∂𝑧 ]
 
 
 
 
 
 

(2. 7) 

Furthermore, if the gradient is applied along a single axis e.g., z: 

𝐹𝑚,𝑧 = 𝑉𝑚𝑀𝑧

∂𝐵𝑧

∂𝑧
(2. 8) 

In the literature, equation 2.8 is often quoted with an additional term, 𝐷, which 

stands for the duty cycle of the magnetic field gradient:  

𝐹𝑚,𝑧 = 𝑉𝑚𝐷𝑀𝑧

∂𝐵𝑧

∂𝑧
(2. 9) 

The duty cycle describes the ratio of time for which the gradients can be applied 

within a set period without the hardware overheating and is often a limiting factor 

in MRN studies. Therefore, the effect of each of the parameters in equation 2.9 

on the movement of a thermoseed is assessed in chapter 5, before attempting to 

navigate through tissue. 
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2.3 Magnetically mediated hyperthermia and ablation 

Magnetically mediated hyperthermia and ablation uses an AMF to selectively 

heat magnetic particles or thermoseeds, inducing a rise in local temperature. 

Larger particles, such as the thermoseeds used in this thesis, are predominantly 

heated by two mechanisms when exposed to an AMF. The first is via the 

induction of eddy currents through the volume of ferromagnetic material, which 

dissipates energy via resistive heating. The density of these currents is non-

uniform, with the majority carried on the surface. The depth at which current 

density is reduced to 1 𝑒⁄  =  37 % of the surface value is called the skin depth: 

δ = √
ρ

πμ𝑟μ0𝑓
(2. 10) 

where ρ is the resistivity of the material, μ𝑟 is the relative permeability of the 

material and 𝑓 is the frequency of the field. For a chrome steel thermoseed the 

skin depth is ~ 20 µm (calculated using: ρ = 1.4 × 10-7 Ω m, μ𝑟 = 100, μ0 = 1.26 × 

10-6 H m-1, 𝑓 = 710 × 103 Hz), which is just 1 % of a 2 mm thermoseed’s diameter. 

The total power generated via eddy current heating of a spherical thermoseed is 

given by (Stauffer, Cetas and Jones, 1984): 

𝑃𝐸 ≅ 3√2π𝑎2√
𝑓μ

σ
𝐻2 (2. 11) 

where 𝑎 is the radius of the sphere, μ is the magnetic permeability and σ is the 

electric conductivity of the material. 

The second mechanism of heat generation is hysteresis loss, which results from 

the hysteretic properties of ferromagnetic materials (see section 2.1). When an 

AMF is applied, energy is delivered to the system allowing domain motion to 

occur and the net magnetisation vector to oscillate. The energy is subsequently 

transferred as thermal energy and is characterised by the area of the hysteresis 

loop (Pankhurst et al., 2003): 
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𝑃𝐻 = 𝜇0𝑓 ∮𝑯 𝑑𝑴 (2. 12) 

Since MINIMA will be performed within the bore of an MRI scanner, the static 

magnetic field will fully saturate the ferromagnetic thermoseed, preventing its 

magnetisation from oscillating. As a result, heating will occur from eddy current 

losses only. 

Increasing the amplitude and frequency of the applied field would increase 

thermoseed heating, as defined by equations 2.11 and 2.12. However, an AMF 

may also induce eddy currents in tissue exposed to the field, due to the 

conductivity of biological fluids, which may lead to peripheral nerve stimulation or 

non-specific heating. To limit non-specific heating, limits on frequency and 

amplitude have been defined in various studies, with the most commonly quoted 

being the Brezovich criterion, 𝐻𝑓 < 4.85 × 108 A m-1 s-1 (Atkinson, Brezovich and 

Chakraborty, 1984). However, some studies have used field parameters that 

exceed this limit, without complaint from patients (Maier-Hauff et al., 2007; 

Thiesen and Jordan, 2008), and there is still much debate around this topic 

(Pankhurst et al., 2009). 

Discussion on the applications of magnetically mediated thermal ablation is 

provided in chapters 6 and 7, before experimental results are presented, which 

explore the heating characteristics of ferromagnetic thermoseeds and show the 

effect of thermal ablation in healthy and diseased tissue.  
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3 Imaging background and theory 

Chapter 3 introduces the different imaging techniques used in the experiments 

presented in this thesis. The bulk of the chapter focuses on MRI, as this is the 

imaging platform on which MINIMA has been developed. CT, ultrasound, and 

bioluminescence imaging (BLI) are also briefly introduced. 

3.1 Magnetic resonance imaging 

Performing MINIMA within the bore of an MRI scanner has the inherent 

advantage of image-guidance. Pre-acquired images will allow an optimum path 

to be defined from injection site to the target, avoiding essential biological 

structures and minimising damage to healthy tissue. MRI may also be used to 

track the thermoseed during the procedure, ensuring it does not deviate from the 

planned trajectory. Section 3.1 introduces the principles of MRI, the implications 

of imaging near metal objects using MRI and the hardware of an MRI scanner. 

The basic MRI concepts have been summarised from the following standard 

texts: Levitt (2001), Brown (2014), McRobbie et al. (2006) and Bernstein, King 

and Zhou (2004). 

3.1.1 Basic principles of nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) concerns the behaviour of nuclear spins 

when subject to a magnetic field. Nuclei are composed of protons and neutrons, 

which respectively determine the element and isotope of the atom. The 

combination of protons and neutrons determines the atom’s nuclear spin 

quantum number, 𝐼. The nucleus of 1H consists of a single proton and has 𝐼 =

 ½. Nuclear spin is an intrinsic form of angular momentum. 

Quantum theory dictates that the angular momentum of atomic nuclei is 

constrained to 2𝐼 + 1 possible spin states, ranging from 𝐼, 𝐼 − 1,… ,0, … ,−𝐼; for 1H 

there are two possible states, + ½ and − ½. In the absence of a magnetic field, 

the spin states are equal in energy, but this degeneracy is lost when a magnetic 

field (𝐵0) is applied. Upon application of 𝐵0, the states are separated by an energy 

difference Δ𝐸 = ħω, where ω is the angular frequency and ħ is reduced Planck’s 

constant. In the lower energy state (α) the spins are in parallel alignment with the 

field, whereas in the high energy state (β) they are oriented anti-parallel (Figure 
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3.1). For an ensemble of spins at thermal equilibrium, the population of the two 

states is defined by the Boltzmann distribution: 

𝑁𝛽

𝑁𝛼
= 𝑒𝑥𝑝

−
Δ𝐸
𝑘𝐵𝑇 (3. 1) 

where 𝑁β and 𝑁α are the number of nuclei in the upper and lower energy states 

respectively, 𝑘𝐵 is the Boltzmann constant (1.381 × 10-23 J K-1) and T is the 

temperature. The surplus of spins in the lower energy state yields a net 

magnetisation, 𝑀0. 

 

Figure 3.1 Nuclear Zeeman splitting. In the absence of a magnetic field (left) 
spins are randomly orientated resulting in no net magnetisation. When a magnetic 
field (B0) is applied (right), the spins occupy one of two possible states, either 
parallel or anti-parallel to the magnetic field. Overall, there is a small excess of 
spins in the lower energy state, aligned with the field, resulting in net 
magnetisation along the same axis as B0. 

Classical mechanics can be used to describe the interaction of an ensemble of 

nuclei within an external magnetic field; this interpretation will be used for the 

remainder of this chapter and going forward the term ‘spins’ will be used to 

describe an ensemble of nuclei. Upon application of a magnetic field, spins 

experience a torque and begin to precess about the direction of the field. The 

frequency at which the spins precess is proportional to 𝐵0 and is defined by the 

Larmor equation: 

ω0 = −γ𝐵0 (3. 2) 
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where γ is the gyromagnetic ratio. For 1H, γ = 2.675 × 108 rad T-1 s-1, or 𝛾̅ = 42.57 

MHz T-1, the highest of all nuclei. This, in addition to its high natural abundance 

(> 99.9 %), means that 1H is the nucleus with the highest sensitivity. 1H is also 

one of the most common elements found in biological systems, hence why it 

forms the basis of magnetic resonance imaging. The vector sum of all nuclear 

spins within a system gives the net magnetisation, 𝑀0, which is aligned with 𝐵0 

when the system is in equilibrium.  

To simplify our understanding of magnetic resonance experiments, precession is 

often modelled in a rotating reference frame. Consider a cartesian coordinate 

system (x’, y’ and z’) that is rotating about 𝐵0 at ω = ω0, with z’ and z aligned. If 

a spin precessing at the Larmor frequency is viewed from within this frame, it 

would appear to be static, and spins that are precessing at higher or lower 

frequencies would gain or lose phase respectively. 

3.1.2 Relaxation and excitation 

Felix Bloch and Edward Purcell discovered the phenomenon of NMR in 1946 

(Bloch, 1946; Purcell, Torrey and Pound, 1946), whereby the application of a 

magnetic field perpendicular to B0 oscillating at the resonance (Larmor) frequency 

rotates the spin magnetisation vector into the transverse (x-y) plane. When at 

equilibrium, the net magnetisation vector lies parallel to the B0 field, defined as 

the z axis. Following excitation, spins interact with one another and their 

surroundings, which gives rise to two relaxation processes, causing the nuclei to 

lose coherence and the net magnetisation vector to realign with the z axis. 

The first relaxation process is called longitudinal relaxation (Figure 3.2A), which 

is due to spins experiencing fluctuating magnetic fields, arising from the thermal 

motion of their surroundings. These fluctuations in both direction and magnitude 

of the local field allows the cone of precession to wander slowly, thus breaking 

the isotropy of polarization and allowing a net magnetisation to develop along the 

direction of the applied B0 field. This relaxation is exponential with decay time 

constant T1 and can be described by equation 3.3: 

𝑀𝑧(𝑡) = 𝑀0 (1 − 𝑒𝑥𝑝 (
−𝑡

𝑇1
)) (3. 3) 



42 
 
Spins also interact with one another. By inducing small fluctuations in the local 

magnetic field, spins begin to lose phase coherence, which leads to the decay of 

transverse magnetisation to zero (transverse relaxation, Figure 3.2B). This 

relaxation process is also exponential, with time constant T2: 

𝑀⊥(𝑡) = 𝑀0𝑒𝑥𝑝 (
−𝑡

𝑇2
) (3. 4) 

 

Figure 3.2 Longitudinal and transverse relaxation. Longitudinal relaxation is 
the return of net magnetisation to thermal equilibrium in alignment with B0 and 
with time constant T1 (left). At T1, Mz is equal to 63 % of the net magnetisation at 
equilibrium (𝑀0). Transverse relaxation is the exponential decay of magnetisation 
in the x-y plane (orthogonal to B0), with time constant T2 (right). At T2, 𝑀⊥ is equal 
to 37 % of the equilibrium magnetisation. Relaxation time constants typical for 
white matter tissue in the brain have been used in these examples. 

Inhomogeneities in B0 can also contribute to transverse relaxation, with the time 

constant T2’. The combination of relaxation due to static and fluctuating fields can 

be described as T2*: 

1

𝑇2
∗ =

1

𝑇2
+

1

𝑇2
′ (3. 5) 

It is the variation of time constants and proton density between tissues that allow 

contrast to be generated in images. The contrast can be adjusted by using 

different pulse sequences, a protocol detailing the order in which RF pulses, 

magnetic field gradients and signal acquisition are executed. 
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The simplest MR experiment is called a free induction decay (FID). This consists 

of a single pulse, followed by signal detection (Figure 3.3). The RF pulse is a 

magnetic field perpendicular to 𝐵0 that is oscillating at the Larmor frequency; in 

the rotating frame this is a static magnetic field, B1. The flip angle of the RF pulse 

(α) is defined by B1 and the period for which the field is applied (τ𝑅𝐹): α = γ𝐵1τ𝑅𝐹. 

Once the net magnetisation has rotated into the transverse plane it decays at a 

rate driven by T2* relaxation. 

 

Figure 3.3 FID pulse sequence. A The simplest MRI pulse sequence consists 
of a single pulse followed by signal detection. Prior to the radiofrequency (RF) 
pulse, the net magnetisation is aligned with B0. A 90 ° pulse rotates the net 
magnetisation into the transverse plane, and the spins precess about B0 and 
begin to dephase. B The acquired free induction decay (FID) oscillates at the 
Larmor frequency, within an exponential decay envelope driven by T2* relaxation. 

3.1.3 Image formation and k-space 

The FID pulse sequence described above is used to acquire a global signal from 

a sample. To form an image, the signal detected from different locations within 

the subject need to be distinguishable. This is achieved using spatial localisation 

techniques: slice selection, frequency encoding and phase encoding. 

3.1.3.1 Slice selection 

Slice selection involves the application of a magnetic field gradient orthogonal to 

the desired imaging plane and a frequency-selective RF pulse, which results in 

spins only within the desired slice being excited. The location of the slice is 

dependent on the centre frequency of the pulse, and the bandwidth (𝐵𝑊𝑅𝐹) and 

gradient strength determine the slice thickness (TH): 
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𝑇𝐻 =
𝐵𝑊𝑅𝐹

γ𝐺𝑧

(3. 6) 

Slice thickness can be reduced by decreasing the RF bandwidth or by increasing 

the gradient strength. Upon application of the slice selection gradient, the spins 

within the bandwidth of the RF pulse will acquire phase relative to their position 

across the slice thickness; this dephasing is subsequently refocused by applying 

a second gradient of equal amplitude, but opposite sign. 

3.1.3.2 Frequency encoding 

Frequency encoding involves the application of a linear magnetic field gradient 

during signal acquisition. The gradient creates a linear variation in magnetic field 

strength across the sample, thus manipulating the relationship in equation 3.8 

and causing spins to precess at different frequencies dependent on their position 

along the gradient axis: 

𝐵𝑧(𝑧, 𝑡) = 𝐵0 + 𝑧𝐺(𝑡) (3. 7) 

𝜔(𝑧, 𝑡) = 𝜔0 + 𝛾𝑧𝐺(𝑡) (3. 8) 

The resulting detected signal contains a range of frequency components, which 

can be analysed using the Fourier transform to give a profile of the sample 

projected onto the gradient axis. 

3.1.3.3 Phase encoding 

Phase encoding is used to obtain spatial information along the second in-plane 

axis, perpendicular to the frequency encoding axis. This involves the application 

of a magnetic field gradient for a finite time period prior to frequency encoding 

and signal acquisition. While the gradient is switched on, the spins gain or lose 

phase depending on their spatial location. Once the gradient is switched off, all 

spins revert to the same frequency of precession, however, their accumulated 

phase is retained. The resulting phase angle is dependent on the position of the 

spins along the phase encoding gradient axis. This process is then repeated with 

incrementally higher phase encoding gradient amplitudes, resulting in spins 

accumulating more phase. If this is repeated several times, equivalent to the 

desired number of pixels in the final image, the collective phase shifts form an 
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oscillating signal that can be analysed using the Fourier transform. Imaging can 

also be performed in 3D by exciting a slab, performing phase encoding along two 

axes and frequency encoding along the third axis; this allows large volumes to be 

imaged within 3D isotropic resolution. 

3.1.3.4 Basic pulse sequences 

 

Figure 3.4 Gradient echo pulse sequence. Order of RF pulses and gradient 
waveforms and the corresponding effects on net magnetisation (red) and spins 
(blue). a The system is in equilibrium, with the net magnetisation aligned with B0. 
b Spins are excited by an RF pulse with flip angle α°. c Spins are dephased by 
gradients. d Spins are rephased by frequency encoding readout gradient. e 
Signal echo occurs are the centre of the readout gradient. f Spins continue to 
dephase. 

Gradient echo and spin echo are the two main pulse sequences that are used in 

MRI, each using slice selection, frequency encoding and phase encoding to form 

an image. Both sequences are extensions of the simple FID; the main distinction 

between the two is the method of echo formation. In the gradient echo sequence, 

a gradient of negative polarity is first applied along the frequency encoding axis 

to dephase the spins. Subsequently, when a readout gradient of equal magnitude 

but opposite polarity is applied, the spins begin to gain coherence and form an 

echo (Figure 3.4). In a spin echo sequence, a 180 ° refocusing pulse is applied 

at time τ after the initial excitation pulse, causing the spins to be rotated 180° and 
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their order with respect to the direction of precession to be reversed. The spins 

rephase and form an echo at time τ after the refocusing pulse (Figure 3.5). Each 

sequence has distinct advantages, with the gradient echo being typically faster, 

and the spin echo having a greater signal-to-noise ratio. 

 

Figure 3.5 Spin echo pulse sequence. Order of RF pulses and gradient 
waveforms and the corresponding effects on net magnetisation (red) and spins 
(blue/orange). a The system is in equilibrium, with the net magnetisation aligned 
with B0. b Spins are excited by an RF pulse, with a flip angle of 90° typically used 
in simple scans. c Spins are dephased by gradients and static field 
inhomogeneities. d An RF pulse rotates spins 180°, which causes spins to 
refocus and the loss of phase coherence due to static magnetic field 
inhomogeneities to be reversed. e Spins are rephased by the frequency encoding 
readout gradient. f Signal echo occurs are the centre of the readout gradient. g 
Spins continue to dephase. 

3.1.3.5 K-space 

K-space is a matrix representing spatial frequencies in an image, with the kx and 

ky axes corresponding to spatial frequencies along the x and y axes of the image 

respectively. Data points at the centre of k-space contain low spatial frequency 



47 
 
information, determining the basic image contrast, and the edges contain high 

spatial frequency information, defining the edges and fine details of the image. k 

is dependent on time and gradient amplitude: 

𝑘(𝑡) = γ∫ 𝐺(𝑡′)𝑑𝑡′
𝑡

0

(3. 9) 

The data points within k-space are filled with the signal received during an MRI 

scan; each row contains a frequency encoded echo acquired with a different 

phase encoding gradient amplitude (Figure 3.6). Performing a 2D fast Fourier 

transform of k-space converts the spatial frequency data into a complex image. 

Anatomical images that people are most familiar with are magnitude images, 

which are calculated by taking the modulus of the real and imaginary data. 

 

Figure 3.6 From echoes to images. Each echo forms a line in k-space. Multiple 
echoes are acquired with incremented phase encoding gradients to form a 2D 
matrix in k-space. An image is generated by performing a 2D fast Fourier 
transform on the k-space matrix. 

3.1.4 Imaging near metals 

3.1.4.1 Susceptibility and metal artefacts 

Susceptibility is the extent to which a material is magnetised when subjected to 

an external magnetic field. When tissues of differing susceptibilities are 

neighbouring one another they interact, leading to distortions in the local 

magnetic field. This causes an increased rate of dephasing in the protons on 

either side of the boundary, which manifest as areas of signal loss within the 

image. 

Metal artefacts are similar to susceptibility artefacts, but are much more 

disruptive, with large areas of signal loss, signal pile-up and geometric distortion 

(Figure 3.7). This is due to the large disparity in magnetic susceptibility between 
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most metals and biological tissue, which creates large field inhomogeneities 

around the foreign object. The appearance of artefacts can be improved by using 

spin echo pulse sequences (Eustace et al., 1997), much higher receiver 

bandwidths and short echo times (Port and Pomper, 2000); however, these are 

unlikely to eradicate artefacts completely. This is of particular importance to the 

MINIMA project, as the thermoseeds used are made from chrome steel, a 

ferromagnetic alloy. 

 

Figure 3.7 Metal artefacts. Images acquired of a 2 mm chrome steel, spherical 
thermoseed in agar. Gradient echo images (left, centre-left) have large regions 
of signal loss, whereas spin echo images (centre-right, right) exhibit severe 
geometric distortion and signal pile-up. Altering the readout (RO) and phase 
encoding (PE) directions can alter the appearance of the artefacts. 

Various pulse sequences have been developed to improve image quality near 

metals. For example, view-angle tilting (VAT) applies an additional slice-select 

gradient simultaneously with the frequency encoding gradient (Cho, Kim and Kim, 

1988). This tilts the readout axis towards the slice selection axis, which causes a 

shearing of the voxels and removes all in-plane geometric distortion. It does not, 

however, remove any through plane distortions and, due to the voxel shearing, 

additional blurring is introduced (Jungmann et al., 2017). 

Another technique is multi-spectral imaging (MSI), which includes the sequences 

SEMAC (slice-encoding for metal artefact corrections) and MAVRIC (multi-

acquisition variable-resonance image combination). SEMAC uses VAT in 
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combination with 3D imaging to overcome the through slice distortions (Lu et al., 

2009; Ai et al., 2012). Phase-encoding is additionally performed along the slice-

select axis, thus providing spatial localisation of spins external to the slice. 

MAVRIC uses a non-slice-selective RF pulse before performing 3D imaging. This 

process is repeated using pulses centred at different frequencies, thus covering 

the spectrum of resonance frequencies around the metal object (Koch et al., 

2009; Hargreaves et al., 2018). For both methods, the 3D images are combined 

to give a single composite image. Although SEMAC and MAVRIC remove both 

in-plane and through-plane distortions, the repeated 3D imaging makes the 

process very time-consuming. These sequences may be useful when imaging 

the tissue around the ferromagnetic thermoseed, however, it is unlikely that they 

will be able to delineate the thermoseed edge exactly.  

3.1.4.2 Magnetic signature selective excitation (MS-SET) 

The thermoseeds used in all experiments presented in this thesis are spheres 

made from chrome steel that has a saturation magnetisation of 1.36 × 106 A m-1 

(Martel et al., 2009). The magnetic field induced by a sphere can be described 

as a single dipole (Brown et al., 2014): 

ΔBz =
∆χ

3 + ∆χ
(
𝑎

𝑟
)
3

(3cos2θ − 1)Ms (3. 10) 

where Δχ is the difference in magnetic susceptibility between the sphere and the 

surrounding medium, a is the radius of the sphere, r is the distance from the 

centre of the sphere and θ is the polar angle from 𝑩𝟎. This equation is only valid 

if the sphere is in an external magnetic field greater than its saturation 

magnetisation, otherwise Ms should be replaced with B0. Simulated changes in 

precession frequency surrounding a 2 mm chrome steel sphere in a magnetic 

field > 1.7 T, calculated from equation 3.10, are presented in Figure 3.8. With the 

frequencies as high as 4 × 107 Hz off-resonance, the observed susceptibility 

artefacts are extensive (Figure 3.7). The large regions of signal loss and the 

geometric distortions make it difficult to identify the position of the thermoseed as 

well as disrupting the surrounding image. 
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MS-SET, a method specifically designed to track ferromagnetic spheres using 

MRI, was developed by Sylvain Martel’s group to ensure accurate navigation of 

an untethered seed through the artery of a swine (Felfoul et al., 2008; 

Aboussouan and Martel, 2006; Martel et al., 2007). This tracking method uses 

off-resonance selective excitation and the magnetic field induced by a 

ferromagnetic sphere to create a unique signature (Felfoul et al., 2008, 2009). 

When a non-slice-selective excitation pulse is applied offset from the Larmor 

frequency, the selectivity of the excitation is defined by the magnetic field induced 

by the ferromagnetic material. This will create a positive contrast signature, with 

no signal from the surrounding sample. Typically, projection images are acquired 

using this technique, where a large sample volume or slab is excited, and the 

signal is condensed onto a single axis or plane, resulting in 1D and 2D projections 

respectively. Images of a 2 mm chrome steel thermoseed acquired using this 

method are shown in Figure 3.9. 

 

Figure 3.8 Magnetic field induced by a thermoseed. Simulation of the 
magnetic field induced by a saturated, 2 mm diameter chrome steel sphere, 
calculated using equation 3.10 (Ms = 1.36 × 106 A m-1). 

To determine the position of the thermoseed, two 1D projections are acquired 

along each axis, one with a positive readout gradient and one with a negative 

readout gradient. As distortion occurs primarily along the readout gradient 

direction, any shift in the signal when using a positive gradient will be reversed 

when using a negative gradient (Aboussouan and Martel, 2006). The centre of 

the signal signature within each projection, and therefore the position of the 

thermoseed, can be determined by performing a convolution (Aboussouan and 
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Martel, 2006). Convolving the positive and negative gradient projections will give 

a peak when the two signatures overlap (Figure 3.10); at this point, the 

displacement of the mask (negative projection) will be equal to twice the absolute 

position of the thermoseed, with respect to the isocentre of the MRI scanner. In 

practice, the projection acquired with a negative readout gradient is already 

flipped, and a cross correlation is used instead of a convolution.  

 

Figure 3.9 1D and 2D off resonance imaging projections. 2D (top) and 1D 
(bottom) off-resonance projection images acquired of a 2 mm chrome steel 
thermoseed. A spin echo sequence was used to acquire these projections with 
an excitation frequency offset and bandwidth of +3 kHz and 1 kHz respectively. 
White arrows indicate the direction of the B0 field. 

Once the absolute position of the thermoseed is known, a similar method can be 

used to measure its relative movement, which only requires the acquisition of a 

single projection along each axis (Felfoul et al., 2009). The positive gradient 

projection from position 1 is used as a mask and correlated with the positive 

gradient projection from position 2. The maximum in the correlation is then 

directly related to the distance moved by the thermoseed. 
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Figure 3.10 Cross correlation of 1D projections. 1D off-resonance projections 
acquired with a positive readout gradient (black) and negative readout gradient 
(red). The position of the thermoseed along the z axis can be identified as the 
centre of the two off-resonance signatures (left). This can be achieved using a 
convolution. In practice, the 1D projection acquired with the negative readout 
gradient is already flipped (centre) and therefore a cross correlation is performed, 
instead of a convolution. The peak of the resulting correlation (right) is directly 
related to the absolute position of the thermoseed along the z axis. 

3.1.5 MRI hardware 

An MRI scanner typically consists of the magnet that generates the B0 field, the 

magnetic field gradient coils, the RF transmit system and the receive coils. A 

schematic depicting these different components is presented in Figure 3.11. 

 

Figure 3.11 Schematic of MRI scanner hardware. The superconducting 
magnet is indicated by the outer circle. The gradient coils (blue) are positioned 
within the bore of the magnet. A computer provides an interface to prepare pulse 
sequences and view acquired images. The gradient controllers generate a 
gradient waveform, which is amplified by the gradient amplifiers. The frequency 
source produces an RF waveform, which is amplified by the RF amplifier. An RF 
receiver coil (red) detects induced currents from the excited spins, which is 
digitised and sent to the computer. ADC = analogue to digital conversion. 
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Superconducting magnets are most commonly used for MRI systems, as they 

provide the best field homogeneity, stability, and the highest field strengths. For 

clinical systems the field is typically 1.5 or 3 T, however, for preclinical research 

fields up to 21 T are used (Schepkin et al., 2010). The majority of experiments 

presented in this thesis were conducted using a 9.4 T Bruker Biospec 94/20 

system (Bruker, Germany). 

Gradient coils are positioned within the bore of the magnet and generate linear 

magnetic field gradients across the sample. These are essential for spatial 

localisation of the MR signal. Three sets of coils are used to vary the z-component 

of the B0 field along the x-, y- and z axes. It is these gradients that can exert a 

force on magnetic particles and devices, allowing them to be navigated within the 

bore of the MRI scanner. The gradient coil used for most of the work presented 

in this thesis can generate gradient amplitudes of up to 979 mT m-1.  

A radiofrequency coil is placed inside the gradient coils and the main magnet. 

This is used to generate RF pulses at the required frequency, bandwidth, and 

amplitude to excite nuclei within the correct slice geometry, as defined by the 

pulse sequence. A single coil can be used to transmit the RF pulses and receive 

the MR signal, however, a dedicated receive surface coil is often used to achieve 

a higher signal-to-noise ratio. 

3.2 Computed tomography imaging 

CT imaging is one of the most widely used techniques in diagnostic radiology, 

due to its low running costs, ease of use and short scan times. The principles of 

CT imaging are based on the interaction of x-rays with different biological tissues. 

X-rays are typically generated by a source that rotates around the patient and are 

sent through the body, where they are scattered and absorbed by different 

tissues. This leads to an attenuation in the x-rays, which is picked up by an array 

of detectors positioned opposite the source. This process is completed at multiple 

angles around the patient, resulting in a collection of 2D projection images, which 

are subsequently reconstructed to give a 3D topographic image. The contrast 

within a CT image is associated with the electron density of tissues. Bone has a 

high electron density when compared to soft tissues, which is why fractures are 

often assessed using x-rays. However, there is little difference in electron density 
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between different soft tissues, resulting in poor image contrast. This is a key 

disadvantage of CT compared to MRI. 

In chapter 4, CT is used to assess the accuracy of thermoseed localisation using 

MRI. This is achieved be comparing images of a custom-designed phantom 

acquired with the two imaging modalities. 

3.3 Ultrasound imaging 

Ultrasound is a non-invasive imaging modality that is widely used in the clinic. 

Images are formed using high-frequency soundwaves, typically 1 – 20 MHz, that 

are generated using a piezoelectric crystal found in the ultrasound transducer. 

Different frequencies are used depending on the application, with lower 

frequencies providing further penetration, but poorer spatial resolution, and 

higher frequencies providing more detailed images, but at a cost to penetration 

depth. As the soundwaves are sent through the body, they interact with different 

tissues through reflection, absorption, and scattering. These processes can be 

defined collectively as acoustic impedance. Returning soundwaves are received 

by the transducer and converted back to electrical energy. The final image is 

constructed based on the amplitude, time, and frequency of the received echoes. 

Since ultrasound has a high temporal resolution, it is often used for image-guided 

injections both in the clinic (Daniels et al., 2018) and for preclinical studies 

(Prendiville et al., 2014). Ultrasound is used in a similar fashion in chapter 6 to 

position a temperature probe within ex vivo tissue, enabling the measurement of 

temperature changes at varying distances from a heated thermoseed. 

3.4 Bioluminescence imaging 

Bioluminescence is the emission of visible light that occurs naturally in animals, 

such as the firefly and is responsible for their characteristic glow. Photon emission 

is the product of an enzymatic reaction between the substrate luciferin, oxygen, 

and the enzyme luciferase (Figure 3.12). 

Bioluminescence imaging is an optical imaging technique that exploits this natural 

phenomenon to study biological processes in vivo, in real-time. Translation into 

a biomedical research tool is achieved by modifying cell lines of interest to 
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express the protein luciferase. These cells can then be studied in vitro or injected 

into small mammals that do not express the luciferase enzyme endogenously for 

in vivo experiments. The substrate is then added to the cells or injected via 

intraperitoneal (i.p.), intravenous (i.v.) or subcutaneous injection. Once the 

substrate encounters the enzyme, the reaction occurs, light is emitted, and the 

photons can be subsequently detected using a cooled charge-coupled device 

(CCD) camera (Figure 3.12). 

 

Figure 3.12 Bioluminescence reaction and imaging setup. A bolus of D-
luciferin is injected intraperitoneally and reacts within the firefly luciferase-
expressing cancer cells to emit photons of light. The emitted light is subsequently 
detected by a cooled charge-coupled device. The reaction requires ATP and can 
therefore be used to measure cell viability. 

The most commonly used luciferase is from the firefly (Fluc), which requires 

adenosine triphosphate (ATP) and Mg2+ for the reaction to occur, making this 

technique suitable for monitoring cell viability. In addition, the light emitted from 

Fluc has a peak emission at 562 nm, a long wavelength that improves tissue 

penetration and, therefore, allows an imaging depth of several centimetres. Other 

advantages of BLI include its high signal-to-noise ratio, due to intrinsically low 

bioluminescence of mammalian tissues, and its non-invasiveness, allowing 

ongoing investigations of biological processes without experimental animals 

having to be culled. 

A key limitation of BLI is poor image resolution, which is due to diffuse light 

emission caused by the absorption and scattering of light as it passes through 

tissue. Depth of emission is also important, with superficial tissues giving higher 

signal than internal organs. Several other factors can also affect the measured 

signal, including changes in optical properties of tissue (Sadikot and Blackwell, 
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2005) and the dependence on multiple reactants, which, if lacking in abundance, 

could become reaction rate limiting. BLI is therefore considered to be a semi-

quantitative technique. 

Common in vivo applications of BLI include the tracking of stem cells (Thin et al., 

2020), monitoring tumour growth and metastasis (Drake, Gabriel and Henry, 

2005) and measuring response to therapy (Zhao et al., 2008). BLI is used in the 

experiments presented in chapter 7 to monitor tumour growth and response to 

thermal ablation therapy in vivo. 

 

Having introduced the key concepts and imaging modalities used in this thesis, 

the following chapters cover the initial proof-of-concept studies of the MINIMA 

project. Chapter 4 focuses on the setup of the MRI scanner, implementing 

thermoseed tracking and navigation on the preclinical system in CABI. Following 

this, chapter 5 covers optimisation of thermoseed navigation in a viscous fluid, 

before attempting to navigate a thermoseed through tissue. The final two results 

chapters, 6 and 7, cover the heating component of the project, characterising 

thermoseed heating in vitro and studying its efficacy as a cancer therapy in a 

mouse tumour model. A final discussion on the presented data and the resulting 

implications for the MINIMA project are presented in chapter 8.  
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4 Thermoseed imaging and navigation on a 

preclinical MRI system 

4.1 Introduction 

MINIMA uses an MRI scanner not just to guide the procedure, but also as the 

driving mechanism to deliver the therapy. This alternative application 

undoubtedly demands different hardware specifications than those required for 

imaging, with the main consideration being the gradient coils used to exert a 

propulsion force on the thermoseed. In MRN studies performed to date, 

preclinical experiments have used both existing clinical imaging coils (Mathieu et 

al., 2003; Mathieu et al., 2005) and coils specifically designed for propulsion 

(Mathieu and Martel, 2007; Pouponneau, Leroux and Martel, 2009), which can 

generate up 80 mT m-1 and 400 mT m-1 gradient amplitudes respectively. In some 

cases, bench-top electromagnets have been designed to generate single-axis 

magnetic field gradients up to 140 mT m-1, mimicking those generated by the MRI 

scanner, but with greater ease and at a lower cost (Leclerc et al., 2018). 

Considering the different approaches taken in the literature, it was important to 

assess the equipment that may be used in the development of MINIMA, to ensure 

the project’s potential would be investigated to its fullest. 

At the UCL Centre for Advanced Biomedical Imaging (CABI) there are two 9.4 T 

preclinical MRI scanners that are available for research purposes. One is a Varian 

Inova (Varian, USA) that has three compatible imaging gradient sets, one of 

which has been designed by collaborators at Tesla Engineering Ltd. specifically 

for propulsion, to generate 1000 mT m-1 gradients continuously for a sustained 

period of time, along all three axes. The second system is a Bruker Biospec 94/20 

(Bruker Germany), which has two imaging gradient sets that can achieve gradient 

strengths up to 440 mT m-1 and 997 mT m-1. Although these specifications 

suggest that the Tesla gradient coil should enable greater forces to be exerted 

on the thermoseed, factors other than gradient strength may affect the ability to 

propel the thermoseed, such as the duration for which the gradients can be 

applied without overheating. Therefore, initial experiments investigating the 

maximum duration for which different gradient strengths could be applied 

continuously were performed on both systems. The results were subsequently 
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used to inform on which MRI system and gradient coils would be taken forward 

in the development of MINIMA and used throughout the work presented in this 

thesis. 

Another aspect of the project that had to be considered in the early stages of 

development was the ability to track the movement of the thermoseed using MRI. 

This is important not only for patient safety in potential future clinical applications, 

but also to ensure preclinical experiments were performed with a high level of 

accuracy. As discussed in chapter 3, imaging a thermoseed is particularly difficult 

due to the metal artefacts caused by its ferromagnetic properties. To a certain 

extent, this is even more challenging in the preclinical setting due to the smaller 

imaging field of view (FOV) available on a preclinical MRI system, 12 cm ± 10 

ppm homogeneity (Bruker, 2021), compared with 50 cm ± 1.1 ppm homogeneity 

on a clinical system (Siemens Medical Solutions USA, 2021). 

Currently, the most promising technique used for tracking ferromagnetic spheres 

is magnetic signature selective excitation (MS-SET) (Martel et al., 2015), as 

described in section 3.1.4.2. Since its original development (Aboussouan and 

Martel, 2006; Felfoul et al., 2008; Felfoul et al., 2009) and application, tracking a 

ferromagnetic sphere through the vasculature of a swine (Martel et al., 2007), this 

method has been shown to be accurate to within 0.3 mm and has been 

successfully adapted for other technologies, such as the tracking of 

ferromagnetic-tipped catheters (Zhang et al., 2010; Lalande et al., 2015). 

Therefore, I aimed to implement and assess the accuracy of this technique on 

the MRI system in CABI, thus providing a method to reliably track the thermoseed 

in future experiments. Furthermore, I planned to edit the pulse sequence, adding 

propulsion gradient pulses that would allow the thermoseed to be propelled and 

tracked using a single sequence. 

The final challenge in setting up the MRI scanner to be used for MINIMA 

concerned the ability to pass the ferromagnetic thermoseed through the fringe 

field and into the bore of the scanner safely. Due to the large fringe field of the 

MRI magnet (Figure 4.1), a large force is exerted onto the thermoseed as it enters 

the bore, which may cause it to move unexpectedly. This must be considered 
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when designing preclinical experiments, but more importantly must be addressed 

for any future clinical translation, to ensure patient safety.  

 

Figure 4.1 9.4 T Bruker MRI scanner fringe field. A Simulated magnetic field 
of the 9.4 T Bruker Biospec 94/20 MRI system, from the isocentre up to 3 m along 
the z axis (along the magnet bore and direction of the main magnetic field) and 
0.1 m radially. B 1D plot of the simulated magnetic field along the z axis and the 
z component of the magnetic field gradient. A maximum magnetic field gradient 
of 28 T m-1 occurs at 0.47 m from the isocentre. 

One possible solution is a brute force approach, in which the thermoseed is 

inserted into the subject outside the scanner and physically held in place as the 

subject enters the scanner bore. This simple and practical solution is attractive 

for preclinical experiments, particularly for in vitro work, for which phantoms can 

be designed with this in mind. Phantoms designed for this purpose have been 

used for experiments presented in this thesis and will be discussed in more detail 

in chapter 5. A similar approach could be achieved in patients or animals, and 

Martel et al. (2007) have shown how a catheter holding a ferromagnetic sphere 

can be positioned in a blood vessel while the animal passes through the fringe 

field of a clinical MRI scanner. However, this does carry some risk if the 

thermoseed cannot be navigated back to the catheter for removal. 

A second approach is to insert the thermoseed once the subject is already 

positioned within the MRI scanner. This method is perhaps too complex for 

preclinical studies, especially when working with small rodents. However, it may 

be possible in patients by adapting pre-existing MR-compatible tools, such as 

MR-compatible needles designed for image-guided prostate biopsies (Krieger et 

al., 2013) and stereotactic needle insertion into the brain (Masamune et al., 1995; 

Patel et al., 2020). 



60 
 
A neat solution is to simply switch off the main magnetic field. With the field at 0 

T, the patient can be positioned within the MRI scanner before the field is ramped 

up to the required strength for the procedure and then switched back off once the 

procedure is complete. This would not only ease the insertion and removal of the 

thermoseed but would act as an additional safety measure throughout the 

procedure. However, switching the main magnetic field of an MRI scanner on and 

off is not something that is routinely done, due to the time it takes. The Siemens 

Helicon MRI scanner developed in the 1980’s could ramp from 0 to 2 T within 25 

minutes, but required a further hour for the field to stabilise (Reichert et al., 1988); 

this amounts to an additional 2 hours spent in the scanner for the patient. There 

is, however, potential for this time to be reduced. A cryogen-free, preclinical MRI 

scanner recently developed by Rigla et al. (2020) can ramp up to 1 T, with the 

field stabilising within 1 minute. Similarly, the DryMag scanner from MR Solutions 

can ramp from 0 to 9.4 T within just a few minutes (MR Solutions, 2021). These 

recent developments in the preclinical arena will most likely be integrated into 

clinical scanners in time. Working with collaborators at MR solutions, I aimed to 

test this approach. 

To summarise, the aims of the experiments presented in this chapter are: 

1. To assess which of the two MRI scanners available in CABI should be 

used throughout my PhD and in the development of MINIMA 

2. To implement MS-SET and assess its accuracy in locating ferromagnetic 

thermoseeds on the preclinical MRI system 

3. To incorporate propulsion gradients into the imaging pulse sequence, thus 

enabling navigation of ferromagnetic thermoseeds using the MRI scanner 

4. To assess the use of a rampable MRI scanner to safely insert and remove 

the thermoseed 

4.2 Methods 

4.2.1 Bruker vs. Tesla gradient coil performance 

4.2.1.1 Bruker system 

The Bruker system was a 9.4 T Biospec 94/20 fitted with a shielded imaging 

gradient set (BFG 65-100) that could achieve a maximum gradient strength of 
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979 mT m-1 and a slew rate of 9777 T m-1 s-1. First, the maximum duration for 

which the gradients could be applied continuously along each of the three axes 

(x, y and z,) was determined in the gradient simulation platform provided in the 

Bruker Paravision 6.0.1 software. This was done in an iterative process, starting 

with an on time of 100 ms and incrementally increasing the on time until the 

simulation platform calculated a duty cycle of 95 – 100 %. Once the maximum 

duration had been determined in the simulation platform, the pulse sequence was 

run on the MRI system to test the hardware limitations manually. This process 

was repeated across a range of gradient strengths (300 – 979 mT m-1) starting 

with the largest, and once a gradient strength was reached that could run for 1 

minute continuously, it was assumed that all lower gradient strengths could also 

be run indefinitely. 

4.2.1.2 Tesla gradient coil 

The propulsion coil was designed to fit a 9.4 T Varian Inova preclinical MRI 

system (Varian, USA) and produce 1000 mT m-1 gradient amplitudes at 100 % 

duty cycle, along the x, y and z axes, with a slew rate of 55000 – 78000 T m-1 s-

1. The performance of the gradient coils was tested in a similar manner to the 

Bruker system, by recording the maximum duration for which the gradients could 

be switched on continuously at different gradient strengths and along each of the 

three axes. Unlike the Bruker system, the software did not provide a duty cycle 

simulator, and therefore, the maximum duration was found empirically by running 

the gradients for increasing durations. If the maximum on time was exceeded, the 

MRI system would switch off due to overheating. At this point the gradient 

duration would be decreased by small amounts until the pulse sequence could 

be run without the system shutting off, thus determining the maximum possible 

duration for a given gradient strength. These experiments were performed by my 

colleague Matin Mohseni. 

4.2.2 Thermoseed imaging sequence validation 

4.2.2.1 Phantom preparation 

Phantoms were prepared using 3 % (w/v) agar solution (Sigma Aldrich, USA) that 

was poured into the container and left to set at room temperature. Spheres were 

positioned at different heights within the container by cooling a layer of agar until 

set, laying a sphere on the surface and pouring hot agar over the top to create 
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the next layer. A 250 mL bottle was used for the container in phantom designs 1 

and 2, and a 50 mL Falcon tube was used in phantom design 3. In design 1, 4 × 

0.5 mm diameter thermoseeds were spaced evenly throughout the phantom 

volume, whereas in designs 2 and 3, a single 0.5 mm thermoseed was positioned 

in the centre of the phantom, with 3 × 2 mm diameter plastic spheres positioned 

around it, acting as fiducial markers. 

4.2.2.2 Magnetic resonance imaging 

Parameter 

Phantom 
design 1 

Phantom design 2 Phantom design 3 

MS-SET MS-SET FSE MS-SET FSE 

Repetition time (TR) [s] 1 1 3.6 1 2 

Echo time [ms] - - 3.73 - 5.12 

*4.26 

Field of view (FOV) 
[mm] 

50 

#100 

128 100 × 50 80 80 × 40 

*40 × 40 

Matrix size 1024 1024 512 × 256 1024 1024 × 512 

*512 × 512 

Resolution [µm] 48.8 

#97.7 

125 195 × 195 78.1 78 × 78 

Slice thickness [mm] - - 1 - 1 

Acquisition bandwidth 
(acqBW) [kHz] 

250 250 500 200 600 

Number of averages 100 1 1 8 4 

Total scan time [min:s] - - 1:55 - 34:8 

Excitation frequency 
offset (excOffset) [kHz] 

5 3 - 3 - 

Excitation bandwidth 
(excBW) [kHz] 

5 1 - 1 - 

Table 4.1 MRI acquisition parameters used for each phantom design in the 
imaging validation study. The magnetic signature selective excitation (MS-
SET) method was used to determine the coordinates of the ferromagnetic 
thermoseeds. #For phantom design 1, a different FOV and resolution was used 
for the z axis. A 2D fast spin echo (FSE) sequence was used to determine the 
centre of mass of the plastic fiducial markers. FSE images were acquired in all 
three planes. *A different FOV, matrix size and TE was used for the axial 
orientation. 
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Images were acquired using a preclinical 9.4 T Bruker Biospec 94/20 MRI system 

(Bruker, Germany). The coordinates of the plastic spheres were determined 

using a multi-slice fast spin echo pulse sequence and the projections used to 

determine the coordinates of the thermoseeds were acquired using a 1D non-

slice-selective spin echo sequence. 1D projections were acquired twice along 

each axis, once with a positive readout gradient once with a negative readout 

gradient. The parameters used for each sequence and phantom design were 

optimised via an iterative process and are detailed in Table 4.1. 

4.2.2.3 Computed tomography 

CT images of the different phantom designs were acquired, from which ground-

truth distances between each of the thermoseed-marker pairs could be 

determined. CT images were acquired using a nanoScan PET/CT scanner 

(Mediso, Hungary). The FOV covered the entire phantom volume, and the images 

were reconstructed using the vendor software to a resolution of 251 μm3. 

4.2.2.4 Image analysis 

In the MR images, the centre of mass of the plastic spheres were determined 

from a circular region of interest (ROI) drawn over the slice in which the circular 

signal void was largest. Each image gave two in-plane coordinates, which were 

averaged across the three images to give the final coordinates of the spheres. 

The analysis was performed using Analyze tools available in ImageJ (Rueden et 

al., 2017). 

For the chrome steel sphere, a cross correlation was performed between the 

positive and negative gradient 1D projections acquired for each axis. The location 

of the maximum in the resulting correlation was divided by 2 to give the 

coordinates of the sphere with respect to the isocentre. This analysis was 

performed using a custom script in Matlab (Mathworks, USA).  

In the CT images, the in-plane coordinates for each sphere were determined from 

an ROI drawn over the slice in which the sphere appeared largest. The through 

plane coordinate was taken as the centre of the slice. This analysis was also 

performed in ImageJ. 
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The error of each marker-thermoseed and marker-marker pair distance was 

calculated by subtracting the distances measured with MRI from the distances 

measured with CT. 

4.2.3 Magnetic resonance navigation sequence implementation 

The 1D non-slice-selective imaging sequence validated in the previous section 

was edited to incorporate propulsion gradients, thus allowing the thermoseed to 

be propelled using the MRI system. Further details are provided in section 4.3.3 

and Figure 4.7.  

4.2.3.1 MRN sequence testing 

A 0.25 mm thermoseed was added to a 22 × 25 × 25 mm3 container filled with 

0.1 % (w/v) agar solution (Sigma Aldrich, USA), and the phantom was transferred 

to the MRI scanner. The thermoseed was navigated in a zig-zag pattern in the 

horizontal plane. The following propulsion parameters were used: gradient 

strength = 979 mT m-1, duty cycle = 100/900 ms on/off (10 %), number of loops 

= 15 – 40, total gradient on time = 1.5 – 4 s. 2D images were acquired at regular 

intervals to track the movement of the thermoseed using a fast low angle shot 

(FLASH) sequence. Imaging parameters: TR = 0.1 s, TE = 2.5 ms, resolution = 

468.8 × 234.4 µm2, slice thickness = 0.5 mm, FOV = 60 × 30 mm2, matrix size = 

128 × 128, acqBW = 50 kHz, 1 average. 

4.2.4 Ramping magnet experiments 

4.2.4.1 Phantom preparation 

0.51 g of insoluble, black pigment powder was mixed into 100 mL of 0.3 % (w/v) 

agar solution (Sigma Aldrich, USA). ~6 mL of the mixture was added to 35 mm 

petri dishes and left to set at room temperature, allowing the pigment to settle 

and create an even layer beneath the agar. Immediately prior to each experiment, 

a 3 mm diameter thermoseed was laid on the surface of the agar and pushed 

down to the bottom of the petri dish using a pipette tip. 
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4.2.4.2 Magnet ramping procedure 

 

Figure 4.2 Camera set up for rampable magnet experiments. A camera was 
positioned a safe distance from the MRI scanner, directed along the scanner bore 
(left). The phantom was positioned in the scanner bore, beneath a mirror 
positioned 45° from horizontal (right), allowing the camera to view the phantom 
from above. 

A phantom was positioned within the imaging volume of an MRS Magnetics 3 T 

170 mm clear bore magnet (MR Solutions, UK), whilst at zero field. The magnet 

was then ramped up to 3 T across a period of 7 minutes, maintained at 3 T for 2 

minutes and then ramped back down to zero field. A maximum field strength of 3 

T was chosen, as this is the highest field strength typically used in a clinical 

setting. To ensure any movement could be readily detected using the phantom, 

the experiment was repeated with a phantom positioned approximately 13 cm 

from the isocentre, along the z axis, where a magnetic field gradient would be 

present and sufficient to cause the thermoseed to move. Photographs of the 

phantom were taken before and after each experiment, and a camera was 

positioned to look down the bore of the MRI scanner, to take photographs during 

the ramping process (Figure 4.2). Three replicates were performed under each 

set of conditions. 

4.3 Results 

4.3.1 Bruker vs. Tesla gradient coil performance 

The performance of two imaging gradient coil inserts, manufactured by Bruker 

and Tesla Engineering Ltd., was assessed to infer which system should be used 

in the development of MINIMA. To empirically assess the performance of the two 
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gradient sets, the x, y and z coils were switched on and run continuously for 

increasing periods of time until the upper limit was reached. On the Bruker system 

this was assessed using the gradient simulation platform in Paravision 6.0.1 

before running the actual scan. For both systems, if the gradient coils began to 

overheat, the scan would shut off immediately, thus indicating that the upper limit 

had been reached. Along all axes the Bruker coil performed better at the highest 

gradient strengths, with a total on time of 140 - 310 ms possible at 979 mT m-1 

(Figure 4.3). In comparison, the Tesla coil could run for no more than 100 ms at 

its upper limit of 1100 mT m-1. At the lower gradient strengths, the Tesla coil 

performed better, specifically along the y axis, which could be run continuously 

at 700 mT m-1, compared to a maximum gradient strength of 400 mT m-1 on the 

Bruker y axis at 100 % duty cycle (Table 4.2). 

 

Figure 4.3 Performance comparison of Bruker and Tesla gradient coils. 
Maximum gradient on time for a single loop at different gradient strengths, fitted 
with an exponential decay. 

Maximum gradient strength for continuous application [mT m-1] 

Gradient axis Bruker Tesla 

X 500 500 

Y 400 700 

Z 300 < 5001 
Table 4.2 Maximum amplitude at which the gradients can be applied 
continuously (100 % duty cycle), along each individual axis. 

 
1 Z gradient coil was not tested at amplitudes below 500 mT m-1 
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Taken together, the data suggest that the Tesla coil performs better than the 

Bruker, as it can generate higher magnetic field gradients both overall and at 100 

% duty cycle (1100 and 700 mT m-1 respectively). 

4.3.2 Thermoseed imaging sequence validation 

For MINIMA to be an effective minimally invasive treatment, a high level of 

accuracy is required in locating the thermoseed. To achieve this, MS-SET 

developed by Felfoul et al. (2008) was implemented, and a phantom was 

designed to measure the accuracy of the method.  

 

Figure 4.4 Imaging validation phantom design 1. A A schematic of the initial 
imaging validation phantom design, consisting of 4 × 0.5 mm diameter 
thermoseeds positioned within a cuboid bottle filled with 3 % agar. Each 
thermoseed is positioned at a unique coordinate in the x, y and z axes to ensure 
the magnetic signatures of each thermoseed do not overlap. B 2D projection 
image acquired in the x-z plane. C, D 1D projections acquired along the x and z 
axes respectively. B, C and D were acquired with an excitation frequency offset 
of + 5 kHz and excitation bandwidth of 5 kHz. 

The initial phantom design consisted of four 0.5 mm diameter thermoseeds 

positioned with a container of agar (Figure 4.4A). The intention was to isolate the 

1D projections from each thermoseed, use the projections to determine the 

position of each thermoseed and then calculate the distance between each 

thermoseed pair. These values would then be compared with ‘ground-truth’ 

values measured from CT images. There were a couple problems with this initial 

phantom design. First, the phantom was too large, and some of the thermoseeds 

were positioned outside the imaging volume of the MRI scanner, leading to a lack 

of signal (Figure 4.4B, red arrow) and distortions due to gradient non-linearity 

(Figure 4.4B, yellow arrow). Secondly, although the thermoseeds were positioned 
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to ensure their signature excitations did not overlap, it was extremely difficult to 

identify each of the individual signatures in the 1D projections (Figure 4.4C, D). 

 

Figure 4.5 Imaging validation phantom design 2. A A schematic of the second 
imaging validation phantom design, consisting of 3 × 2 mm diameter spherical 
plastic markers and 1 × 0.5 mm diameter thermoseed positioned within a cuboid 
bottle filled with 3 % agar. B Multi-slice RARE image acquired in the x-z plane, 
showing the position of one of the plastic markers. C, D 1D projections acquired 
along the x and z axes respectively, acquired with an excitation frequency offset 
of +3 kHz and excitation bandwidth of 1 kHz. 

In the second design, three of the four ferromagnetic thermoseeds were replaced 

with 2 mm diameter plastic spheres, acting as fiducial markers (Figure 4.5A). 

Unlike the ferromagnetic thermoseed, the positions of the markers could not be 

determined using MS-SET, as their material would not induce a local magnetic 

field. Instead, a multi-slice image was acquired using an FSE sequence, allowing 

the positions of the markers to be identified from their signal void in the agar 

(Figure 4.5B). Since just one thermoseed was used in this design, the single 

signature excitation was clearly visible in the 1D projections (Figure 4.5C, D). 

However, when the thermoseed-marker pair distances were calculated, they 

were found to differ from the distances measured using CT by up to 1 mm. 

Although this phantom was designed to position all markers more centrally within 

the phantom, it is likely that this error is due to gradient non-linearity in the 

periphery of the multi-slice image FOV, thus causing the positions of the markers 

determined from the MRI to be inaccurate. Increasing the resolution of the FSE 

image may also improve the accuracy of the plastic marker coordinates. 
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The final phantom design was very similar to that shown in Figure 4.5, but much 

smaller in size, to ensure that the fiducial markers were positioned within the high 

gradient linearity imaging volume. Ground truth distances between the 

thermoseed and markers were determined from CT images (Figure 4.6A) and 

compared with values calculated from the MR images (Figure 4.6B). The mean 

errors between fiducial marker pairs ranged from 0.23-0.50 mm (Figure 4.6). 

Distances measured between thermoseed-marker pairs had a mean error of 

0.02-0.27 mm. The largest thermoseed-marker pair error was 0.38 mm. The 

standard deviation was less than 0.15 mm for all measurements.  

 

Figure 4.6 Thermoseed imaging validation. A Computed tomography (CT) 
image acquired for cross-validation. Black and pink arrows indicate the 
thermoseed and plastic markers respectively. B T2-weighted magnetic resonance 
image acquired for fiducial marker localisation (pink letters). C Difference 
between mean CT and MRI distance replicates for each marker-marker (pink) 
and thermoseed-marker (black) pair (n = 5, mean ± SD). Scalebar = 5 mm. 

4.3.3 Magnetic resonance navigation sequence implementation 

Having validated MS-SET, the 1D pulse sequence was adapted to incorporate 

propulsion gradient pulses, to allow a thermoseed to be propelled using the MRI 

scanner hardware. The final propulsion pulse sequence consisted of a propulsion 

phase and an imaging phase (Figure 4.7A). During the propulsion phase the 

gradients are switched on to a defined gradient strength, allowed to run for a 

specified duration (gradient on time) and then switched off for a brief delay 

(gradient off time). This pulse pattern is then repeated for a defined number of 

periods. These four parameters (gradient strength, gradient on time, gradient off 

time, number of periods) can be adjusted in the Routine card in Paravision (Figure 

4.7B). The direction of propulsion can also be defined as the x, y or z axis, or 

along any combination of the three by inputting the vector components that 
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combine to give a unit vector along the desired propulsion axis. Following the 

propulsion phase the imaging phase is completed, which involves acquiring a 1D 

projection along the axis of propulsion. This enables the user to easily calculate 

the distance moved by the thermoseed, but additional projections along the x, y 

and z axes may also be acquired to determine a more accurate thermoseed 

location. 

 

Figure 4.7 Propulsion pulse sequence. A Gradient pulses (blue) are applied 
rapidly in an on/off pattern along the intended axis of propulsion, thus exerting a 
translational force on a ferromagnetic thermoseed. A 1D spin echo is then 
performed along the same axis, allowing the position of the thermoseed to be 
tracked. B Propulsion parameters can be defined in the Routine Card in 
Paravision (blue boxes). Parameters include gradient strength (targeting gradient 
amplitude), gradient on time (gradient duration), gradient off time (post gradient 
delay) and the number of periods (Loops). The direction of propulsion is defined 
by entering the x, y and z vector components, which combine to give a unit vector 
along the intended axis of propulsion. 

The propulsion sequence was tested by navigating a 0.25 mm thermoseed 

through a 0.1 % agar solution, along a square or zigzag path (Figure 4.8). For the 

square path the thermoseed was alternately navigated along the x and z axes. 

The path covered a total distance of 26.5 mm, with a total gradient on time of 22 

s at 979 mT m-1. For the zigzag path the thermoseed was propelled in the x-z 

plane, 45° from the x and z axes; this was achieved by setting the x and z 

components of the gradient orientation to 0.707 and -0.707 respectively. The path 
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covered 29.2 mm, with a total gradient on time of 41.1 s at 979 mT m-1. These 

results confirmed that the propulsion pulse sequence worked and could be used 

in combination with MS-SET to precisely control the navigation of a thermoseed. 

 

Figure 4.8 Propulsion of a 0.25 mm diameter thermoseed in agar. To assess 
the propulsion pulse sequence, a 0.25 mm thermoseed was propelled through a 
0.1 % agar solution in a square (left) or zigzag (right) pattern. The path of the 
thermoseed is plotted in pink, with filled circles indicating individual movements. 
Direction of travel is shown with a white arrow. Scalebar = 5 mm. 

4.3.4 Ramping magnet experiments 

A key requirement of MINIMA is the safe insertion and removal of the thermoseed 

from the patient. This is particularly challenging due to the fringe field of the 

magnet, which has a large gradient and would exert a force on the thermoseed 

as the patient passes into the bore (Figure 4.1). One solution is to use a rampable 

magnet, which would allow the magnetic field to be adjusted in the range of 0 – 

3 T within a reasonable time frame. The patient would enter the bore while the 

field was at 0 T, the magnet would be ramped up to the desired field for the 

procedure and then ramped back down to zero. In a collaboration with MR 

Solutions Ltd., a preclinical MRI system was ramped from zero field to 3 T and 

back down to assess the feasibility of this procedure. A custom-designed agar 

phantom was used to assess whether the ramping process would exert a force 

on the thermoseed, causing it to move. Through the comparison of photographs 

taken before and after the ramping protocol, no movement was detected in any 

replicates positioned within the FOV of the scanner (Figure 4.9A). The 

thermoseed did move in the control samples, which were purposefully positioned 
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outside the FOV, and a clear tract is visible in the black pigment of the phantom, 

thus confirming that any movement that may have occurred would have been 

visible with this phantom. This is also visible in camera recordings, with the 

thermoseed moving from the centre to the edge of the phantom after 30 s (Figure 

4.9B). The time to ramp from 0 to 3 T was approximately 7.5 minutes. This result 

shows how a rampable MRI scanner may be used to ensure the safe insertion 

and removal of a thermoseed for MINIMA. 

 

Figure 4.9 Ramping magnet experiment. A Photographs taken before and after 
a preclinical magnetic resonance imaging system was ramped from zero field to 
3 T and back down. Samples were positioned either inside or outside of the 
magnet’s field of view. B Still images taken from a recording of a phantom 
positioned outside the FOV, as the magnetic field was ramped up. After 60 s the 
thermoseed had moved to the edge of the phantom (arrow). 

4.4 Discussion 

A thermoseed imaging and navigation sequence was set up on a 9.4 T preclinical 

MRI scanner, providing a platform on which the MINIMA project could be 

developed. The gradient coil capability of the two MRI scanners available in the 

lab was assessed by ascertaining the maximum duration for which the gradients 

could be switched on continuously, along each axis (x, y and z) and at different 
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gradient strengths. The Tesla gradient insert used with the Varian Inova scanner 

provided larger gradient strengths along all axes (run for ≤ 100 ms) and also 

performed better at lower gradient strengths, with the ability to run each gradient 

axis indefinitely at 500 mT m-1 or less, and at ≤ 700 mT m-1 on the y axis. 

However, while completing these experiments some difficulties arose when using 

the Tesla gradient coil. Although the coil was designed to run at 1 T m-1 with 100 

% duty cycle, due to hardware limitations of the Varian gradient amplifiers, the 

gradients would repeatedly cut out, thus limiting continuous gradient application 

to just 7 s. Therefore, to apply the gradients for > 7 s, 5 s pulses were applied in 

multiple loops with no delay in between, which was assumed to be equivalent to 

a single block pulse, as the rise time of the coil is negligible (< 20 µs). Although, 

this workaround allowed us to acquire some data, as presented in Figure 4.3, the 

unreliability of the Varian-Tesla setup would have been a limiting factor in future 

experiments. An additional consideration when deciding which system to take 

forward in the development of MINIMA was the imaging pulse sequences that 

were available. The Bruker system had an existing 1D sequence designed to 

provide a profile of the sample within the scanner, which could be used to 

implement MS-SET more easily than on the Varian system. Furthermore, I had 

recently attended a Bruker pulse programming course, which provided me with 

the skills to program new pulse sequences on the Bruker scanner. Therefore, 

considering both the hardware and software advantages offered, I decided that 

the Bruker system would be used throughout all remaining experiments in my 

PhD. 

Based on MS-SET developed by Felfoul et al. (2008), thermoseed tracking was 

implemented on the Bruker system using the 1D profile imaging sequence that 

was available, named POSITION. Initial testing on a phantom involved offsetting 

the excitation pulse frequency by 3 kHz and setting a narrow excitation bandwidth 

of 1 kHz. This ensured that just two equipotential curves, defined by the magnetic 

field induced by the ferromagnetic thermoseed, were excited, as is shown in MR 

images in Figure 4.4. Once implemented, the accuracy of the method was 

assessed using a custom-designed phantom, the development of which is 

described in section 4.3.2. The mean error in detecting the position of the 

thermoseed was no more than 0.27 mm, which is comparable to other validation 

studies reporting errors of 0.1 – 0.3 mm (Felfoul et al., 2008; Aboussouan and 
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Martel, 2006). This level of accuracy is considered adequate for MINIMA, as the 

error is smaller than the typical resolution of a clinical 2D MR image (~1.5 mm), 

enabling the thermoseeds position to be defined within a single voxel. In addition, 

the imaging can be performed in less than 1 s (Felfoul et al., 2008; Felfoul et al., 

2009), thus allowing repeated imaging with no impact on the total procedure 

duration. 

The 1D imaging sequence was then adapted to incorporate propulsion gradient 

pulses (Figure 4.7), allowing propulsion and tracking along a defined axis to be 

performed in a single scan. The propulsion phase of the sequence allowed a 

gradient to be switched on and off in a pulsed fashion. The parameters that can 

be defined in the sequence are the gradient strength, the on time, the off time 

and the number of periods. The gradient could also be applied in any direction, 

by applying the three orthogonal gradient coils at varying amplitudes. The 

sequence was subsequently tested by navigating a 0.25 mm thermoseed in a 

square or zigzag pattern (Figure 4.8). In both cases, the thermoseed travelled 

along the desired trajectory, thus demonstrating our ability to navigate the 

thermoseed in multiple different directions. The presented data replicate 

examples of navigating a ferromagnetic sphere using an MRI scanner in the 

literature and provide evidence that MRN can be performed on the 9.4 T Bruker 

system in CABI. 

The possibility of using a rampable MRI scanner to ensure safe insertion and 

removal of the thermoseed was assessed using a preclinical MRI scanner. The 

magnetic field was ramped from 0 to 3 T within just 7.5 minutes, three times faster 

than the clinical Siemens Helicon scanner (Reichert et al., 1988). A weak agar 

phantom containing a 2 mm ferromagnetic thermoseed was positioned in the 

scanner to assess whether a significant force would be exerted on the 

thermoseed during the ramping process. No movement of the thermoseed was 

observed on each of the three attempts, neither in the photographs taken 

throughout the process, nor when comparing the phantoms before and after. This 

example provides some support for incorporating a rampable MRI scanner into 

MRN procedures. However, this is by no means comprehensive and much more 

work would need to be done to ensure the safety of the patient. Furthermore, 

although there have been recent developments in rampable preclinical scanners, 
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including the DryMag system used in this work, there is little evidence of 

developments in the clinical arena to date. 

To conclude, using the Bruker MRI system, I implemented an MR imaging and 

propulsion pulse sequence able to track a thermoseed to within 0.3 mm accuracy 

and demonstrated thermoseed navigation along an intended path. These 

experiments ensured the setup of the 9.4 T system, thus allowing the preclinical 

development of MINIMA to proceed. The next chapter builds on this by first 

characterising thermoseed movement through a viscous medium, whilst varying 

each of the propulsion parameters, and subsequently navigating a thermoseed 

though ex vivo tissue. 
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5 Navigation of ferromagnetic thermoseeds 

5.1 Introduction 

Having implemented a pulse sequence for navigating and tracking ferromagnetic 

thermoseeds on the preclinical MRI scanner in CABI, as presented in chapter 4, 

the next step in the development of MINIMA was to optimise the navigation for 

movement through tissue. Although my colleagues had previously demonstrated 

movement through ex vivo porcine brain tissue (Figure 5.4)  as a preliminary test 

on the Varian system, before I started my PhD, little optimisation of the process 

had been performed. Therefore, I aimed to complete a series of experiments in 

both viscous liquids and ex vivo tissue including navigation in 3D, characterisation 

of different navigation parameters and navigation through ex vivo liver tissue. 

The first stage of the optimisation process involved characterisation of 

thermoseed movement through a viscous fluid, while adjusting different 

propulsion parameters. As introduced in chapter 2, equation 2.8 describes how 

the force exerted on a thermoseed by the magnetic field gradient generated within 

an MRI scanner is dependent on the size of the thermoseed, it’s magnetic 

properties (specifically 𝑀𝑠) and the gradient strength. It was also noted, and 

elaborated on in the previous chapter (section 4.3.3), that since the imaging 

gradients of an MRI scanner cannot typically be applied continuously, due to 

hardware heating, they are often applied in a pulsed fashion and described by 

the parameters: gradient strength, on time, off time and period duration (Figure 

5.1). 

 

Figure 5.1 Navigation pulse sequence schematic. A magnetic field gradient is 
applied in a pulsed, on-off fashion. The sequence can be manipulated by 
changing the labelled parameters: gradient strength, on time, off time and period 
duration. 

duty cycle =
𝑜𝑛 𝑡𝑖𝑚𝑒

𝑝𝑒𝑟𝑖𝑜𝑑 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
(5. 1) 
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To account for this on-off pattern, an additional term is often included in the force 

equation (2.9, 𝐹𝑚,𝑧 = 𝑉𝑚𝐷𝑀𝑧 ∂𝐵𝑧 ∂𝑧⁄ ) (Riegler et al., 2011; Martel, 2013), termed 

the duty cycle (equation 5.1). Although the duty cycle value accounts for the 

proportion of time for which the gradient is switched on, it does not consider the 

specific pattern of gradient application. Consider the examples presented in 

Figure 5.2. In each case the total time for which the gradient is applied is equal, 

but the duty cycle and the pattern of gradient pulses varies. This suggests that 

the duty cycle alone is not sufficient in describing the effect of gradient pulsation 

on thermoseed movement, as equation 2.9 may suggest. The initial experiments 

presented in this chapter aimed to further understand the effect of each of the 

propulsion parameters and determine which may be most valuable in optimising 

thermoseed movement. 

total on time = on time × number of periods (5. 2) 

experiment time = period duration × number of periods (5. 3) 

 

Figure 5.2 Manipulation of pulse sequence duty cycle. The duty cycle of the 
navigation pulse sequence can be varied by changing the on time or the off time 
but remains constant if both the on and off time are changed to the same extent 
(i.e., changing the period duration). In all the presented examples, the total time 
for which the gradient is applied is equal. 

Having performed initial experiments in fluid phantoms, the next critical challenge 

for MINIMA was to assess thermoseed navigation through tissue. Although it may 

be possible, and in some cases easier, to navigate thermoseeds through the 

vasculature, certain regions within the body may not be reached with this method, 

due to restrictions in vessel size. Therefore, to be able to reach as many locations 

as possible, the ability to penetrate tissue is essential. As discussed in section 

1.2.6, some attempts have been made to design tissue penetration devices 
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powered by MRI scanners, including the MRI-Gauss gun (Becker, Felfoul and 

Dupont, 2015) and magnetic hammer actuation (Leclerc et al., 2018), but in both 

cases the devices are extremely large and may only be used to penetrate tissue 

from outside the body or within a large vessel.  

The main challenge in achieving tissue penetration with a small device is 

maximising the exerted force. In a study conducted in 1990, it was suggested that 

70 mN would need to be exerted on a 3 mm diameter sphere to penetrate brain 

tissue at 0.7 mm s-1 (Molloy et al., 1990). This result, interpreted alongside 

simulated forces exerted on 1 – 4 mm thermoseeds at different gradient 

strengths, suggest that brain tissue penetration is not possible with gradients ≤ 1 

T m-1 (Figure 5.3). It may also be noted that as part of the VTF project, the same 

group used a custom-built electromagnet to generate a 2 T m-1 gradient that was 

sufficient to navigate a 5 mm cylindrical thermoseed through dog brain tissue in 

vivo (Grady et al., 1990). 

 

Figure 5.3 Force exerted on thermoseeds at different gradient strengths. 
Simulated forces calculated at different gradient strengths and for thermoseeds 
of different diameters using equation 2.8 (𝐹𝑚,𝑧 = 𝑉𝑚𝑀𝑧 δ𝐵𝑧 δ𝑧⁄ ), with 𝑀𝑠 = 1.36 × 

106 A m-1 used for 𝑀𝑧. 

However, in spite of these supposed gradient requirements, my colleagues had 

previously been able to navigate both 2 and 3 mm thermoseeds through ex vivo 

porcine brain tissue using magnetic field gradients as low as 300 mT m-1 (Figure 

5.4) (Baker et al., 2022). The large discrepancy between the results of these two 

studies is likely related to the uncertainty of ± 30 mN for the reported 70 mN value, 

which the authors explain is due to inaccuracy of the measurement system 

(Molloy et al., 1990). Furthermore, the 70 mN force specifically relates to 
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movement at a speed of 0.7 mm s-1. Of the examples presented in Figure 5.4, 

the thermoseed moved fastest in sample D, travelling 53 mm in 8 minutes, which 

equates to 0.1 mm s-1, 7 times less than the example in the dog brain. This proof 

of concept data demonstrating navigation of a thermoseed through brain tissue 

using an MRI scanner, is promising and provides assurance that MINIMA has the 

potential to be applied in the brain. 

 

Figure 5.4 Thermoseed movement through brain tissue. A, B Navigation 
demonstrated through ex vivo, porcine brain tissue samples using a 2 mm 
thermoseed, overlaid onto pre-acquired T2-weighted MR images (gradient 
strength = 300 – 500 mT m-1, duty cycle = 20/70 ms on/off, number of periods = 
500 – 5000). C, D Navigation through ex vivo brain tissue using a 3 mm 
thermoseed and a clinically relevant magnetic field gradient strength of 300 mT 
m-1 (duty cycle = 1.0). The thermoseed was navigated 45 mm and 53 mm in C 
and D, respectively. Image adapted from Baker et al. (2022). 

Although MINIMA may be useful in treating cancer in the brain, an advantage of 

the technique would be its ability to be applied across different organs and 

diseases. Therefore, the next logical step in the development of the project was 

to assess navigation through different tissues. Since brain tissue is one of the 

softest in the body, other tissues would indeed be more challenging. However, 

with access to gradient coils capable of generating magnetic field gradients up to 

1 T m-1, I hypothesised that this would be possible, and attempts at navigating a 

3 mm thermoseed through ex vivo liver tissue were performed. In this instance, 

liver tissue was chosen, as it is readily available, is stiffer than brain tissue, thus 
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providing more of a challenge, and it is an organ in which thermal ablation 

therapies are often used to treat liver metastasis (Takahashi and Berber, 2020). 

To summarise, the aims of the experiments presented in this chapter are: 

1. To demonstrate thermoseed movement in 3D 

2. To investigate the effect of different propulsion parameters on thermoseed 

movement through a viscous medium 

3. To attempt thermoseed movement through ex vivo liver tissue 

5.2 Methods 

A Bruker 9.4 T Biospec 94/20 preclinical MRI system was used for all experiments 

presented in this chapter. Unless otherwise indicated, the shielded imaging 

gradient set that was tested in the previous chapter and can generate a magnetic 

field gradient of 979 mT m-1 was also used. 

5.2.1 Phantom designs 

A variety of containers were used as phantoms for the navigation experiments 

presented in this chapter. The most basic consisted of a rectangular plastic box, 

which could be filled with the desired medium, before adding a thermoseed and 

sealing the lid. An example of this is presented in Figure 5.5A. To be able to use 

the MS-SET tracking method implemented in chapter 4, the thermoseed would 

be navigated to the centre of the sample before beginning the experiment, to 

ensure the entirety of the unique magnetic signature was enclosed within the 

signal-generating region of the phantom (i.e., the magnetic signature did not 

exceed the edge of the box). 

In some cases, such as when moving through ex vivo tissue, this approach was 

not suitable. Therefore, a phantom was designed which consisted of two 

compartments (Figure 5.5B and C). Both compartments would be filled with a 

water-based material, providing signal across the container, however, the 

thermoseed would be limited to the centre compartment, thus ensuring that the 

entirety of the magnetic signature could be imaged and MS-SET could be 

performed as soon as the sample was inserted into the scanner. 
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5.2.2 Navigation in 3D 

A 0.25 % or 0.35 % (w/v) agar solution was prepared by adding agar (Sigma 

Aldrich, USA) to distilled water in the required weight/volume ratio and heating 

the solution until boiling. The solution was then added to a 74 × 21 × 21 mm3 

container to set at room temperature. Once set, a 1 mm (0.25 % agar) or 2 mm 

(0.35 % agar) diameter thermoseed was added to the agar-filled container. Using 

a Bruker imaging gradient coil capable of generating a magnetic field gradient of 

up to 452 mT m-1, the thermoseed was navigated along a 3D path. A range of 

navigation parameters were used throughout the experiments: gradient strength 

= 252 – 451 mT m-1, duty cycle = 0.22 – 1.00, number of periods = 1 – 30000, 

total on time = 1 – 80 s. The displacement of the thermoseed was measured by 

cross-correlating 1D projections acquired before and after each movement (as 

per the method described in chapter 4). Imaging parameters: TR = 2 s, FOV = 80 

mm, matrix size = 256, resolution = 312.5 µm, acqBW = 44.643/300 kHz (1/2 mm 

thermoseed), 1 average, excOffset = 10/45 kHz (1/2 mm thermoseed), excBW = 

4/10 kHz (1/2 mm thermoseed). 

 

Figure 5.5 Phantom designs for navigation experiments. A A simple 
rectangular box filled with golden syrup, used for initial thermoseed movement 
characterisation experiments. B 3D rendering of a phantom designed with two 
compartments. C MR image of the phantom in B 3D printed and filled with agar. 
The thermoseed movement would be limited to the inner compartment (red 
arrow). The outer compartment (blue arrow) provides signal on the image, so that 
the full magnetic signature of the thermoseed could be detected, allowing the 
thermoseed’s position and movement to be measured accurately. 
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5.2.3 Characterisation of navigation parameters 

A 25 × 50 mm2 plastic box was filled with golden syrup (Tate and Lyle PLC, UK) 

to a depth of approximately 5 mm. A thermoseed (0.5, 1, 2 or 3 mm diameter) 

was added and the box sealed (Figure 5.5A). Once the phantom was inserted 

into the scanner bore, the thermoseed was first navigated to the centre of the box 

by applying the magnetic field gradients along the x and z axes. Once at the 

centre, the thermoseed was moved forwards and backwards along the x axis with 

3 repetitions recorded in each direction. For all experiments a total on time of 4 s 

was used. Gradient strength, off time and period duration were systematically 

varied in turn. Full details of the navigation parameters used are provided in Table 

5.2. The displacement of the thermoseed was measured by cross-correlating 1D 

projections acquired before and after each movement. Imaging parameters: TR 

= 2 s, FOV = 60 mm, matrix size = 512, resolution = 117.2 µm, acqBW = 200/300 

kHz. Other imaging parameters were optimised for sphere size (Table 5.1). 

Thermoseed 
diameter [mm] 

Excitation frequency 
offset [kHz] 

Excitation 
bandwidth [kHz] 

Number of 
averages 

0.5 5 6 8 

1.0 5 6 8 

2.0 10 10/182 1 

3.0 30 36 1 
Table 5.1 Imaging parameters used for characterisation experiments. 
Parameters were optimised for thermoseed size 

5.2.4 Navigation in ex vivo tissue 

Sections of lamb liver were cut into 20 × 10 × 14 mm3 pieces, stored at 37 °C in 

PBS for 1 hour and added to the inner compartment of a 3D printed phantom 

(Figure 5.5B, C). The outer compartment was filled with 2 % (w/v) agar solution. 

Navigation was performed using two different imaging gradient coils, capable of 

producing gradients of up to 447 and 979 mT m-1; two attempts were made with 

each setup.  

Before the thermoseed was added to the sample, a pre-image was acquired 

using a fast spin echo pulse sequence. Imaging parameters for samples A and B 

(using 447 mT m-1 gradients): TR = 2 s, effective TE = 19.9 ms, FOV = 80 × 40 

 
2 An excitation bandwidth of 18 kHz was used for the duty cycle period experiment. 
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mm2, matrix size = 512 × 256, resolution = 156.3 × 156.3 μm2, slice thickness = 

1 mm, number of slices = 21, acqBW = 300 kHz, 1 average, total scan time = 1 

min 4 s. Imaging parameters for samples C and D (using 979 mT m-1 gradients): 

TR = 2 s, effective TE = 18.8 ms, FOV = 60 × 30 mm2, matrix size = 512 × 256, 

resolution = 117.2 × 117.2 μm2, slice thickness = 1 mm, number of slices = 23, 

acqBW = 300 kHz, 1 average, total scan time = 1 min 4 s. 

A 3 mm thermoseed was subsequently added to the inner compartment of the 

phantom and navigated through the liver tissue. A range of navigation parameters 

were used throughout the experiments. For samples A and B: gradient strength 

= 250 – 447 mT m-1, duty cycle = 0.33 – 1.00, number of periods = 1 – 500, total 

on time = 3.5 – 400 s. For samples C and D: gradient strength = 350 – 979 mT 

m-1, duty cycle = 0.1 – 1.0, number of periods = 1 – 10000, total on time = 7 – 

450 s.  

The displacement of the thermoseed was measured by cross-correlating 1D 

projections acquired before and after each movement (as per the MS-SET 

method described in chapter 4). Imaging parameters for samples A and B: TR = 

2 s, FOV = 80 mm, matrix size = 1024, resolution = 78.1 µm, acqBW = 455 kHz, 

1 average, excOffset = 45 kHz, excBW = 10 kHz. Imaging parameters for 

samples C and D: TR = 2 s, FOV = 60 mm, matrix size = 512, resolution = 117.2 

µm, acqBW = 455 kHz, 1 average, excOffset = 45 kHz, excBW = 10 kHz. 

.
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5.3 Results 

5.3.1 Navigation in 3D 

In the previous chapter, the imaging and navigation pulse sequence was initially 

tested by navigating a 0.25 mm thermoseed along a simple 2D path (section 

4.3.3). The next step was to ensure the thermoseed could be moved in 3D. Since 

the imaging gradient coils of the MRI scanner can generate magnetic field 

gradients along 3 orthogonal axes, there should be no issue with moving the 

thermoseed in any chosen direction. The only additional factor that must be 

considered is gravity, which would provide additional resistance to the 

thermoseed moving vertically up. 

 

Figure 5.6 Navigation in 3D. 1 mm (sample 1) and 2 mm (samples 2 and 3) 
thermoseeds were navigated along a 3D path in 0.25 and 0.35 % agar, 
respectively. x and z axes are in the horizontal plane, and y is the vertical axis. 

Figure 5.6 shows three examples of a thermoseed being navigated along a 3D 

path. Unfortunately, due to the composition of the agar, the thermoseed was not 

well supported and would begin to drop down within the sample when no upwards 

gradient was applied. Nonetheless, this data demonstrates movement along all 

three axes. This is essential for MINIMA, to ensure that the thermoseed can follow 

a path to any target, whilst avoiding critical and delicate structures. 
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5.3.2 Characterisation of navigation parameters 

Having demonstrated movement of a thermoseed in 3D using the magnetic field 

gradients generated by an MRI scanner, the next stage of development was to 

optimise the process. Therefore, experiments were performed to investigate the 

effect of different navigation parameters (number of periods, gradient strength, 

period duration and off time) on the movement of thermoseeds of varying size. 

These experiments were performed in golden syrup, a purely viscous fluid, and 

the movement was measured using the validated MS-SET method. Example 

projections showing two consecutive movements of a 3 mm thermoseed following 

continuous application of a 500 mT m-1 magnetic field gradient for 4 s are 

presented in Figure 5.7. 

 

Figure 5.7 1D projections showing thermoseed movement. A 3 mm 
thermoseed was moved from its starting position (blue), – 3.5 mm (red) along the 
x axis and back (black) in two separate movements. This data is taken from the 
gradient duty cycle off time experiments, with an off time of 0 ms and duty cycle 
of 1.0. 

Displacement was observed to have a positive linear relationship with the number 

of periods, with 500 additional repetitions (an additional 1 s of gradient 

application) increasing displacement by 0.65 mm (R2 = 0.90, r < 0.0001, Figure 

5.8A). Furthermore, a positive linear relationship was observed between 

displacement and gradient strength for 1, 2 and 3 mm thermoseeds (R2 ≥ 0.50, r 

< 0.0001, Figure 5.8B). A slight positive correlation was observed between 

displacement and period duration (Figure 5.8C). Although, the slope was very 

small, and a period duration of 18 s provided just 0.4 mm greater displacement 
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than a period of 9 ms, this data does suggest that if hardware allows, applying 

the gradient for longer periods of time is beneficial over lots of shorter pulses. 

Finally, increasing the off time caused a decrease in displacement (Figure 5.8D). 

The greatest displacement observed throughout the experiments in this section 

was 3.5 mm and was achieved using a 3 mm thermoseed and a 500 mT m-1 

gradient applied continuously for 4 s. This equates to an approximate speed of 

0.9 mm s-1. Throughout all experiments, a larger thermoseed size had a marked 

effect on the distance moved, with the displacement of a 3 mm thermoseed up to 

6 times larger than a 1 mm thermoseed. 

 

Figure 5.8 Effect of navigation pulse sequence parameters on thermoseed 
movement. 0.5 – 3 mm thermoseeds were navigated through a viscous medium 
to assess the effect of different navigation parameters. Displacement was linearly 
dependent on the number of periods (A, n = 4, p < 0.0001), gradient strength (B, 
n = 6, p < 0.0001 for 1 – 3 mm thermoseeds) and period duration (C, n = 6, p < 
0.05 for 1 – 3 mm thermoseeds). D A shorter time also led to an increase in 
displacement. Full linear regression data for A – C is presented in Table 5.3. 
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Parameter 
Thermoseed 

diameter [mm] Slope 
Intercept 

[mm] R2 p 
      

Number of 
periods 

3.0 1.3 × 10-3 0.05 0.90 < 0.0001 

      

Gradient 
strength 

0.5 -8.3 × 10-5 0.08 0.03 0.21 

1.0 5.2 × 10-4 0.02 0.50 < 0.0001 

2.0 2.2 × 10-3 -0.05 0.96 < 0.0001 

3.0 5.0 × 10-3 -0.13 0.95 <0.0001 
      

Period 
duration 

0.5 2.0 × 10-6 0.08 0.04 0.13 

1.0 6.4 × 10-6 0.38 0.07 0.04 

2.0 8.1 × 10-6 1.15 0.08 0.02 

3.0 2.0 × 10-5 2.70 0.37 < 0.0001 

Table 5.3 Linear regression analysis for data presented in Figure 5.8. 

For the final characterisation experiment, the displacement of a 3 mm 

thermoseed was measured when applying gradients of different strengths, up to 

1 T m-1 (Figure 5.9). As with the previously reported data, a linear relationship 

was observed and the linear regression analysis gave a similar slope (5.0 × 10-3 

mm mT-1 vs. 5.3 × 10-3 mm mT-1, Table 5.4). 

 

Figure 5.9 Effect of gradient strength on thermoseed movement up to 1 T 
m-1. A 3 mm thermoseed was navigated through a viscous medium. 
Displacement was linearly dependent on gradient strength. n = 6, p < 0.0001. Full 
linear regression data is presented in Table 5.4. 

Thermoseed 
diameter [mm] Slope [mm mT-1] Intercept [°C] R2 p 

3.0 5.3 × 10-3    -0.06 0.97 < 0.0001 

Table 5.4 Linear regression analysis for data presented in Figure 5.9. 
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5.3.3 Navigation in ex vivo tissue 

Having investigated the effect of each of the propulsion parameters on 

thermoseed movement, attempts were made to navigate a thermoseed through 

ex vivo liver tissue. Since liver tissue is denser than brain tissue, it was expected 

that larger gradient strengths and/or duty cycles would be required to achieve 

sufficient thermoseed movement. A total of four attempts were made using a 3 

mm thermoseed. In the first two samples (Figure 5.10A, B) a gradient coil capable 

of generating 447 mT m-1 was used, providing a greater imaging volume at cost 

to the gradient strength. The thermoseed was navigated a total of 2.8 and 2.5 

mm along the z axis in samples A and B respectively, with each experiment taking 

approximately 55 minutes. As can be seen in Figure 5.10A and B, the path taken 

by the thermoseed was not straight, although the gradient was applied directly 

along the z axis. This is most likely due to the structure of the tissue and the 

thermoseed taking the path of least resistance. 

In the final two samples, an imaging coil capable of generating a stronger 

magnetic field gradient was used (979 mT m-1), in an attempt the navigate the 

thermoseed over a greater distance. In total the thermoseed was navigated 3.4 

and 1.3 mm along the z axis in samples C and D, with each experiment taking 3 

and 4 hours respectively. Unlike samples A and B, the thermoseed consistently 

travelled in the intended direction. This result would suggest that it is not possible 

for a 3 mm thermoseed to penetrate tissue at a rate that would be required to 

deliver therapy within a reasonable time frame. Further discussion on how this 

could be improved is provided in the next section. 
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Figure 5.10 Thermoseed navigation through ex vivo liver tissue. A 3 mm 
thermoseed was navigate through ex vivo liver tissue using magnetic field 
gradients up to 447 mT m-1 (A, B) and 979 mT m-1 (C, D). LHS images show 
thermoseed path overlaid onto MR image of the tissue placed in the 3D printed, 
2 compartment phantom, scale bar = 5 mm. RHS images show the path of the 
thermoseed zoomed in, each red point represents an individual movement. 

5.4 Discussion 

In this study, a series of experiments were performed to characterise and 

optimise thermoseed movement. Initially, navigation was performed along a 3D 

path through an agar solution, demonstrating that thermoseed movement is 

possible in any direction. Next, propulsion parameters were investigated one at 

a time, to assess the effect that each parameter has on thermoseed movement. 

Finally, following on from experiments performed in brain tissue, attempts were 

made to navigate a thermoseed through ex vivo liver tissue. 

The movement of a ferromagnetic thermoseed was measured whilst 

incrementally changing individual propulsion parameters, to characterise the 

effect of each parameter on thermoseed movement. Gradient strength and 
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thermoseed size were found to have the greatest effect, in accordance with the 

relationship described in equation 2.8, alongside the number of periods, which 

was also expected, as this simply increases the duration for which the gradient is 

applied. When increasing the off time (the interval between gradient pulses), 

thermoseed displacement decreased, despite the total on time remaining 

constant. This observation may be explained by the momentum of the 

thermoseed being lost during the ‘off’ interval. While the gradient is switched on 

the thermoseed builds momentum but as soon as the gradient is switched off this 

momentum decays; as the off time increases there is a longer interval in which 

the thermoseed can lose its momentum, thus resulting in a shorter displacement. 

Finally, a very small increase in displacement was observed when the duty cycle 

period was increased 2000-fold (9 – 18000 ms). Although this is insignificant for 

the distances covered in this experiment, it may be useful to bear this effect in 

mind when optimising movement through tissue. These initial experiments were 

performed in golden syrup, as it is a Newtonian fluid with a high viscosity, thus 

providing the simplest possible model. Although this is unrealistic compared with 

movement through tissue, the results provide an indication of the parameters to 

consider when optimising navigation through more complex samples and 

perhaps in designing bespoke propulsion gradient coils. 

Having characterised movement through a liquid, attempts were then made to 

navigate a thermoseed through ex vivo liver tissue. Although these were the first 

known attempts at navigating an individual ferromagnetic thermoseed through 

tissue other than the brain, the results were, unfortunately, limited. The greatest 

distance moved in a single sample was just 3.4 mm. This result was 

disappointing, especially as previous work showed successful thermoseed 

navigation through ex vivo brain tissue (Figure 5.4). There may be several 

reasons for this. First, the experimental set up was not optimal. Due to the small 

imaging volume of the preclinical MRI scanner, and the need for the thermoseed 

to be central within the sample for the MS-SET tracking method to be used 

accurately (see sections 4.3.2 and 5.2.1), only very small tissue samples could 

be used in these experiments. When cutting the samples to this size and fitting 

them into the containers, the structural properties of the tissue were likely to be 

different to those within the body. Future studies should be performed on 

alternative MRI scanners designed for imaging larger animals or humans, which 
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would allow larger tissue pieces, or preferably entire organs, to be used, thus 

retaining the structural properties and integrity of the tissue as much as possible. 

However, even if larger tissue samples were used there would still be differences 

between the in vivo and ex vivo tissues, which would affect thermoseed 

movement. One factor is the temperature of the tissue, with the ex vivo liver 

experiments conducted at room temperature (~20 °C) rather than body 

temperature (37 °C). Furthermore, the in vivo tissue would be more hydrated. 

Although the liver samples were soaked in PBS for 1 hour prior to experiments in 

order to rehydrate them as much as possible, the tissue is still likely to have been 

dehydrated compared to live tissue, due to a lack of blood and interstitial fluid, 

which may aid thermoseed movement in vivo. 

Another reason for the limited thermoseed movement could simply be that the 

force exerted on the thermoseed was not sufficient to penetrate liver tissue. There 

are two possible ways this force could be increased, first is through optimisation 

of the thermoseed shape and size and second is to increase the gradient 

strength. To increase the gradient strength above 1 T m-1 on a preclinical system 

would require development of a specialist gradient coil. A more practical option 

for testing thermoseed movement at higher gradient strengths might be to design 

a bench top electromagnet that can generate a uniaxial magnetic field gradient, 

such as the one used by Leclerc et al. (2018). This setup would allow further 

experiments to be performed without having to conform to the safety restrictions 

necessitated by the MRI scanner and at a lower cost. If efficient movement was 

successfully demonstrated with this set up, then the development of equivalent 

MR-compatible gradients may proceed. Regarding thermoseed optimisation, the 

most effective option to increase the propulsion force is to increase the size of 

the thermoseed. In this study, the size of the thermoseed was limited to 3 mm 

diameter, due to the small imaging volume of the preclinical scanner. The imaging 

volume of a clinical MRI scanner would remove this restriction, potentially 

allowing larger thermoseeds to be used. However, larger thermoseeds may not 

be appropriate for certain applications and would likely cause more damage when 

navigated through healthy tissues. Consequently, the need to increase 

thermoseed size may impact clinical translation. Another property of the 

thermoseed to consider is the material. Although chrome steel has a high 

magnetic saturation point, there are a few metal alloys that have higher values, 
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such as Permendur, an iron-cobalt alloy with 𝑀𝑠 = 1.9 × 10-6 A m-1 (Gosselin, 

Lalande and Martel, 2011) (40 % higher than chrome steel). Finally, changing the 

shape of the thermoseed may reduce the force required to penetrate tissue, for 

example if the seed was elongated like a grain of rice. However, this would raise 

other challenges, since the long axis of the thermoseed would align with the main 

magnetic field, thus restricting its range of motion in the x-y plane. 

Although our previous work has successfully demonstrated thermoseed 

navigation through ex vivo brain tissue, this was performed at a rate of no more 

than 0.1 mm s-1 (Baker et al., 2022), allowing a distance of 10 cm to be traversed 

in 15 minutes. This speed could be improved in a number of ways. First, the 

thermoseed could be adapted, as described above, to increase the translational 

force, which would lead to greater navigation speeds. Other ways to improve the 

speed of movement would be the adjust the navigation parameters. Based on the 

results presented in Figure 5.8, increasing the gradient strength as much as 

possible and the duty cycle to 100 % would have the greatest impact. However, 

to achieve these specifications, on either a preclinical or clinical system, would 

require further developments to the gradient coils currently available for MRI 

scanners. 

For MINIMA to be an effective minimally invasive therapy, it is essential that the 

thermoseed can be moved with a high degree of control and precision. The initial 

data presented in this study demonstrates that this is possible in viscous liquids, 

since submillimetre distances were navigated and measured using the MS-SET 

method. Although the initial aim of MINIMA was to develop a therapy that could 

be used to treat cancers across different organs, this now seems unlikely when 

considering the ex vivo data presented in this chapter. However, MINIMA could 

still be effective in the brain, with the possibility of treating not only brain cancers, 

but potentially other diseases that are treated using open surgery, such as 

epilepsy. In each case, having navigated the thermoseed through the brain to the 

target under image-guidance, the therapy would be delivered in the form of 

thermal ablation. Heating of the thermoseed to deliver a thermal therapy is the 

final of the three key components of the MINIMA project and forms the basis of 

the next two chapters of this thesis. 
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6 Characterisation of thermoseed heating 

6.1 Introduction 

Chapters 4 and 5 have demonstrated the ability to image and navigate a 

ferromagnetic thermoseed using an MRI scanner with a high degree of precision. 

It is therefore possible to envisage how magnetic resonance navigation may be 

used as a minimally invasive tool to diagnose and treat different diseases by 

adapting the device for sensing or surgical applications, or to deliver a therapeutic 

drug. One possible application is hyperthermia or thermal ablation, which may be 

delivered remotely, using an AMF to heat the thermoseed. 

As discussed in section 1.4, heating therapies can be separated into two 

categories based on the temperature rise that is induced in the tissue. Heating 

between 41 and 45 °C is termed hyperthermia and above 45 °C is considered 

thermal ablation. Typically, for hyperthermia to be effective, the modest 

temperature increase must be maintained for a prolonged period of time and 

delivered through a repeated number of treatments. Each treatment is often 

described in terms of thermal dose (TD), which has the units of cumulative 

equivalent minutes at 43 °C (CEM43). TD can be calculated from the temperature 

achieved and the exposure time (Mouratidis, Rivens and ter Haar, 2015): 

𝑇𝐷 = 𝐶𝐸𝑀43 = ∑ 𝑅(43−𝑇̅)∆𝑡

𝑡=𝑓𝑖𝑛𝑎𝑙

𝑡=0

(6. 1) 

where 𝑇̅ is the average temperature during time ∆𝑡 and R = 0.25 for temperatures 

< 43 °C and 0.5 for temperatures > 43 °C; a clinical dose is considered to be 240 

minutes. Although CEM43 has some limitations as a thermal dose parameter, 

especially when hyperthermia is applied as an adjuvant to radiotherapy, these 

limitations are less relevant when ablating at higher temperatures (van Rhoon, 

2016). Most thermal ablation therapies, including HIFU, aim to reach 

temperatures > 60 °C, as this will induce cell death within less than 1 s (Zhou, 

2011). Since the MINIMA concept involves using a single thermoseed to heat at 

multiple locations, it is important for thermoseed heating to be rapid, thus 

ensuring the entire procedure can be performed within a reasonable time frame. 
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A target temperature of 70 °C is therefore used in the experiments presented in 

this chapter. 

To improve thermoseed heating and ensure 70 °C is reached, larger field 

amplitudes and frequencies can be used, as described in equation 2.11. 

However, other factors must also be considered and place limitations on the 

parameters that can be used. For example, frequencies < 50 kHz and > 2 MHz 

should not be used to avoid skeletal muscle stimulation and to ensure sufficient 

penetration depth respectively (Pollert and Zaveta, 2012). Non-specific eddy 

current heating is another consequence of AMF application, and the Brezovich 

criterion, which limits 𝐻 ∙ 𝑓 to 4.85 × 108 A m-1 s-1, is often employed to inhibit the 

onset of such effects (Atkinson, Brezovich and Chakraborty, 1984). However, 

since the Brezovich criterion is applicable to heating across the whole body, a 

higher limit, up to 5 × 109 A m-1 s-1 is appropriate when treating smaller regions 

such as the head (Hergt and Dutz, 2007). Furthermore, clinical trials performed 

in the brain showed that field strengths up to 13.5 kA m-1 at 100 kHz were well 

tolerated by patients (Maier-Hauff et al., 2007). Considering these limitations and 

examples from the literature, I hypothesised that sufficient temperatures could be 

obtained with the chrome steel thermoseeds used in previous chapters, when 

heated using a custom-built MR-compatible heating coil. 

In this study, the heating of ferromagnetic thermoseeds was characterised to 

investigate this hypothesis. Initial experiments involved heating thermoseeds of 

different sizes in air, using a bespoke MR-compatible heating device to determine 

the maximum temperatures that could be attained and the time taken to reach 

the target temperature of 70 °C. Next, experiments were performed under more 

biologically relevant conditions, including in water and ex vivo liver tissue. Finally, 

the distribution of heat surrounding the thermoseed was measured in tissue, 

using a fibre optic temperature probe positioned at a range of distances from the 

thermoseed’s surface. 

To summarise, the aims of the experiments presented in this chapter are: 



99 
 

 

1. To determine the maximum temperatures that can be attained when 

heating thermoseeds of different sizes with a bespoke MR-compatible 

heating device, in air 

2. To determine the time taken for thermoseeds to heat to a target 

temperature of 70 °C, in air 

3. To assess the extent of thermoseed heating under more biologically 

relevant conditions, such as in water and ex vivo tissue 

4. To measure the distribution of heat surrounding a thermoseed when 

heated in ex vivo tissue 

6.2 Methods 

All heating experiments were performed using a custom-designed MR-

compatible magnetic alternating current hyperthermia (MACH) system, made by 

collaborator Paul Southern from Resonant Circuits Ltd. (Figure 6.2A). The MACH 

system consists of a 5-turn solenoid coil, 40 mm in diameter and 50 mm in length, 

which is connected to a circuit board and power supply by long cable extensions, 

allowing it to be set up in the preclinical 9.4 T MRI scanner safely (Figure 6.2B). 

The coil can produce an AMF ranging from 2 – 8 kA m-1, at a frequency of 710 

kHz (Figure 6.2D). Along the longitudinal axis of the coil the field strength is 

greatest at the centre and decreases by almost half at the coil openings (Figure 

6.2C). For all experiments presented in this thesis, a field strength of 8 kA m-1 

was used. 

A fibre optic temperature probe (FOTEMP1-OEM, Weidmann Optocon, 

Germany) was used to measure the temperature of the thermoseed and its 

surrounding media in the relevant experiments. Thermoseeds were spherical in 

shape, made from chrome steel and purchased from Simply Bearings, UK. 

Statistical analysis was performed in GraphPad Prism.  

6.2.1 Heating in air 

The fibre optic temperature probe was supported vertically with a cardboard 

structure, allowing a thermoseed to be positioned on and in contact with the tip 

of the probe (Figure 6.1). The heating coil was then placed around the probe and 

thermoseed, with the thermoseed centred to align with the maximum field 

generated by the coil. For initial experiments, performed to assess the 
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repeatability of heating, 5 different 2 mm diameter thermoseeds were heated for 

15 s, and the surface temperature of the thermoseeds was recorded for the 

heating duration and up to 3 minutes post heating. The heating protocol was 

repeated 5 times per thermoseed, and one-way ANOVA testing was carried out 

across the thermoseeds. 

Thermoseeds ranging from 1 – 3 mm in diameter were then heated for 1 minute 

to assess the maximum temperatures that could be attained using the MACH 

system. To ensure the coil did not overheat, the maximum duration for which the 

AMF could be applied was 1 minute. A total of 3 repetitions were performed for 

each thermoseed size, and the temperature of the thermoseed was recorded up 

to 2 minutes post heating. Linear regression analysis was performed on the 

measured temperature change vs. thermoseed size following 30 s and 60 s of 

heating.  

 

Figure 6.1 Setup for heating experiments in air. A fibre optic temperature 
probe was supported with a cardboard structure, allowing the tip to be pointing 
up vertically. The thermoseed was positioned on and in contact with the tip of the 
probe (left). The coil was placed around the cardboard support, with the 
thermoseed positioned in the centre of the coil to align within the maximum field 
generated by the coil. 

Next, the time taken for thermoseeds (1.5 – 3 mm diameter) to reach the target 

temperature of 70 °C, upon application of an AMF, was determined. The time 

taken for thermoseeds of different sizes to reach 70 °C in the previous experiment 

(Figure 6.5A) were used as an initial estimate. If heating for this duration caused 

the thermoseed to heat above 75 °C, the experiment was repeated for a shorter 

duration. This process was repeated while iteratively decreasing the AMF 

application time until the thermoseed heated to 70 – 75 °C. Heating for the 
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determined duration was then repeated an additional 4 times to give 5 repeated 

measurements. Thermoseed cooling was monitored for up to 3 minutes, and the 

cooling curves were fitted with a mono-exponential decay. 

 

Figure 6.2 Magnetic alternating current hyperthermia (MACH) system setup. 
A MR-compatible MACH system set up on the bench top for in vitro experiments. 
B MACH system set up in the bore of a 9.4 T preclinical MRI scanner. C Modelled 
field strength for the MACH system with a maximum field strength of 7 kA m-1. 
Simulation data supplied by Paul Southern, Resonant Circuits Ltd. D Measured 
field strength generated by the MACH system across a range of input currents. 
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6.2.2 Heating in water 

Thermoseeds ranging from 2 – 3 mm in diameter were submerged in 1 mL of 

water in a 1.5 mL Eppendorf. The heating coil was placed around the sample, 

and the fibre optic temperature probe was passed through an opening in the lid 

of the Eppendorf to be positioned on the surface of the thermoseed. The 

temperature of the thermoseed was recorded while heating for 1 minute and for 

an additional minute once the AMF was removed.  

6.2.3 Heating in ex vivo liver tissue 

6.2.3.1 Liver tissue preparation 

Lamb liver tissue was purchased from a local butcher within 48 hours post 

mortem and refrigerated until use. Samples were prepared by sectioning the liver 

into ~ 2 × 2 × 2 cm3 cubes and allowing them to warm to room temperature. 

6.2.3.2 Gross ablation following 1 minute of heating  

A 2 or 3 mm diameter thermoseed was inserted through the base into the centre 

of the liver section, the sample was placed into the heating coil, and an AMF was 

applied for 1 minute. The liver tissue was then sliced in half, through the position 

of the thermoseed, so that the ablated region was readily visible on the inside 

faces of the two sections. 
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Figure 6.3 MACH system and ultrasound setup for heating in ex vivo liver 
tissue. A The MR-compatible MACH system was set up in the ultrasound lab, 
allowing the ex vivo liver tissue to be imaged whilst in the heating coil. B 
Ultrasound image of a 2 mm thermoseed (red arrows) in ex vivo liver tissue, with 
a needle inserted under ultrasound guidance (yellow arrows), to allow a fibre optic 
temperature probe to be placed a known distance from the thermoseed’s surface. 
C 3D ultrasound images were used to measure the distance from the fibre optic 
probe (green arrow) to the thermoseed. Repetitions performed with the fibre optic 
probe at different distances from the thermoseed’s surface allowed an 
understanding of the temperature distribution around the thermoseed to be 
formed. 

6.2.3.3 Temperature measurement around the thermoseed 

A 2 or 3 mm diameter thermoseed was inserted through the base into the centre 

of the liver section. The sample was positioned in the heating coil, and a fibre 
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optic temperature probe was inserted into the sample under ultrasound-guidance, 

enabling the temperature of the surrounding tissue to be measured during the 

heating procedure. This was achieved by first inserting a 12 gauge needle 

through the turns of the heating coil and into the liver sample, whilst imaging with 

ultrasound (Figure 6.3A). Ultrasound imaging was carried out on a VisualSonics 

Vevo 3100 system fitted with a VisualSonics MX550S transducer. Once the bevel 

of the needle was positioned close to the thermoseed (Figure 6.3B), the fibre 

optic temperature probe was passed through the needle and into the liver tissue. 

The needle was then retracted, whilst keeping the probe in place, and a 3D 

ultrasound image was acquired. Subsequently the ultrasound probe was 

removed, and the AMF applied for 1 minute. Once the thermoseed and sample 

had cooled for 3 minutes, the heating was repeated twice more with the same 

sample and set up to give a total of 3 measurements for each thermoseed-probe 

distance. Using the 3D ultrasound image, the distance between the thermoseed 

surface and the tip of the fibre optic temperature probe was determined (Figure 

6.3C); this was performed using vendor software Vevo Lab. This entire process 

was repeated with a 2 and 3 mm thermoseed in a total of 10 and 11 liver samples 

respectively. Across all samples, the fibre optic probe was positioned within 0.3 

– 5.3 mm of the thermoseed’s surface. Due to difficulty when positioning the 

probe, the temperature could not be recorded with the probe directly touching the 

surface of the thermoseed. 

6.3 Results 

6.3.1 Heating in air 

A total of 5 different thermoseeds, all 2 mm in diameter, were heated 5 times to 

assess the repeatability of heating. The mean heating curves for each of the 

thermoseeds were very similar (Figure 6.4A), and following 15 s of heating, no 

difference in temperature change was observed between thermoseeds (Figure 

6.4B). For each individual thermoseed, the maximum temperature change had a 

standard deviation of no more than 3.0 °C, thus demonstrating the repeatability 

of thermoseed heating when using the MR-compatible MACH system. 

Thermoseeds of different sizes were then heated in air to assess the maximum 

temperatures that could be attained when applying an AMF for 1 minute. A 
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maximum temperature of 201 °C and 43 °C was measured for 3 and 1 mm 

diameter thermoseeds respectively, corresponding to heating rates of 3.35 °C s-

1 and 0.72 s-1 (Figure 6.5A). The change in temperature was directly proportional 

to thermoseed size, with larger thermoseeds heating more quickly (Figure 6.5B, 

Table 6.1). A thermoseed of 1 mm diameter was not able to reach the target 

temperature of 70 °C within the 1 minute heating window and, therefore, was not 

used in future experiments. 

 

Figure 6.4 Repeatability of thermoseed heating. A Mean change in 
temperature of 5 different 2 mm thermoseeds heated for 15 s (n = 5). B Maximum 
temperature change measured for each thermoseed. 

 

Figure 6.5 Thermoseed heating in air. A Temperature of 1 – 3 mm diameter 
thermoseeds heated in air for 1 minute (n = 3). The dotted line indicates the target 
temperature of 70 °C. B Temperature change following 30 s and 60 s of heating 
vs. thermoseed diameter. Data fitted with a simple linear regression model (n = 
3). Full linear regression analysis presented in Table 6.1. 
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Heating duration [s] Slope [°C s-1] Intercept [°C] R2 p 

30 51.5   2.9    -33.9   6.1 0.96 < 0.0001 

60 78.8   2.2 -59.7   5.0 0.99 < 0.0001 

Table 6.1 Linear regression analysis for thermoseed heating in air. 
Temperature change = slope * (thermoseed diameter) + intercept.  Coefficient 
and standard error reported for the slope and intercept, n = 3, Figure 6.5B. 

For MINIMA to be effective, thermal ablation must be delivered efficiently and in 

a reasonable time frame. Therefore, the minimum heating duration required for 

thermoseeds of different sizes to reach the target temperature of 70 °C was 

measured. A 3 mm thermoseed only required the AMF to be applied for 9 s to 

reach 70 °C, whereas a 1.5 mm thermoseed required heating for 40 s (Figure 

6.6A, Table 6.2). However, the 3 mm thermoseed also required longer to cool 

down (Figure 6.6B), with a cooling half-life of 52.2 s, compared with 20.6 s for the 

1.5 mm thermoseed (Table 6.3). The rate of cooling is important to consider, as 

once the treatment has been delivered the thermoseed would need to return to 

body temperature before it can be navigated from the target back to the insertion 

site from retrieval. 

 

Figure 6.6 Thermoseed heating to 70 °C and subsequent cooling. A 
Temperature of 1.5 – 3 mm diameter thermoseeds heated to a target temperature 
of 70 °C. Corresponding heating times are detailed in Table 6.2. B Cooling of 
thermoseeds from 70 °C. Data fitted with a mono-exponential decay. Full fit data 
is provided in Table 6.3. (n = 5). The dotted line indicates the target temperature 
of 70 °C. 
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Thermoseed 
diameter [mm] 

Time to heat 
to 70 °C [s] 

1.5 40 

2.0 19 

2.5 14 

3.0 9 

Table 6.2 Thermoseed heating to 70 °C. Time taken for 1.5 – 3 mm diameter 
thermoseeds to heat to a target temperature of 70 °C (Figure 6.6A). 

Thermoseed 
diameter [mm] k [s-1] Plateau [°C] Intercept [°C] 

Cooling 
half-life [s] R2 

1.5 0.034 27.7      72.4    20.6 0.99 

2.0 0.026 25.9    74.8    26.8 1.00 

2.5 0.018 24.6 74.4 38.7 1.00 

3.0 0.013 22.6 76.0 52.2 1.00 

Table 6.3 Thermoseed cooling exponential decay fit parameters. 
Temperature = (intercept – plateau) * exp(–k * thermoseed diameter) + plateau, 
n = 5, Figure 6.6B. 

 

Figure 6.7 Thermoseed heating in water. Temperature of 2 – 3 mm diameter 
thermoseeds heated in water for 1 minute (2, 2.5 mm, n = 5; 3 mm, n = 2). 

6.3.2 Heating in water 

To investigate the effect of surrounding media on the temperatures attainable, 

thermoseed temperature was measured when heated in water for 1 minute. 

Although fluctuations in the heating curve were observed at temperatures greater 

than 70 °C (Figure 6.7), 2, 2.5 and 3 mm thermoseeds were all successfully 

heated above the target temperature, reaching approximately 80 °C within 1 

minute. This was markedly lower than temperatures measured in air, with a 
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difference of 23, 47 and 99 °C for 2, 2.5, and 3 mm thermoseeds respectively; 

this is due to differences in the thermal properties between air and water. Since 

water is more comparable to tissue in this regard, these data provide confidence 

that temperatures required to deliver thermal ablation could be attained in vivo. 

6.3.3 Heating in ex vivo liver tissue 

Although the experiments in air and water provide some indication that 

temperatures required to achieve thermal ablation are attainable, it is also 

important to understand the temperature distribution around the thermoseed. To 

do this, thermoseeds were inserted into ex vivo liver tissue and heated for 1 

minute. Using ultrasound-guidance, a fibre-optic temperature probe was inserted 

into the tissue and placed at a measured distance from the thermoseed’s surface. 

Liver tissue was chosen to mimic in vivo heating more closely, however, this 

phantom still had limitations, such as lack of perfusion, which may lead to an 

overestimation of heating.  

 

Figure 6.8 Thermoseed heating in ex vivo liver tissue. Maximum temperature 
change measured 0 – 6 mm from the surface of 2 and 3 mm thermoseeds heated 
in ex vivo liver tissue. Data is fitted to a linear model. Full linear regression data 
is presented in Table 6.4. 
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Thermoseed 
diameter [mm] Slope [°C mm-1] Intercept [°C] R2 p 

2 -3.3   0.4    18.9   1.1 0.66 < 0.0001 

3 -6.3   0.8 39.3   2.2 0.66 < 0.0001 

Table 6.4 Linear regression analysis for ex vivo liver data. Temperature 
change = slope * (distance from thermoseed surface) + intercept. Coefficient and 
standard error reported for the slope and intercept, n = 3. Slopes are significantly 
different, p = 0.003. 

Due to variation in the starting temperature for repeat measurements recorded at 

each distance, temperature change has been plotted in Figure 6.8 instead of 

absolute temperature. Temperature change was negatively correlated with 

distance from the thermoseed (Figure 6.8), and linear regression analysis 

showed that the temperature gradient for the 3 mm thermoseed was more 

negative than the 2 mm thermoseed, -6.3 °C mm-1 vs. -3.3 °C mm-1 (p = 0.003, 

Table 6.4). To reach the target temperature of 70 °C in vivo, a temperature 

increase of 33 °C would be required; this degree of change was achieved up to 

1 mm from the surface of the 3 mm thermoseed. Similarly, when liver tissue was 

dissected following 1 minute of heating with a 3 mm thermoseed, the average 

reach of the ablation area from the thermoseed’s surface was 1.1 mm (calculated 

from a mean ablation area of 21.4 mm2, Figure 6.9). The target temperature 

change of 33 °C was not observed with the 2 mm thermoseed, although a 14 °C 

increase was measured at 1 mm from the surface, which may be useful for 

alternative heating strategies, such as AMF pulsing (Tansi et al., 2021). The gross 

ablation area was negligible in the samples heated for 1 minute with a 2 mm 

thermoseed, and therefore, photographs of these samples are not presented. 
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Figure 6.9 Thermal ablation in ex vivo liver tissue. Photographs of two 
samples of ex vivo liver tissue (top and bottom) heated with a 3 mm thermoseed 
for 1 minute. Mean area of ablated regions (blue ovals) = 21.4 mm2. Scale bar = 
5 mm. 

6.4 Discussion 

In this study, I have demonstrated that ferromagnetic thermoseeds can be heated 

to a target temperature of 70 °C, using an externally applied AMF delivered with 

a bespoke MR-compatible heating coil. Initially, thermoseed heating was shown 

to be repeatable in air, with recorded temperatures having a standard deviation 

of no more than 3 °C. This high degree of repeatability is essential for MINIMA, 

to ensure the thermal dose can be controlled and delivered with precision 

throughout the procedure. The result also provided assurance that any variation 

observed in future experiments would unlikely be due to the thermoseed itself. 

Next, thermoseeds of different sizes were heated in air and water, with 

thermoseeds ≥ 2 mm in diameter reaching a target temperature of 70 °C under 

both conditions. To ablate at multiple locations using a single thermoseed, which 

is navigated between locations using the MRI scanner, rapid thermoseed heating 

is required to induce immediate cell death via coagulative necrosis and minimise 

the overall procedure duration. The data presented in this chapter suggests that 

the thermoseed must be at least 2 mm in diameter to achieve this. This is a 

reasonable size for the intended application and aligns with the navigation data, 

which required a 2 mm thermoseed or larger to penetrate brain tissue (Figure 

5.4). 
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Fluctuations in temperature were observed when heating 2.5 and 3 mm 

thermoseeds in water, at temperatures ≥ 70 °C. These fluctuations are likely due 

to poor contact between the fibre optic probe and the thermoseed, caused by 

water boiling on the thermoseed’s surface. Looking at the first 10 s of the heating 

curves provided in Figure 6.7, the rate of heating is much more rapid for the 2.5 

and 3 mm thermoseeds; this alongside the data acquired in air (Figure 6.5) 

suggest that thermoseeds of this size may heat up to temperatures > 80 °C in 

water. It is possible at these high temperatures that water on the surface of the 

thermoseed begins to evaporate, forming bubbles, which may impair contact with 

the probe. This could then result in fluctuating temperatures and a lower 

temperature recorded overall. Since the 2 mm thermoseed only reached 80 °C 

following the full 1 minute of AMF application, the same effect was not observed. 

Despite these discrepancies, all thermoseeds ≥ 2 mm in diameter heated above 

the target temperature of 70 °C in water, suggesting that temperatures sufficient 

for thermal ablation may be attainable in vivo. 

Finally, experiments were performed in ex vivo liver tissue to provide some 

indication of the temperature distribution around a heated thermoseed. Based on 

the linear regression analysis, a temperature increase of 39 °C was reached with 

a 3 mm thermoseed following 1 minute of heating, which would give an absolute 

temperature of > 70 °C if starting from 37 °C. A sufficient temperature change 

was also measured up to 1 mm from the thermoseed’s surface, equating to a 65 

mm3 spherical ablation volume; heating at this rate would enable a 1 cm3 volume 

to be ablated within 15 minutes. The 2 mm thermoseed only increased in 

temperature by 19 °C, equating to just 56 °C if starting from body temperature. 

These results were unexpectedly low, and contrary to previous data acquired in 

3D cell culture, which showed that ablation volumes as large as 85 mm3 could be 

obtained by heating a 2 mm thermoseed for 1 minute (Baker et al., 2022). This 

discrepancy is most likely due to the target temperature of 70 °C being too high 

and cell death occurring at lower temperatures. Interpreting the ex vivo liver data 

alongside the cell culture data may allow a more realistic target temperature to 

be determined. An 85 mm3 spherical ablation volume is equivalent to a reach of 

1.75 mm from the surface of a 2 mm thermoseed. Using the linear regression 

analysis presented in Figure 6.8 and Table 6.4, a temperature increase of 13 °C 

would be measured at this distance, giving a 50 °C threshold temperature for cell 
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death. For the 3 mm thermoseed, a 13 °C temperature increase was measured 

up to 4.2 mm from the thermoseed’s surface, which is equivalent to a 775 mm3 

ablation volume; this would allow a 1 cm3 volume to be ablated within just 1.3 

minutes. In reality the threshold temperature is likely to be somewhere in between 

50 and 70 °C, as although coagulative necrosis is reported to occur at 

temperatures ≥ 50 °C (Chu and Dupuy, 2014), 1 minute at 50 °C gives a thermal 

dose of just 1.875 CEM43 (calculated using equation 6.1), which is 128 times 

lower than the widely accepted clinical dose of 240 CEM43 (Mouratidis, Rivens 

and ter Haar, 2015). 

The ex vivo liver data also disagreed with the other experiments presented in this 

chapter; particularly the heating in water, in which a 2 mm thermoseed reached 

80 °C within 1 minute, when starting from a baseline temperature of 25 °C. This 

discrepancy may be due to a systematic error when identifying the tip of the fibre 

optic probe or the thermoseed on the liver ultrasound image. For example, if the 

distance between the probe tip and the thermoseed’s surface was 

underestimated, then a lower temperature would be recorded for a given 

distance. Alternatively, the discrepancy may be due to the volume of water and 

liver used in the two experiments, 1 cm3 and ~ 8 cm3 respectively. Assuming the 

two samples have similar values for thermal conductivity and specific heat 

capacity (Hasgall et al.), the larger volume of tissue available to disperse heat 

generated by the thermoseed may explain why lower temperatures were 

recorded in the liver in comparison to water. 

In all experiments, the relationship between heat generation and thermoseed 

size, as described in equation 2.11, is supported, with larger thermoseeds heating 

to greater temperatures under all conditions. It is therefore possible to envisage 

thermoseed size being adjusted and used as an additional measure of 

temperature control, alongside AMF duration. In addition to thermoseed size, the 

material of the thermoseed is an important factor. Since the eddy currents 

responsible for heat generation are predominantly on the surface of the 

thermoseed (section 2.3), different electrical conducting coatings may be added 

to improve the heating capability, without compromising the ferromagnetic core 

required for navigation (Cetas, Gross and Contractor, 1998). Field strength and 

frequency are two parameters that may also be used to adjust thermoseed 
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heating, and optimisation of the AMF in combination with the specific 

thermoseeds used for MINIMA should be performed in the future to improve both 

the extent and efficiency of heating. 

Preliminary data presented in this chapter suggests that thermoseed’s can be 

heated using an MR-compatible heating coil, to reach temperatures required for 

thermal ablation. However, when performed in vivo, additional factors will affect 

the heating capability of the thermoseeds. For example, blood flow may act as a 

heat sink, thus limiting the temperature of the thermoseed and consequently the 

therapeutic effect. Chapter 7 aims to address this by delivering thermal ablation 

in vivo, in animal models of both healthy and diseased tissue. 
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7 Thermal ablation in vivo 

7.1 Introduction 

In the previous chapter, an MR-compatible MACH system was used to heat 

thermoseeds in both air and biologically relevant media in vitro. Thermoseeds 1.5 

mm in size or larger were readily heated above 70 °C, at which point cell death 

would be induced within seconds (Nikfarjam, Muralidharan and Christophi, 2005; 

Lecornet et al., 2010; Valerio et al., 2014). Furthermore, a temperature increase 

of 33 °C, which is sufficient to reach 70 °C in vivo, could be achieved up to 1 mm 

from the thermoseed’s surface, providing some indication of achievable ablation 

volumes. However, when heating thermoseeds in vivo, additional consideration 

must be given to biological processes, such as perfusion, that may limit the rate 

of heating and the maximum attainable temperature. 

 

Figure 7.1 Implanted rod-shaped thermoseeds for thermal ablation. A X-ray 
of two 0.9 mm diameter, 1.04 cm long thermoseeds positioned in a melanoma 
cancer cell line mouse subcutaneous tumour (Xia et al., 2011). B X-ray showing 
typical placement of multiple 1 mm diameter, 1 cm long thermoseeds in the 
prostate to deliver thermal ablation therapy (Tucker, Huidobro and Larson, 2005). 

Preclinical in vivo studies performed to date have predominantly used an array of 

rod-shaped, ‘constant-temperature’ thermoseeds that do not heat past their 

defined Curie temperature (typically 50 - 60 °C) (Burton, Hill and Walker, 1971; 

Brezovich, Atkinson and Chakraborty, 1984). This method allows the maximum 

temperature to be tightly controlled, but requires prolonged heating to deliver an 

effective thermal dose across the entire tumour volume. Geng et al. (1998) 

showed how two 1 cm rod-shaped thermoseeds positioned in parallel increased 

temperatures at the centre of a subcutaneous hepatic tumour in mice to 50 °C 
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within 30 minutes; typical thermoseed positioning is shown in Figure 7.1A. A 

similar study, performed in melanoma subcutaneous tumours, also observed a 

plateau in interstitial temperature at 50 °C across a 20 minute heating period (Xia 

et al., 2011). Some variation in maximum interstitial temperatures can be attained 

by altering the Curie temperature of the thermoseed, but these typically remain 

within the range of 45 – 55 °C (Ouyang et al., 2010). 

Few clinical studies have used AMF heating of thermoseeds to perform thermal 

ablation in cancer, with the majority focusing on treatment in the prostate. One 

study found that using a single rod did not provide extensive heating, but when 

using an array of rods with a Curie temperature of 70 °C positioned 1 cm apart, 

consistent necrosis was observed following four 1 hr treatments (Tucker et al., 

2000). This approach was repeated in a later study conducted by the same group, 

and of the twenty patients treated, just five had a positive biopsy 1 year post 

treatment (Tucker, Huidobro and Larson, 2005). However, 30 – 60 rods had to 

be inserted into the prostate of each patient (Figure 7.1B), and it was observed 

that those with negative biopsies had a higher rod density on average than those 

with a positive biopsy, suggesting that a larger number of rods was required for 

the treatment to be effective. Some clinical studies have combined thermoseed 

heating with radiation therapy to provide additional cytotoxicity and sensitisation 

(Deger et al., 2002). And although this has similarly proved to be effective, with 

interstitial temperatures reaching 48 °C within a 60 minute heating period, once 

again a large number of thermoseeds were used (15 – 80) (Deger et al., 2004). 

With the ability to move thermoseeds through tissue, effective thermal ablation 

may be delivered using a single seed, thus minimising the complexity and 

invasive nature of the procedure. The MINIMA concept involves a single 

thermoseed navigated through the tumour, heated at different, distinct locations 

to ensure full coverage of the diseased tissue. For this procedure to be performed 

within a reasonable time frame, the thermoseed must be heated rapidly at each 

location, unlike the prolonged heating protocols used in the studies described 

previously. In vitro data presented in chapter 6 provides confidence that this is 

possible using the MR-compatible MACH system with spherical thermoseeds. 

Therefore, I hypothesised that an external alternating magnetic field at 

radiofrequency would efficiently heat a spherical ferromagnetic thermoseed to 
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induce localised regions of cell death in vivo, leaving distant tissue unaffected, 

and that this method of thermoablation would be effective as a cancer therapy. 

Experiments presented in this chapter aim to test this hypothesis, first by heating 

thermoseeds in healthy tissue in the rat brain and subsequently in a 

subcutaneous tumour model in mice. In the latter experiments, bioluminescence 

imaging was used to monitor cell viability. 

To summarise, the aims of the experiments presented in this chapter are: 

1. To assess whether sufficient thermoseed heating can be attained to 

induce cell death in vivo, in the rat brain 

2. To develop a suitable experiment protocol to allow cell death induced by 

thermoseed heating to be measured using imaging techniques such as 

BLI and MRI 

3. To perform a longitudinal study, assessing the efficacy of the thermal 

ablation component of MINIMA as a cancer therapy, in a mouse 

subcutaneous tumour model 

7.2 Methods 

All animal work was performed in accordance with the United Kingdom’s Animals 

(Scientific Procedures) Act of 1986 and was previously approved by UCL’s 

internal Animal Welfare and Ethical Review Body. 

Thermal ablation was performed using a custom-built MR-compatible MACH 

system (Resonant Circuit Ltd., UK) consisting of a 5-turn solenoid coil, 40 mm 

diameter. An alternating magnetic field up to 8 kA m-1 could be generated at 710 

kHz. The coil could only be applied continuously for 1 minute at a time, to mitigate 

overheating. For longer heating durations, the field was pulsed on and off at 1 

minute intervals. 

Although in the previous chapter 3 mm thermoseeds were shown to heat more 

rapidly and to higher temperatures than thermoseeds < 3 mm in diameter, 2 mm 

thermoseeds were alternatively used for in vivo experiments. This decision was 

made due to the relatively small size of the rat brain and the subcutaneous 

tumours used in the study. By reducing the thermoseed size, less damage to the 
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tissues would occur during thermoseed insertion, thus allowing a more accurate 

measure of damage specifically caused by thermal ablation. Furthermore, the 

experiments performed in air (Figure 6.5) and water (Figure 6.7) both suggest 

that a 2 mm thermoseed could be heated to sufficient temperatures to induce cell 

death in vivo.  

7.2.1 Rat brain experiments 

7.2.1.1 Animal model 

A male Wistar rat (n = 1, 8 weeks-of-age) was bred by Charles River (UK) and 

delivered to CABI one week prior to experiments. The rat (300 g) was 

anaesthetised with 3.5 % isoflurane vaporised in oxygen at a flow rate of 1 L min-

1. The head was shaved, and the animal positioned in a stereotaxic frame in the 

horizontal skull position, where 2.5 % isoflurane (delivered in 1 L min-1 oxygen) 

was delivered via a nose cone. A midline incision was made in the scalp, and a 

cranial window made by removing a ~6 mm disc of skull above the left striatum 

(3 mm lateral and 0.2 mm anterior to bregma). A 27 gauge needle was inserted 

into the striatum (6 mm ventral to the brain surface) and removed. This process 

was subsequently repeated at the same position with a 21 and 18 gauge needle 

to create a tract. A 2 mm thermoseed was positioned on the surface of the brain, 

above the needle tract. The sphere was inserted into the striatum using a blunt 

18 gauge needle, prior to the needle being retracted, and the skin sutured closed 

to cover the exposed brain surface and the skull. 

7.2.1.2 Thermal ablation 

The rat was transferred to the MACH system, with the head positioned in the 

centre of the coil and anaesthetic delivered via a nose cone (2.5 % isoflurane 

delivered in 1 L min-1 oxygen). An AMF (8 kA m-1) was applied for 1 minute. 

7.2.1.3 Brain tissue sample preparation 

Following the heating, the animal was sacrificed with an overdose of pentobarbital 

administered via intraperitoneal injection. The animal was decapitated, sutures 

removed, and the sphere extracted through the original needle tract using a 

permanent magnet. The brain was removed from the skull and sectioned into 1 

mm thick slices using a McIlwain tissue chopper (Mickle Laboratory Engineering 

Co. Ltd., UK). Each slice was placed into freshly prepared 1% TTC (2,3,5-
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Triphenyltetrazolium chloride) solution (Sigma Aldrich, USA) and incubated at 37 

°C for 10 minutes. The slices were removed from solution and were placed on a 

petri dish to be photographed immediately. 

7.2.1.4 Image analysis 

Images were loaded into ImageJ and an ROI was manually drawn around the 

area of cell death on each slice.  

7.2.2 Subcutaneous tumour experiments 

7.2.2.1 Cell culture 

The human colorectal adenocarcinoma cell line SW1222, previously stably 

transduced with a lentiviral vector to express firefly luciferase enzyme (Fluc), 

were grown in T175 flasks (Fisher Scientific, Loughborough, UK) in DMEM, 

supplemented with 10% foetal calf serum (FCS, Invitrogen, Paisley, UK) in a 

humidified incubator at 37 °C with 95 % air and 5 % CO2. Cells were grown to 80 

% confluence before being trypsinised, centrifuged for pelleting at 300 g, counted 

and re-suspended in phosphate-buffered saline (PBS) for in vivo cell injection. 

7.2.2.2 Animal model 

Female CD-1 nude mice (7 ± 1 weeks old, 27.5 ± 2.5 g) were subcutaneously 

injected on the right flank with 5 × 106 or 2.5 × 106 SW1222Fluc cells in 100 µL of 

PBS. Tumour growth was monitored every 3-5 days using BLI and calliper 

measurements. Measurements were taken in three orthogonal directions and 

tumour volumes were estimated using the following formula: 

𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑤𝑖𝑑𝑡ℎ × ℎ𝑒𝑖𝑔ℎ𝑡 ×
𝜋

6
(7. 1) 

Mice were anaesthetised for all procedures with 4 % isoflurane delivered in 1 L 

min-1 oxygen and maintained at 2 % isoflurane. All mice were sacrificed by 

cervical dislocation, in accordance with regulations. A total of 3, 7 and 2 mice 

were used for the preliminary, sham and further preliminary studies respectively. 

In the final study, 6 mice were used in the treatment group and 7 in the control 

group. 
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7.2.2.3 Bioluminescence imaging 

Mice were anesthetised, administered 120 mg kg-1 of D-luciferin in 200 µL of PBS 

intraperitoneally and placed on their side in the imaging chamber with the tumour 

facing up towards the camera. In preliminary studies, a single image was 

acquired at a set time point following luciferin injection, typically 12 minutes. For 

time course data, images were acquired 8 – 35 minutes post luciferin injection, at 

1 minute intervals. In the final study, time course data was acquired at each time 

point, with the maximum luminescence reading used at each time point. During 

thermal ablation, single images were acquired at specific stages of the procedure, 

as described in sections 7.3.2 and 7.3.3. All images were acquired using auto 

exposure. 

7.2.2.4 Magnetic resonance imaging 

All images were acquired on a 9.4 T horizontal bore Bruker Biospec 94/20 

system, using an 86 mm RF volume coil. A heat mat was used to maintain the 

core body temperature at 37 °C and respiration rate was monitored at 60 – 80 

bpm. T2-weighted images were acquired using a respiratory gated RARE spin 

echo sequence using the following parameters: TR = 820 ms, TE = 25 ms, FOV 

= 40 × 40 mm2, matrix size = 256 × 256, 1 average, 10 contiguous 1 mm thick 

slices ensuring complete tumour coverage. 

7.2.2.5 Thermal ablation 

Mice were anaesthetised and a 19 gauge needle was inserted into the centre of 

the tumour and removed to create a tract. A 1.5/2 mm diameter thermoseed was 

inserted along the tract, into the tumour, using a blunt 19 gauge needleiii. The 

animal was transferred to the coil and the AMF was applied for a total of 1, 3 or 

5 minutes, pulsed in a 1 minute on, 1 minute off fashion. Following ablation, the 

thermoseed was extracted through the original tract using a permanent magnet. 

BLI was performed throughout the procedure, as described in section 7.2.2.3. 

 
iii Although I had planned to use 2 mm thermoseeds for all in vivo experiments, there was initially 
some difficulty inserting the thermoseeds into the subcutaneous tumours. For this reason, 1.5 mm 
thermoseeds were used for two animals in the preliminary study and all animals in the sham 
study. Once the thermoseed insertion had been refined, 2 mm thermoseeds were used for the 
remaining preliminary and final studies. 
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7.2.2.6 Image analysis 

The total photon flux (radiance) from the BLI data was calculated within a defined 

ROI drawn around the tumour, using the Living Image software package 

(PerkinElmer, USA). MRI datasets were manually segmented to determine 

tumour volume using MATLAB (Mathworks, USA). 

7.2.2.7 Histology 

Mice were sacrificed 15 minutes (1 min heating) or 24 hours (3 x 1 min heating) 

post heating and the tumours removed for histology. Tumours were fixed in 4 % 

formalin, dehydrated in 70 % ethanol, and embedded in paraffin wax blocks. 

Tumours were sectioned at 3 µm and stained with hematoxylin for 1 min and 

eosin for 30 s using an automated slide stainer (Sakura, Netherlands). Sections 

were imaged using a NanoZoomer Digital Scanner and analysis software 

NDP.view2 (Hamamatsu, Japan). Images were processed in ImageJ using the 

NDPITools plugin (Deroulers et al., 2013). Area of necrosis was segmented 

manually. 

7.2.2.8 Statistical analysis 

Statistical significance was determined using repeated measures one-way 

ANOVA followed by t tests multiple comparisons correction (Bonferroni method; 

IBM SPSS Statistics 27). 

7.3 Results 

7.3.1 Thermal ablation in the rat brain 

A 2 mm thermoseed was inserted into the left striatum of the rat brain and heated 

for 1 minute. Then, once the brain had been removed and sectioned, the tissue 

was stained using TTC to distinguish healthy respiring tissue, stained red, from 

regions of cell death, which would remain unstained. In the brain slice where the 

thermoseed had been positioned, a 12.3 mm2 area of cell death was clearly 

visible in the grey matter (Figure 7.2). Cell death was also observed in 

neighbouring slices, with smaller areas in slices further from the thermoseed. 
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Figure 7.2 Cell death following thermal ablation in the rat brain. Rat brain 
slices stained with TTC, following 1 minute of heating with a 2 mm thermoseed 
(AMF = 8 kA m-1, 710 kHz). Outlined regions indicate area of cell death. Area of 
cell death per slice (bottom right). Scalebar = 5 mm. 

7.3.2 Subcutaneous tumour model: preliminary experiments 

Thermal ablation was performed in a mouse subcutaneous tumour model, with 

cell viability monitored throughout the study using BLI. Images were acquired at 

four stages in the thermal ablation procedure: before (1) and after (2) thermoseed 

insertion, prior to heating, 3) post heating, and 4) following removal of the 

thermoseed (Figure 7.3A). The procedure led to a decrease in BLI signal in all 

mice, with the largest change observed following insertion of the thermoseed, 

between images 1 and 2 (38 – 55 % decrease, Figure 7.3C). In the mice treated 

with a 1.5 mm thermoseed, the signal continued to drop with each stage of the 

procedure. On the contrary, heating a 2 mm thermoseed lead to a 98 % increase 

in signal following heating, which decreased again once the thermoseed was 

removed; this result was unexpected, as the larger thermoseed should heat to 

higher temperatures and, therefore, induce a greater volume of cell death. The 

bioluminescence images show a clear void of signal in the centre of the tumour 

where the thermoseed was positioned (Figure 7.3B), which may be due to 

blocking of light by the thermoseed, as well as any damage caused upon insertion 

and removal of the thermoseed. 
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Figure 7.3 Bioluminescence imaging for preliminary ablation experiments 
in subcutaneous tumours. A Schematic outlining the thermal ablation 
procedure. Heating was performed with 1.5 mm thermoseeds in two mice and a 
2 mm thermoseed in the third mouse. The alternating magnetic field was applied 
for 1 minute. Bioluminescence images were acquired at four stages of the 
procedure. B Representative bioluminescence images acquired at each of the 
four BLI timepoints. A clear void of signal is observed where the thermoseed was 
inserted. C Total bioluminescence signal detected across the tumour at each time 
point. Each line represents a different animal (n = 3). D Longitudinal BLI data 
acquired up to 18 days prior to and 6 days post heating. Each line represents a 
different animal (n = 3). 

BLI was also performed up to 18 days prior to and 6 days post heating to track 

the growth of the tumours longitudinally. Although in one animal the signal does 

begin to decay following treatment, generally the growth of the tumours does not 

appear to be hindered (Figure 7.3D). Similarly, tumour volume, measured from 

MR images, continued to increase in all animals (Figure 7.4). Hypointense 

regions were observed on MR images of the tumours following heating. 
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Figure 7.4 Tumour volumes measured using MRI. Representative T2-
weighted MR images acquired 1 day prior to and 2 – 6 days post heating (1.5 mm 
thermoseed, AMF applied for 1 minute, 8 kA m-1, 710 kHz). Tumour volumes 
continued to increase in all animals following treatment. 

A control study was conducted to further understand the variation in signal 

observed in the preliminary results. Once again, BLI was performed at four stages 

throughout the sham procedure: 1) before thermoseed insertion, 2) following 

creation of a needle tract, 3) after insertion of the thermoseed, and 4) following 

thermoseed removal (Figure 7.5A). The results were extremely variable, with no 

general trend following creation of the needle tract or insertion of the thermoseed 

(Figure 7.5B). However, when the thermoseed was removed the signal remained 

constant or increased in all animals except one (Figure 7.5B, pink line), in which 

case a 71 % decrease was observed. Images acquired at time points 1 and 3 

were the only pair for which the signal intensity was found to be significantly 

different (p = 0.022, n = 7, Figure 7.5C). At this stage it was unclear as to why 

there was such variation in the detected BLI signal. However, based on the 

experiments in the previous chapter, it was possible that the 1.5 mm thermoseed 

was not inducing a volume of cell death large enough to cause a consistent 

change in signal. Therefore, having improved the method of thermoseed 

insertion, further preliminary heating experiments were performed using a larger, 

2 mm thermoseed. 
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Figure 7.5 Bioluminescence imaging data for control thermal ablation 
experiments in subcutaneous tumours. A Schematic outlining the thermal 
ablation procedure. A 1.5 mm thermoseed was used in all animals. 
Bioluminescence images were acquired at four stages of the procedure. B 
Absolute change in bioluminescence signal detected across the tumour at each 
time point. Each line represents a different animal. C Total bioluminescence 
signal detected at each time point, excluding animal indicated in pink in B (n=7). 

Considering the variability observed previously, in the next study images were 

only taken at two stages of the procedure, before and after heating, with the 

thermoseed positioned in the tumour in both cases, thus removing any effect 

arising from the insertion and removal of the thermoseed (Figure 7.6A). 

Additionally, one animal was treated for 1 minute and another for 3 minutes, to 

see if a longer heating duration could induce a larger ablation volume, which may 

improve the ability to detect an effect using BLI. As observed in the initial 

experiment performed with a 2 mm thermoseed (Figure 7.3C), the signal 

increased by 92 and 233 % following 1 minute and 3 minutes of heating 

respectively. Since the BLI signal is generated by metabolising cells, an increase 

in signal would ordinarily be interpreted as a greater number of viable cells, the 

opposite effect to what I was expecting. This signal increase did, however, begin 

to reduce across the 9 minutes following heating (Figure 7.6B). 
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Figure 7.6 Further preliminary experiments. A Schematic outlining the thermal 
ablation procedure. Ablation was performed with a 2 mm thermoseed, and the 
alternating magnetic field (8 kA m-1, 710 kHz) was applied for 1 or 3 × 1 minutes. 
Bioluminescence images were acquired at two stages of the procedure. B Total 
bioluminescence signal detected across the tumour pre heating, and up to 9 
minutes post heating. 

 

Figure 7.7 Histology of subcutaneous tumours post heating. H&E staining of 
sections of subcutaneous tumours ablated with a 1.5 or 2 mm thermoseed for 1 
minute or 3 × 1 minutes show clear regions of necrosis (yellow ROI). The control 
sample has no distinct area of necrosis but does show the needle insertion tract 
(blue arrow). Scale bar = 1 mm. 
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Since the BLI had not provided any evidence of cell death following thermal 

ablation, histology was conducted on a select sample of subcutaneous tumours 

from the previously described experiments (Figure 7.7). Representative sections 

stained with haematoxylin and eosin (H&E) show clear regions of necrosis with 

approximate diameters of 1.7 mm and 2.9 mmm following 1 minute of heating 

with 1.5 and 2 mm thermoseeds respectively. In the control sample (1.5 mm 

thermoseed, no AMF) the needle tract through which the thermoseed was 

inserted is visible, but there is no distinct region of necrosis. Furthermore, when 

a 2 mm thermoseed was heated for a total of 3 minutes, a larger necrotic region, 

spanning 4.8 mm, was observed. 

 

Figure 7.8 Time course of bioluminescence signal following luciferin 
injection. Data summarised from all animals in treated and control groups at 3 
and 7 days prior to heating (n = 30, grey area indicates ± SD). Red lines indicate 
timing of pre and post images acquired during the heating procedure. 

7.3.3 Subcutaneous tumour model: final study 

With insight gained from the preliminary experiments, adjustments were made to 

the experimental protocol for the final study. This included inserting the 

thermoseed before the luciferin injection, maintaining the animals body 

temperature throughout the procedure and increasing the heating duration to a 

total of 5 minutes. BLI was once again performed at two stages in the procedure, 

with the thermoseed in place (Figure 7.9A), in addition to images acquired 

longitudinally, without the thermoseed, to track the growth of the tumours before 

and after treatment. For the longitudinal data, a time course of the BLI signal 

following luciferin injection was acquired; the maximum value in the time course 

was used at each time point. On the day of heating, the pre-image was 
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consistently acquired 12 minutes post luciferin injection, and the post-image was 

acquired within 28 minutes, as indicated on the time course plot in Figure 7.8. 

 

Figure 7.9 Final subcutaneous tumour thermal ablation study. A Schematic 
outlining the thermal ablation procedure. The thermoseed was inserted prior to 
the luciferin injection. Ablation was performed with a 2 mm thermoseed, and the 
alternating magnetic field (8 kA m-1, 710 kHz) was applied for 5 × 1 minutes. 
Bioluminesence images were acquired at two stages of the procedure. B 
Bioluminescence images of a representative tumour acquired immediately prior 
to and following heating and a non-heated control tumour, with a thermoseed in 
place. C BLI signal integrated over the whole tumour for all animals, acquired pre 
and post heating. (Heated, n = 8; control, n = 7) D BLI signal measured 
longitudinally for treated and control animals, acquired with the thermoseed 
removed. (Heated, n = 6; Control, n = 7). 

In the treated animals, a marked decrease in signal intensity was observed 

across the tumour immediately following heating, from 1.2 × 1010 ph s-1 to 7.2 × 

107 (Figure 7.9B, C). In contrast, no change in signal was recorded in the control 

group. Over the 10 days following treatment, the BLI signal detected in the heated 

group increased marginally, remaining at less than 17 % of its pre-treatment value 

(Figure 7.9D). In addition, tumour volume decreased continuously (Figure 7.10A). 
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Both BLI signal and tumour volume continued to rise steadily in the control 

animals, creating a clear difference between the two groups. Some treated 

animals were followed until 33 days after treatment and showed complete 

ablation of the tumour bulk (Figure 7.10B). Throughout the experiments animals 

in both the treatment and control groups maintained a healthy weight (Figure 

7.10C). Collectively these data are consistent with my hypothesis, that 

thermoseed heating can deliver effective thermal ablation and induce cell death 

in vivo. 

 

Figure 7.10 Tumour volume data from final subcutaneous tumour heating 
study. A Tumour volume measurement recorded over the course of the 
experiment. (Heated, n = 6; control, n = 7). B Photographs of a treated tumour 3 
days prior to and 33 days post treatment show complete ablation of the tumour 
bulk. C Animal weights remained constant throughout the study. 

7.4 Discussion 

In this study, spherical, ferromagnetic thermoseeds were heated in vivo using a 

bespoke, MR-compatible heating coil, to successfully induce cell death in 

diseased and healthy tissue. Initial experiments conducted in the rat brain 

showed how distinct regions of cell death were induced following 1 minute of 

heating under physiological conditions. In addition, distant tissue, in the 

hemisphere opposite to the thermoseed, was unaffected. Thermal ablation in a 

subcutaneous tumour model in mice was effective using 1.5 and 2 mm 

thermoseeds heated for 1 – 5 minutes. When heated for less than 5 minutes, 

clearly defined regions of cell death were visible in histologically processed 

tumour sections. With 5 minutes of heating, the entire tumour was ablated. These 

data demonstrate how thermoseed heating can be performed efficiently in vivo, 

with the ablation volume controlled by varying thermoseed size or heating 
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duration, and that thermal ablation performed in this manner was effective as a 

cancer therapy the animal model used. 

Bioluminescence imaging was used throughout the study to monitor tumour 

growth and access cell viability following treatment. In preliminary experiments, 

the BLI signal was extremely variable, which made it difficult to isolate and identify 

any changes in signal specifically caused by thermoseed heating. Subsequently, 

imaging was only performed at two stages of the treatment process, rather than 

four, before and after heating with the thermoseed in place. When a 1.5 mm 

thermoseed was heated for 1 minute, a slight decrease in signal was observed 

following heating, which can be explained by the small ablation volume observed 

upon histological examination. On the contrary, when the protocol was adapted 

to ease thermoseed insertion, allowing 2 mm thermoseeds to be used, the BLI 

signal repeatably increased following heating. This was unexpected, as a 2 mm 

thermoseed should induce a larger volume of cell death, as confirmed with 

histology, which would lead to a decrease in the BLI signal. This result is most 

likely due to mild hyperthermia in the tissue surrounding the ablated volume. A 

small increase in temperature may lead to processes that would increase the BLI 

signal, including vasodilation, which would increase delivery of luciferin; 

increased metabolism (Clarke and Fraser, 2004; Gillooly et al., 2001); and a shift 

in the emission spectrum of the luciferase (Zhao et al., 2005). For the final study, 

changes were made to the experimental protocol to help manage these possible 

causes. First, the animal was anaesthetised and the thermoseed inserted prior to 

luciferin injection; this allowed the animal’s temperature to be controlled at all 

stages of the experiment, by keeping the animal on a heat mat or in the 

temperature-controlled imaging chamber. In addition, the heating duration was 

increased to 5 minutes, with the aim of increasing the ablation volume to cover 

the entire tumour. The changes made following each of the preliminary 

experiments lead to a final protocol that could effectively measure the immediate 

cell death caused by thermoseed heating. 

To date, AMF-based thermal ablation studies have focused on the use of rod-

shaped thermoseeds positioned in arrays; this work, alternatively, uses a single 

spherical ferromagnetic thermoseed. Since MINIMA aims to navigate the 

thermoseed through tissue to deliver thermal ablation at distinct separate 
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locations, a spherical thermoseed is advantageous, as it can be easily steered in 

any direction. An elongated thermoseed would align with the magnetic field of the 

MRI scanner, thus inhibiting motion in the plane orthogonal to the B0 axis. 

Similarly, when using rod-shaped thermoseeds, their orientation with respect to 

the AMF can affect their heating ability, with larger temperature increases 

observed with thermoseeds parallel with the AMF (Tompkins et al., 1992). A 

spherical thermoseed once again eliminates this restriction. Despite using a 

single thermoseed, the effect observed in this study was profound compared to 

other preclinical examples. Heating for 5 minutes in total, the entirety of the 

tumour was ablated, as confirmed visually (since no tumour bulk remained 33 

days post treatment) and using BLI. In comparison, when two 0.9 mm diameter, 

1.04 cm rod-shaped thermoseeds were heated in subcutaneous tumours for 20 

minutes, the tumour size stabilised for just 1 week post treatment, before 

continuing to increase (Xia et al., 2011). 

This work shows how heating ferromagnetic thermoseeds using an MR-

compatible heating coil is effective as a cancer therapy, however, further work is 

necessary to combine the heating component with the imaging and navigation, 

including development of the MACH system. Although the coil used in this study 

is MR-compatible, as it does not contain any ferromagnetic components, it would 

need to be adapted to be able to image the sample or animal within it e.g., by 

separating the windings to create an imaging window at the centre or adapting 

the design to allow RF to pass through without affecting the imaging quality. 

Another limitation of this study is the tumour model used. Although this data does 

show that thermoseed heating can deliver effective thermal ablation in vivo, a 

subcutaneous tumour model was used with a single cancer cell line. Repeating 

experiments with different cancer cell lines and using an orthotopic tumours, 

which are typically more perfused compared with subcutaneous tumours (Zhang 

et al., 2019), may provide additional insight into the efficacy of MINIMA as a 

cancer therapy. Further work may also include optimisation of the thermoseed, 

by changing the thermoseed material or adding a surface coating that may 

improve heating performance. 

Overall, thermoseed heating in vivo was effective in delivering focal thermal 

ablation. Using spherical chrome steel thermoseeds, in combination with a 
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bespoke MR-compatible heating coil, thermal ablation was delivered efficiently 

and was demonstrated to be effective as a cancer therapy. This study constitutes 

the final of the three core components of MINIMA, and alongside the imaging and 

navigation experiments presented in chapters 4 and 5, it demonstrates the 

potential to elevate an MRI scanner from a diagnostic to a theranostic tool. 
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8 Final discussion 

This thesis introduces MINIMA, a minimally invasive cancer therapy that uses an 

MRI scanner to navigate a ferromagnetic thermoseed through the body, before 

delivering localised thermal ablation. Through a series of proof-of-concept 

studies, the key project components, imaging, navigation, and heating, have 

been investigated to assess the efficacy of the MINIMA concept. In chapter 4, the 

preclinical 9.4 T MRI scanner in CABI was setup to facilitate imaging and 

navigation of thermoseeds. Also, a pulse sequence designed for thermoseed 

tracking was implemented and validated and subsequently adapted to 

incorporate propulsion gradient pulses. Chapter 5 demonstrated the use of this 

pulse sequence, with thermoseed navigation performed in a viscous medium and 

ex vivo liver tissue. Finally, chapters 6 and 7 focused on the therapeutic 

component of MINIMA, thermal ablation of tissue via remote thermoseed heating. 

Initially, thermoseed heating was characterised in vitro, before the therapeutic 

effect was assessed in vivo, using a murine cancer model. 

One of the initial challenges with the MINIMA concept is imaging a ferromagnetic 

thermoseed using MRI. Due to the magnetic properties of the thermoseed, large 

artefacts appear in images acquired with typical MRI sequences, which manifest 

as large areas of signal loss and severe distortion. Despite these challenges, MS-

SET, a technique developed to track ferromagnetic spheres by Martel’s group 

(Felfoul et al., 2008; Felfoul et al., 2009), has been shown to be highly accurate. 

This method was, therefore, implemented and validated on the preclinical MRI 

scanner in CABI, with the thermoseed’s location determined with an accuracy of 

0.3 mm, which is comparable to validation results reported in the literature. 

Looking ahead, this method would form just one part of the imaging pipeline 

required for MINIMA, which would need pre-acquired images to be registered 

with intraoperative images, to allow the thermoseed’s location to be accurately 

overlaid onto the anatomy. This process would add additional error to the entire 

procedure, and therefore, further experiments should be performed to assess the 

accuracy of the entire imaging pipeline collectively. 

Also discussed in chapter 4 was the issue of safe insertion of the thermoseed into 

the patient and the scanner bore. As explained in section 4.1, the fringe field of 
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the main MRI magnet will exert a force on the thermoseed as it passes through 

into the centre of the scanner, which may cause it to move unexpectedly. To 

overcome this, the thermoseed may be physically held in place once inserted into 

the patient, using a catheter for example, or by inserting and removing the 

thermoseed once the patient is already in position within the bore. Although both 

feasible, these options still carry some risk if the thermoseed cannot be navigated 

back to the same location for retrieval. A possible solution, which is assessed 

using a phantom in section 4.3.4, is to switch off the main magnetic field of the 

MRI scanner. This would make insertion and removal of the thermoseed easier, 

as well as enabling quicker and easier access to the patient should a problem 

arise during the procedure. Although MRI scanners that can ramp from zero field 

up to 9.4 T are available preclinically, this technology is not standard for clinical 

systems. However, we have been informed, in a personal communication with 

engineers at Tesla Engineering Ltd., that current technology would allow a clinical 

MRI scanner to be ramped from 0 to 1.5 T within 45 minutes. This is time-

consuming and would be too long to incorporate into a surgical procedure, but if 

there was a need for such scanners in the future, it is likely that this time could 

be reduced. Furthermore, the preclinical, rampable scanners designed by MR 

Solutions Ltd. are cryogen-free, and since Helium is a limited resource, this 

provides clear motivation to translate this technology into the clinic. 

In chapter 5, thermoseed navigation was investigated in a series of experiments, 

which turned out to be the most challenging aspect of the project. In the studies 

performed by our group to date, the data show that it is possible to navigate a 

ferromagnetic thermoseed through brain tissue using a gradient strength of 300 

mT m-1. Since magnetic field gradients of this strength are already achievable 

using clinical gradient coils such as the Connectome, this is a promising result for 

the technique. However, when attempting navigation in stiffer tissues, such as 

the liver, thermoseed movement is limited. Therefore, for MINIMA to be a therapy 

applicable to multiple organs, gradient coils specially designed for propulsion 

would need to be developed. It may also be preferable to have two separate 

gradient coils for imaging and propulsion since they would require different 

specifications. For example, imaging gradient coils require fast switching, 

whereas a propulsion gradient could be ramped up over several seconds, rather 

than microseconds. Finally, tissue penetration maybe also be improved through 
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optimisation of the thermoseed, specifically its material and shape. The 

development of the thermoseed for this application would be of great value in the 

next stages of the MINIMA project. 

The final component of MINIMA is the heating, which was presented in chapters 

6 and 7. Collectively the data demonstrate the ability to rapidly heat a 

ferromagnetic thermoseed to temperatures > 70 °C using an MR-compatible 

heating coil, which was shown to be effective as a cancer therapy in a murine 

subcutaneous tumour model. For the experiments presented in this thesis, the 

heating coil was developed by collaborator Paul Southern from Resonant Circuits 

limited, and although the coil could be run within the MRI scanner bore safely, 

the design prohibited the ability to image, navigate and heat within the same 

session, primarily due to the limited space within the preclinical scanner. Going 

forward, in continued collaboration with Paul, a modified coil will be developed 

that could be used on a clinical MRI scanner. This would provide more space to 

work in and allow image quality to be assessed with the heating coil in place. 

Furthermore, with this modified set up the three components of the project may 

be brought together and performed collectively, thus demonstrating the entire 

MINIMA concept in a single experiment, which would be essential for the next 

stages of development.  

Although the use of a preclinical MRI scanner was appealing at the start of this 

project, primarily due to the large gradient strengths that can be achieved in 

comparison to a clinical system, the set up was not without its limitations. While 

positive results were obtained for navigation through brain tissue, the gradients 

were still insufficient when navigating through denser tissues, with very limited 

movement observed in ex vivo liver tissue. In addition, and perhaps the most 

limiting aspect, is the small bore of the scanner, which affected the project in 

multiple ways. First, the combination of the small imaging volume and the large 

artefact induced by the thermoseed meant that thermoseeds > 3 mm in diameter 

could not be used at all, as most of the image would experience complete loss of 

signal. For the navigation experiments, tissue samples were limited to small 

sections contained within a box, which may have affected the tissue properties. 

With a larger volume to work in, larger sections or whole organs may have been 

used. Finally, heating experiments were unable to be performed in the scanner 
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at the same time as imaging and navigation, as the RF and heating coils would 

not fit in the bore at the same time. With these considerations, any future work 

should be moved to a system designed for larger animals or humans, which 

would allow these additional experiments to be performed with greater ease. 

Specific experiments that should be performed include accuracy assessment of 

the full imaging pipeline, including registration between pre and intraoperative 

images and the thermoseed location; navigation in a larger variety of tissues, 

across greater distances in brain tissue and in vivo; and bringing all three project 

components together in a single experiment. 

Taken together, the work presented throughout the chapters of this thesis show 

potential for MINIMA as a minimally invasive cancer therapy. However, it cannot 

be denied that engineering challenges need to be overcome in multiple aspects 

of the project, possibly including a rampable magnet, gradient coils, and a clinical 

MR-compatible heating coil. Consequently, it would not be as simple as 

implementing a new therapy using the existing infrastructure provided by an MRI 

scanner; this would make translation into the clinic challenging and would require 

collaboration from a range of disciplines, as well as input from industry partners. 

Furthermore, if alterations do need to be made to a typical clinical MRI scanner, 

perhaps alternative modalities would provide a better platform to start from. For 

example, a CT scanner wouldn’t pose the same problems in terms of imaging as 

the MRI scanner, since the artefact from the thermoseed is much smaller and has 

less impact across the entire image. And although CT soft tissue contrast is poor, 

CT – MRI registration is an area of ongoing research (Roy et al., 2014; Fu et al., 

2020), with methods regularly used for radiotherapy planning (Rosenman et al., 

1998). Using alternative imaging modalities isn’t without its own challenges, for 

example the thermoseed wouldn’t be magnetised, thus requiring a permanent 

magnet to be used, but alternative imaging options would be important to 

consider when going forward with this project. 

Considering the developments and challenges discussed, a large investment in 

both time and money would be required for a novel technique such as MINIMA 

to be translated into the clinic. And when considering the cost/benefit ratio, its 

greatest chance of success would depend on a clear clinical need for the 

technology. As brain cancer is a common cancer, with a 5 year survival rate of 
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just 12 % in the UK (Cancer Research UK, 2022), there is a continuous drive for 

new treatments, and the work presented in this thesis demonstrates the potential 

of MINIMA to deliver on this need.  

To conclude, in this thesis preliminary experiments have been performed to 

assess the efficacy of a novel cancer therapy, MINIMA. Having completed these 

experiments, it is clear that the project faces many challenges if it is to be 

successful, primarily in the development of hardware such as gradient and 

heating coils. Nonetheless, the presented data does show potential for a 

minimally invasive, image-guided ablation therapy, that may be delivered with 

precision using an MRI scanner. 
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