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Abstract

The cancer therapy, magnetic hyperthermia, was proposed 60 years ago. Despite

decades of efforts, this technique is still in its research stage. An ex-vivo experiment

presented in Chapter 1 shows that one of the main barriers lies in its temperature

measurement. The current gold standard is to insert a thermal probe into the target

tumour. The measurement of which is invasive and point measurement only. Because

of the inhomogeneous particle distribution, the accuracy of point measurement relies

on accurate placement of the thermal probe, which is difficult to achieve.

Thus, this study investigates two alternatives of point measurement. The first

alternative is an existing technique, i.e., infra-red thermography and the second is

a thermometry proposed in this study. The latter is termed as magnetic particle

thermometry (MPT). Before discussing these two methods of temperature sensing,

Chapter 2 reviews concepts such as the biological effects of heat, the mechanism of

magnetic heating, and other remote sensing methods.

Subsequent to this, Chapter 3 and Chapter 4 respectively present in-vitro and

in-vivo experiments to evaluate the implementation of infra-red thermography in mag-

netic hyperthermia. In which, the effects of particle distribution and the thermal doses

on hyperthermia are discussed. The result suggests that the infra-red thermography

is applicable to studies involving subcutaneous tumours. When treating a deep-seated

tumour, another sensing method is still desired.

Chapter 5 then describes the principles of proposed MPT. The MPT assesses the

average temperature of the target tumour by detecting the average temperature of the

deposited magnetic nanoparticles. The MPT is possible because the temperature of

magnetic nanoparticles would interfere the resonant frequency of the field applicator.

By tracking the shift in resonant frequency of the field applicator, the average tem-

perature of particles is estimated. The theory of which is carefully validated through

a series of experiments presented in Chapter 6.
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Chapter 1

Hyperthermia - Fire and Cure

1.1 Introduction

Fire, or heat, has begun to be used to defeat diseases since the period of the ancient

Greece. As Hippocrates (479 - 377 B.C.) once said, “those who cannot be cured by

medicine can be cured by surgery. Those who cannot be cured by surgery can be cured

by fire. Those who cannot be cured by fire, they are indeed incurable.” Over time,

using heat as a cure never leaves the stage of history; instead, its mechanisms have

been studied and revealed. The evidence of its ability to cure was first recorded in

the form of a modern scientific report in 1866 by Busch, who discovered the high

temperature during fever has a positive relationship with tumour shrinkage [1]. This

finding encourages clinicians to treat cancers by heating them, of which the procedures

are termed as hyperthermia. The energy used to heat tissues can be derived from

different forms of energy, e.g. ultrasound, radio frequency or magnetic field. This

study focuses on the hyperthermia associated with the latter form of energy, often

refers to magnetic hyperthermia. This technique was originally proposed by Gilchrist

et al. in 1957 [2].

In magnetic hyperthermia, magnetic nanoparticles (MNPs) would be deposited

into a tumour pre-operatively. Then, when the tumour is exposed to an external

alternating magnetic field (AMF), MNPs absorb magnetic energy and convert it to

heat based on effects of either hysteresis or relaxation loss of MNPs (see section 2.2).

Because only the tumour is deposited with MNPs, while the temperature of the area

in and around is elevated, healthy tissues away from the tumour remain unaffected.

Magnetic hyperthermia is especially beneficial in treating deep-seated tumours, e.g.

prostate cancer and glioblastoma, because conventional surgeries often require sacri-

29
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ficing a large volume of healthy tissues around the deep-seated tumours to reach the

pathological sites and perform the actual treatment. That is, the selective damage to

a tumour in magnetic hyperthermia can potentially minimise the complications and

thus is favourable.

Although the principle of magnetic hyperthermia is straightforward, practical chal-

lenges appear when applying it to clinical scenarios. The challenges lie in three per-

spectives, which are respectively in relation to the heating ability of MNPs, field

generator and thermal management. As indicated in Fig. 1.1, magnetic hyperthermia

can only be safely performed when issues in these three components are all addressed.

Each component has its own limitations. For instance, the magnetic field is not harm-

ful only at a certain range of strength and frequency (see section 2.3) [3]. Hence, a

purpose designed field generator for hyperthermia is required. The first commercial

field generator for clinical use is the NanoActivator, developed by MagForce (Berlin,

Germany). While the NanoActivator is as large as a magnetic resonance imaging

(MRI) scanner, another portable system, MACH (magnetic alternating current hy-

perthermia), also purpose designed for magnetic hyperthermia, is developed by its

competitor, Resonant Circuits Limited (London, UK).

As to MNPs, the limitation lies in its dosage. The most common MNPs used

in magnetic hyperthermia are superparamagnetic iron oxide nanoparticles (SPIONs).

Despite the biocompatibility, applying a high dose of SPIONs to a patient can be

toxic; i.e. the dose of MNPs has to be limited. As a result, to achieve the therapeutic

temperature, the heating ability of MNPs needs to be optimised for the therapeutic

range of magnetic field. Fortunately, over the past two decades, there was a rapid

development in nanotechnology. The heating ability is determined by particle diame-

ters, structures, and surface coatings [4]. By tuning these parameters of MNPs during

synthesis, the heating ability of MNPs has been much improved. Current MNPs have

nearly ten times stronger heating ability than what SPIONs could achieve a decade

ago [5].

The improvement is Issues in field generator and MNPs, although there is still room

for improvement, they have been sufficiently addressed to meet the requirements of

clinical usages.
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Figure 1.1: Three components that consist of magnetic hyperthermia.

The final piece of the jigsaw to complete magnetic hyperthermia is the thermal

management. As the saying goes, fire is an excellent servant but a terrible master.

While a not-high-enough temperature rise at the target site would lead to an ineffective

treatment, excessive heating can cause danger to the patient. To manage the heating

well, to turn the fire into a servant, we should understand the correlation between the

dose of MNPs and the corresponded temperature variation, so that the clinician knows

what dose of MNPs can raise the intra-tumoural temperature to the therapeutic level.

Furthermore, it is essential to monitor the intra-tumoural temperature during the

treatment. Because of the complexity of the human body, it is difficult to accurately

predict the temperature elevation just based on the dose of MNPs. In other words,

the success of temperature monitoring provides us with the opportunity to become

the master of the fire.

Prior to the detailed discussion on temperature monitoring, it will be helpful if

we can understand the magnetic hyperthermia in a practical aspect. Accordingly, a

preliminary experiment has been conducted and will be presented in the following

sections.
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1.2 An Illustrative Example

To better understand a technique, there may be no better way than actually per-

forming it. To understand the constraints of thermal management during magnetic

hyperthermia, an ex-vivo experiment has been performed. The ex-vivo experiment

presented here does not aim for showing the effectiveness of magnetic hyperthermia;

instead, its purpose is to show the practical difficulties of this procedure.

The tissues used in this experiment were porcine prostates. Prostate cancer is

one of the cancers which can benefit from magnetic hyperthermia, because of the

minimal invasiveness. The sections below will further describe the details of apparatus,

materials and the process of this illustrative experiment. A brief conclusion will be

drawn in the end. The conclusion is the starting point of the research described in

this thesis.

1.2.1 Apparatus and Setup

There were three apparatuses applied in this experiment, which were respectively a

thermometer, a field generator and a simulation chamber.

Thermometer

The thermometer was LUXTRON FOT Lab Kit (LumaSense Technologies Inc., Cal-

ifornia, USA). The LUXTRON is a fibre optic multi-channel thermometer, which

supports simultaneous readings of four thermal probes. The precision of which is 0.5

◦C, and its sensing range covers from 0 ◦C to 295 ◦C. The LUXTRONN thermometer

was calibrated before the experiment. To calibrate the thermometer, the temperature

of a beaker filled with distilled water and ices was regarded as the reference tempera-

ture, i.e., 0 ◦C. For the calibration, the thermometers were then placed in the beaker,

the temperature of which was set to be 0 ◦C.

Field generator - MACH pre-clinical coil

The MACH provided by Resonant Circuits Limited (London, UK) was deployed to

generate an AMF in this study. The working principle of this field generator is based

on the LC (Inductor-Capacitor) resonant effect.

The magnetic field depends on what coil was used in an experiment. For the

illustrative experiment, the MACH pre-clinical coil was used. The MACH pre-clinical
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coil consists of a split pair of double-turn coils. An AMF was generated at the split

pair of double-turn coils when an alternating current is running through the coil. The

adjustable range of field strength was between 2 kA/m and 6 kA/m (at the centre of

the coil) and the operational frequency is up to 1 MHz.

The diameter and height of this coil is 52 mm and 40 mm respectively (see

Fig. 1.2a). The field distribution of the coil is simulated based on the geometry of

the coil and Biot-Savart law. The field distribution is calculated based via a Python

package magpylib [6]. The implementation of magpylib is presented in Appendix A.

The result is shown in Fig. 1.2b. When the coil current is 113 A, the field intensity

at the centre of coil would be 5 kA/m.
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Figure 1.2: (a) The dimension of MACH pre-clinical coil. The inner diameter of the coil is 52 mm, and the height of the coil is 40 mm. (b)

The field distribution of the MACH pre-clinical coil. The origin, i.e., X = 0 mm; Z= 0 mm, represents the centre of the coil. The Z and X are

associated with the height and the radius of the coil (see Appendix A for the details of the calculation).
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Simulation Chamber

Furthermore, to simulate the biological thermal environment, a simulation chamber

was designed and built. The main components of this chamber were a bespoke-built

enclosure and a fan heater from World Precision Instrument (Sarasota, USA). The

inside of the enclosure was layered with a bubble wrap, which enhanced the thermal

insulation between the surroundings and the chamber. The air inside the enclosure

was heated up and gently circulated by the fan heater. The fan heater has its own

thermocouple which provides temperature feedback that allows it to hold the temper-

ature at a certain level. However, the accuracy of that thermocouple was not high.

Hence, another fibre optic probe was inserted into the enclosure for monitoring its

temperature. The latter was calibrated with ice water before the experiment and the

value of which was seen as the ground truth. To keep the temperature at the coil

region to be the normal body temperature, i.e., 37 ◦C [7], the target temperature of

the fan heater was set to be 41 ◦C. Both the enclosure (the white box) and the fan

heater are shown in Fig. 1.3. The same figure also presents a pair of split double coils

(a component of MACH). Once the MACH is switched on, an alternating current

with the frequency of hundreds of kHz would oscillate in the coil, causing an AMF to

appear around the coil.

Setup

The overall experimental setup is depicted as a schematic diagram in Fig. 1.4. The

signal of the thermometer was recorded and visualised through a computer, as shown

on the right-hand side. On the left-hand side, it shows the air circulation inside the

simulation chamber as well as the positions of a sample and the coil.
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Figure 1.4: The experimental setup of the ex-vivo experiment

1.2.2 Materials

Two main materials in this experiments were the tissues to be heated and the MNPs.

Porcine prostate

A donation of 11 porcine prostate tissues was received. After removing adjacent

tissues, two prostates with the similar size were selected for the experiment. They

were kept in a freezer of which the temperature was maintained at -80 ◦C. Porcine

tissues were placed at the room temperature for more than 4 hours until they achieved

the thermal equilibrium with the environment, then the experiment started.

Magnetic nanoparticles

In terms of MNPs, two MNP suspensions were applied. One MNP suspension was

provided by Endomagnetics Limited (Cambridge, UK), the name of which is Sienna+,

the core of which consists of magnetite (Fe3O4) and maghemite (γFe2O3). The other

MNP suspension was Nanomag R©, which was provided by micromod Partikeltech-

nologie GmbH (Rostock, Germany). The core Nanomag R© is magnetite. The size

of Sienna+ and Nanomag R© are 60 nm and 100 nm. Both suspensions are water-based.

The neat concentration of Sienna+ and Nanomag R© are 28.0 mgFe/ml and 73.0 mgFe/ml

(a list of MNP used in this study is presented in Appendix C).

As to the heating performance, the intrinsic loss power (ILP) is a common indi-
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cator for quantifying the heating ability of MNPs (see section 2.2.6). The ILP is a

concentration-independent indicator. The ILP of Sienna+ is 2.60 ± 0.1 nHm2kg−1

(measured in the concentration of 28.0 mgFe/ml). Nanomag R© responses better to an

AMF and it has the ILP of 5.50 ± 0.3 nHm2kg−1 (measured in the concentration of

35.5 mgFe/ml), which is roughly twice as high as Sienna+ has (The method for ILP

measurement can be found in Appendix B).

To be more comparable to Sienna+, the concentration of Nanomag R© was diluted

to be 35.5 mgFe/ml before being injected into a porcine prostate.

1.2.3 Experimental Procedure

Both prostates were injected with a 0.5 ml MNP suspension. Because the porosity

of each prostate is different, the distribution of MNP suspensions was difficult to be

predicted. Some flowed back from the injection site, and some leaked from the ureter,

as shown in Fig. 1.5. In the figure, the prostate injected with Sienna+ suspension was

labelled as Porcine I, and the one injected with Nanomag R© suspension was labelled

as Porcine II.

Figure 1.5: The volume loss during the injection of MNP suspension. The Porcine I

and Porcine II were injected with Sienna+ and Nanomag R© respectively.

Twenty minutes after the injection, each tissue was covered by a cling film to avoid

possible contamination of the coil. Then, an AMF with the intensity of 4 kA/m and

the frequency of 968 kHz was applied. Their temperatures were constantly measured

by the fibre optic thermometer during the magnetic heating. Three optic thermal

probes were used in each heating experiment. While two (Probe A and Probe B in

Fig. 1.4) recorded the temperature of a sample, one (Probe C) monitored the chamber
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temperature. More precisely, the Probe A monitored the temperature at the injection

site, and the Probe B measured the temperature at 5 mm away (see Fig. 1.6). Both

porcine tissues were magnetically heated for 30 minutes.

Figure 1.6: The placement of thermometers on a porcine prostate.

1.2.4 Results and Discussion

The heating curves of Porcine I and Porcine II are presented in Fig. 1.7 (a) and (d).

The red and blue lines respectively indicate the temperature of the injection site and

the temperature of 5 mm from the injection site. After 30 minutes of magnetically

heating, the temperature of the injection site of Porcine I was elevated for ca. 6 ◦C,

while the temperature increase in Porcine II was ca. 38 ◦C. The temperature rise in

the latter was nearly 6 times of the increase in the former.

However, the ratio of their heating powers, i.e., the ratio of ILPs 1, was only 2.15,

which suggests that the ratio of temperature rises in two tissues would be around

2 instead of 6, when the heating period, the volume loss during the injection, the

injected volume and the iron concentration of MNP suspension were similar, if not

identical, in both cases.

A possible explanation of this inconsistency is the inhomogeneous distribution of

MNP suspension. By observing the Fig. 1.5, one can notice that the Sienna+ suspen-

sion was deposited more deeply in Porcine I, while much of the Nanomag R© suspension

flowed back from the injection site and remained on the surface of Porcine II. This

difference in distribution pattern can cause the misreading of the representative tem-

perature, as the injection site did not necessarily have the largest amount of MNPs,

but the placement of the thermal probe was based on the position of the injection

site. That is, because much of the suspension retained inside Porcine I, the thermal

1The intrinsic loss power (ILP) is a parameter that represents the heating power of an MNP which

is normalised to the field parameters and the iron content. See section 2.2.6)
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probe might only contact with a small portion of the Sienna+ suspension. On the

other hand, the thermal probe could easily touch much of the Nanomag R© suspen-

sion as the suspension flowed back to the surface of Porcine II during the injection.

Hence, we may say the unexpected high ratio of temperature rises as a result of the

dissimilarity of MNP distributions. Alternatively, from another perspective, one may

also claim that the thermal probe failed to detect a representative temperature due

to misplacement of the probe.

The importance of the placement of thermal probes was once again emphasised

in Fig. 1.7(b) and Fig. 1.7(e). In these two plots, the difference between the red and

blue lines in Fig. 1.7(a) and Fig. 1.7(d) are presented. A temperature difference of 1.5

◦C was found in Porcine I, and the temperature difference of its counterpart was 4 ◦C

after 400 seconds of the heating period. Then, the difference remained nearly constant.

These two plots suggest that the higher the temperature at which the heat source was

raised, the higher the temperature gradient would be. In other words, for well-heated

subjects, a slight shift in the placement of the thermal probe can result in a large

difference in measured values. The shift of the thermal probe was already difficult

to be controlled to be 5 mm away from the injection site in this ex-vivo experiment

because the tissue is deformable. It can be even more challenging to precisely control

the position of thermal probes in in-vivo environment.
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Figure 1.7: The Ex-vivo results for Porcine I and Porcine II. (a) and (d): the temperatures of the injection site (measured by Probe A and

indicated with the red line) and the temperature 5 mm away from the injection site (measured by Probe B and indicated with the blue line).

(b) and (e): the temperature difference between Probe A and Probe B. (c) and (f): The images of porcine tissues before and after the magnetic

heating.
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Figure 1.8: (a) The derivative of Porcine I ’s heating curve (Probe A). The slope, i.e., the derivate of heating curve, decreased for the first 500

second. It then became more or less constant. (b) The derivative of Porcine II ’s heating curve (Probe A). A spike appeared just before the

500th second, which suggests there was a sudden change in the slope of heating curve. No evident spike was observed at the 1500th second, but

a change in the slope of heating curve happened at the 1500th second. The values before and after the 1500th second were 0.0087 ◦C/sec and

0.0043 ◦C/sec.
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Lastly, it is worth mentioning how the heat affects the tissue structure. Once

the temperature is a few degrees above the biological temperature, i.e., 37 ◦C for

the human being, the protein begins to denature. Interestingly, the denaturation is

not a one-off action; instead, the protein gradually denatures with the increase in

temperature. Furthermore, different types of proteins reacts to the heat differently.

Generally speaking, if a tissue is mildly heated, and the heating does not last for long,

the protein is often repairable, and it will be self-healed as long as the temperature

returns to the biological temperature, the process of which is termed as renaturation.

However, if the tissue is excessively heated and its temperature is above 55 ◦C, then

in most situations, the protein denaturation would be unrecoverable. Denaturation

means deformation of protein structure. Deformation of protein structure would result

in the deformation of tissue structure. Deformation of tissue structure would then lead

to a change in its thermal properties. This suggests that by observing the transition

in the thermal property of the tissue, it can be found whether degeneration occurs.

By sensing the change in thermal conductivities of chicken tissues, Kijowski and Mast

found denaturation happened more than once when the tissue temperature was raised

from 57 ◦C to 78 ◦C [8]. A similar result was found in the present experiment. For

the excessively heated Porcine II , two transitions in the heating curve was found (see

Fig. 1.7(d)). The transitions lie in 64 ◦C and 73 ◦C respectively, and this implies

the protein denatured to different extents at these two temperatures. On the other

hand, no observable transition was found in the heating curve of Porcine I . This

was reasonable because, unlike Porcine II , Porcine I was only mildly heated. The

temperature of the injection site was 43.5 ◦C after 30 minutes of heating period. The

degree of denaturation of the two cases can also be qualitatively observed in Fig. 1.7(c)

and (g). The figure shows that Porcine I was still soft but the Porcine II was much

hardened (because of denaturation) after the magnetic heating.

To more clearly observe the transition of tissue structure caused by heating, one can

take the derivative of Porcine I ’s and Porcine II ’s heating curves. Their derivatives

or slopes are presented in Fig. 1.8. In the figure, only the slopes of heating curves

measured by Probe A are calculated. Because the heatings measured by Probe A were

at the injection site, the transition of tissue structure here would be more evident than

that at the location of Probe B.

Fig. 1.8a and Fig. 1.8b respectively represent the slopes of Porcine I ’s and

Porcine II ’s heating curves. The change in the slope of Porcine I was mild. Its
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slope decreased for the first 500 seconds and became stable afterwards. The trend is

consistent with the heating curve presented in Fig. 1.7(a). For Porcine II, a spike

in its heating curve slope was observed just before the 500th second. A spike indi-

cates that there was a sudden change in its heating curve, which should caused by

the transition of tissue structure. Moreover, although no spike was observed at the

1500th second, there was a observable change in the slope. The slope of Porcine II ’s

heating curve changed from 0.0087 ◦C/sec to 0.0043 ◦C/sec at the 1500th second. This

sudden change in the slope should be caused by another transition that altered the

thermal property of Porcine II. The time when these two transitions happened was in

consistent with that observed in Fig. 1.7(b).

It is also worth noting that the aforementioned effect is bidirectional, not only

does temperature cause denaturation, but also the thermal properties of the tissue

after denaturation change, which in turn affects temperature variations during mag-

netic heating. This increases the uncertainty of the temperature prediction during

hyperthermia. To eliminate the effect of this uncertainty on thermal management,

reliable temperature monitoring is required.

1.2.5 A Brief Conclusion

The above discussion indicates that point measurement of temperature through ther-

mal probes can be unreliable because of the uncertainty of particle distribution. For

example, it is difficult to ensure the reading of the thermal probe at the injection

site represents the highest temperature during the treatment. Interestingly, the more

information does not necessarily lead to the better the results. In many cases, false

information is worse than no information. In the case of magnetic hyperthermia,

the misreading of temperatures elevation may result in over-treatment. This will not

only kill malignant tumours, but also cause undesired damage on benign tissues. For

treatment of sensitive areas such as the brain, over-treatment can result in serious

consequences.

1.3 Three Actions and Five Elements

Before moving on to the discussion on temperature sensing methods, let’s take a step

back and have a more comprehensive look at magnetic hyperthermia. As described

previously, the thermal management is like a jigsaw that completes the whole picture
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of magnetic hyperthermia. This study tends to improve the thermal management, but

limited by the time and resources, only a part of the issues in thermal management

has been addressed. However, the jigsaw consists of more than one element. To more

clearly state the position of this study, it is essential to understand what elements are

included in the jigsaw of thermal management.

Figure 1.9: The actions in magnetic hyperthermia and elements of thermal manage-

ment. The research focus of this study is the last element, thermometry.

Broadly speaking, the procedure of magnetic hyperthermia can be divided into

three actions, which are respectively the dosage determination, the injection and the

magnetic heating. From the experience in the ex-vivo experiment, the author concludes

five elements that should be taken into consideration in order to ensure the quality of

thermal management. The five elements are presented in Fig. 1.9. Each element is in

relation to one of the three actions. The details are described as below.

Firstly, when a clinician receives an MNP suspension and a field generator, the clin-

ician would be provided with the ILP of the MNP suspension as well as the adjustable

ranges of field intensity and frequency. Before a treatment, the clinician would need

to set a target temperature and a desired heating period, i.e., the target thermal dose

(see Section 2.1.2). The target temperature may be determined by clinicians through

ex-vivo or pre-clinical experiments before the actual treatment. With the above pa-

rameters in mind, the clinician determines what dose of MNPs should be applied to

the patient. Even if this determined dose does not guarantee that the temperature of

the tumour rises to the target temperature, it provides good guidance to the clinician.

Secondly, once the dose is determined, the MNP suspension is injected to the target tu-

mour. Unfortunately, the particle distribution is uncertain, which leads to uncertainty

in the temperature distribution. A way to manage the effect of this uncertainty is to

image the particle distribution, based on which the heating protocols can then be more

appropriately adjusted. Increasing studies have begun to use micro-computed tomog-
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raphy (MicroCT) to visualise in-vivo distribution of MNPs [9] [10]. With the MicroCT

intervention, results with improving therapeutic effectiveness have been reported in

Zhu’s group and Hilger’s group respectively [11] [12]. The image of particle distribu-

tion together with field parameters, thermal properties of tissues and the ILP of MNPs

provide an opportunity to predict the temperature distribution. The temperature dis-

tribution can be estimated based on the particle distribution through finite element

analysis (FEA), as reported in [13]. This is another element of thermal management.

However, it is dangerous to merely rely on this prediction, because many factors that

are not included in the prediction, such as the heat taken by the blood flow or the

aforementioned denaturation, would affect the temperature variation; hence, the last

element, a reliable thermometry during hyperthermia, is necessary. The thermometry

is a key element of thermal management and it is the research focus of this thesis.

However, it does not reduce the importance of other elements. Although the in-vivo

imaging is not the main focus of this study, from the author’s perspective, the in-vivo

imaging of particle distribution is essential for improving the thermal management.

More discussion on in-vivo imaging can be found in Section 4.5. As to the temperature

distribution prediction, depending on the pattern of particle distribution, it may or

may not be important. If the particle distribution is homogeneous, one can proba-

bly avoid the complex FEA but still be able to manage the temperature profile well

through sensing the representative temperature of the target tumour, e.g. the average

temperature of the target site.

1.4 Conclusion

1.4.1 Focus on Remote Temperature Sensing

Overall, a brief conclusion can be drawn here: A more reliable temperature sensing

method than point measurement, e.g., measuring by a thermometer, is needed for im-

proving the thermal management of magnetic hyperthermia. As mentioned previously,

this conclusion is brief, but this is the starting point of this study.

This thesis includes the discussion of two remote temperature sensing methods.

One is the infra-red thermography. Infra-red thermography has been applied to dif-

ferent aspects of the medical field because of its ability to monitor the temperature of

multipoint. Another advantage of it is the non-invasiveness. Unlike thermal probes,
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the infra-red thermography does not require direct contact with an object; hence, the

measurement does not affect the temperature of the object. Although infra-red rays

have a limited ability to penetrate the skin, the infra-red thermometry has been re-

ported as an effective method for monitoring the temperature change of subcutaneous

tumours during magnetic hyperthermia [14].

In addition to infra-red thermometry, this study proposes another thermometry,

which is termed as magnetic particle thermometry. Rather than a point measurement,

the magnetic particle thermometry detects the average temperature of the region of

interest and regards it as a representative temperature. In this method, MNPs are

not only seen as heat sources but also regarded as thermal probes. This thermometry

is possible because the presence of MNPs causes a shift in the resonant frequency of

the field generator. Moreover, the resonant frequency changes as the temperature of

MNPs changes. More discussion can be found in Section 5.1.

1.4.2 Thesis Outline

This chapter has explained the reason and the purpose of this research. More detailed

discussion on the infra-red thermometry can be found in Chapter 3 and Chapter 4.

The former and the latter will respectively present an in-vitro experiment and an

in-vivo experiment. The infra-red thermometry was applied in both experiments.

Moreover, the physical phenomena of the proposed magnetic particle thermometry

will be described in Chapter 5. The validation of the magnetic particle thermometry

will be presented in Chapter 6. This will be followed by another chapter describing

how magnetic properties affect the performance of this thermometry. The last chapter

will then conclude the findings of this study and discuss about potential applications

of these findings. These discussions will all begin from the literature survey presented

in the next chapter. In which, the literature on the biological effects of heat, the

fundamental magnetism and the remote sensing thermometry will be covered.



Chapter 2

Literature Review

This chapter covers the foundations of the magnetic hyperthermia. The first section

briefs the biological effects of heat, which includes the cell death mechanism and a

special protein called heat shock protein. The latter is an interesting protein whose

amount tends to increase with temperature. In another section, the magnetic proper-

ties will be introduced before the explanation of the mechanism of magnetic heating.

In which, the quantification of magnetic heating power is also presented. Afterwards,

another section discusses the safety concerns of magnetic fields and the dose limitation

of MNPs. The final section of this chapter focuses on the remote sensing techniques

for temperature monitoring during magnetic hyperthermia. This section includes both

the application of the infra-red thermometry and the development of magnetic particle

thermometry.

2.1 Biological Effects of Heat

2.1.1 Cell Death in Hyperthermia

Heat can lead to two forms of cell death. On the one hand, at the high dose of

heat, the cellular membranes would be directly damaged due to the high temperature.

Cells die because the intracellular content is released through the damaged cellular

membranes. This sort of cell death is called necrosis. On the other hand, at a milder

elevated temperature, the cellular membranes remain undamaged; however, the heat

can still trigger another type of cell death, which is known as apoptosis [15]. Unlike

necrosis as a passive process, apoptosis is an active process. Once the apoptosis is

triggered, a cell starts to form belbs. Later, the belbs detach and become apoptotic

48
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bodies. These apoptotic bodies would gradually be swallowed by phagocytes. The

morphology of necrosis and apoptosis is shown in Fig 2.1.

Figure 2.1: Morphology of necrosis and apoptosis (adapted from [16]).

Heat is one of the main factors that causes necrosis or triggers apoptosis. The

effect of heat on these two cell death mechanisms were studied in an interesting exper-

iment conducted by Song et al. [17]. In the experiment, human prostate cancer cells

were cultured and the temperature of which was elevated by a temperature-controlled

chamber. Twenty four hours after the heating, the proportion of each form of cell

death was measured through flow cytometry based on two different stains. The re-

ported results indicate that apoptosis is the primary mechanism leading to cell death

for mildly heated cells, and when the temperature was further elevated, the cells be-

come necrotic. More specifically, for those cells that were heated to 52 ◦C for 10

minutes, apoptosis was detected, and necrosis only emerged when the temperature

was elevated above 60 ◦C for the same duration. Interestingly, even if the temper-

ature of cells was only a few degree above the biological temperature, it could still

trigger apoptosis or cause necrosis as long as the heating duration is long enough. In

this specific experiment, after keeping the cells’ temperature at 44 ◦C for 120 minutes,

apoptosis was found to be the main mechanism that led to cell death; by increasing

the temperature with just 1 ◦C to 45 ◦C, with the same heating duration, necrosis

became the dominant effect.
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Although there are two forms of cell death, in the context of hyperthermia, one may

be more concerned with the result of cell death rather than the mechanism that leads

to it. From the above discussion, we have learnt that not only the applied temperature

but also the heating duration have a significant effect on heat-induced cell death. To

facilitate the discussion on the cell damage during hyperthermia, a parameter called

thermal dose has been suggested in the literature, which will be described in the next

section.

2.1.2 Thermal Dose

The previous section describes a phenomenon, the biological response of cells to heat.

It is one thing to understand a phenomenon. It is quite another to utilise or control

this phenomenon. The concept of thermal dose was established for the latter purpose.

From the previous section, we have concluded that the lower the heating intensity is,

the longer the heating duration is required to cause the same degree of cell damage.

The thermal dose was defined to be an indicator of cell damage. When one states that

the thermal dose in case A is identical to that in case B, this means that one expects

the degree of cell death is the same in both cases if the tissue properties in both cases

are identical. In other words, a thermal dose is not a term that was mathematically

deduced from physic theories. Instead, the thermal dose is a defined parameter that

correlates the heat-induced cell damage with both the intensity and the duration of

heating.

This correlation was carefully discussed in a highly cited paper by Sapareto and

Dewey [18]. In their report, the thermal dose was mathematically described as an

equivalent number of minutes at a reference intensity. To elaborate the concept more

clearly, we may take a look at the following example: if a target tissue was heated

and its temperature retains at 45 ◦C for 5 minutes and an empirical examination

shows that the tissue has the same degree of cell damage to another tissue of which

the temperature held at the reference value, e.g. 43 ◦C, for 20 minutes, then one

may claim that the applied thermal dose is equivalent to 20 minutes heating at the

reference temperature. In short, what makes 5 minutes at 45 ◦C be equivalent to 20

minutes at 43 ◦C is the equivalent degree of cell death from empirical studies. Based

on an in-vivo study, Sapareto and Dewey proposed the equation for modelling the

thermal dose as below:
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treference =
N∑
n=1

∆tRTreference−Tn (2.1)

In which, the ∆t represents the interval of exposure time, Tn means the average

temperature during the nth interval, N indicate the number of intervals in the proce-

dure and the value of R reflects the rate of cell killing. The value of R is supposed

to be a function of temperature, but for the range of interest (37-46 ◦C), R can be

approximated to be two constants, which respectively are 0.5 and 0.25 when T is

above and below 43 ◦C. Although this approximation would introduce a 2% error, it

is tolerable and acceptable in later studies [19] [20]. Because the reference temperature

is commonly selected to be 43 ◦C, in the literature, this equation is often written as:

CEM43 =
N∑
n=1

∆tR43−Tn (2.2)

The CEM43 is the abbreviation of a cumulative number of equivalent minutes at

43 ◦C [21]. This conversion makes two factors into one so that clinicians are able to

expect the level of cell damage or to evaluate the intensity of hyperthermia based on

the value of CEM43.

The Eq. 2.2 converts the temperature of a single point to the thermal dose. How-

ever, the temperature distribution in a tumour is not homogeneous during the mag-

netic hyperthermia. To better evaluate the condition of the treatment, Dewey later

introduced a regional indicator CEM43-Tx [22]. The indicator indicates that the

x% of the tumour region receives a certain amount of thermal dose. For instance,

if the thermal dose is 25 minutes of CEM43-T90, it represents the 90% of the tu-

mour region receives the thermal dose higher than 25 minutes of CEM43. In-vivo

reports have shown the positive correlation between CEM43-T90 and clinical out-

comes [23] [24] [25]. This regional indicator of thermal dose will be discussed in

Section 4.4.

Based on the empirical observation of heat-induced cell death, CEM43 was created

for modelling the concept of thermal dose. Apoptosis or necrosis occurs only when

the thermal dose is above a threshold 1. Another question to ask is, what happens if

the thermal dose is below the threshold? Does the cell still react to heat? To address

this question, the following section will introduce another interesting heat-induced

1Dewhirst et al. have made efforts on building databases of the thermal dose thresholds, which

are presented in the table 3 in [21] and the table 2 in [26].
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response of the cell, which is known as heat shock response.

2.1.3 Heat Shock Response

The term heat shock response explains itself. Heat shock response is a phenomenon

that specific proteins form after cells are shocked by heat. Although the term heat

shock response does not reflect the whole picture of the phenomenon, it does illustrate

the history of its discovery. This effect was firstly discovered by Ritossa in 1962 [27].

In the report, Ritossa presented two images which indicate that certain bands of a

chromosome of drosophila (fruit flies) expanded after being applied with a thermal dose

of 30 minutes at 30 ◦C. This expansion is later referred to chromosome puffing. The

chromosome puffing was found to be associated with an increase in specific proteins

after a decade [28]. Since the stimulus in both studies was heat, the induced protein

has been named as heat shock protein (HSP), even if subsequent studies have found

that stimuli other than heat can also induce the formation of HSP. That is, when

exposed to stimuli like heat, amino acid analogues, glucose analogues, heavy metals

and etc., the amount of HSPs in cells increases [29]. The nomenclature of HSP is only

based on the first discovered stimuli that induces its synthesis.

There are more than one type of HSPs. As the function of a protein is often decided

by its length, the HSPs are categorised by their sizes. A protein constitutes amino

acids, and thus a way to determine the size of a protein is to directly state the number

of amino acids. Another way used more frequently is quantifying the protein size based

on its molecular weight. The unit of the molecular weight is Dalton, abbreviated as

Da, also known as the atomic mass unit, which is defined as one-twelfth of the carbon

atom mass 2. A protein is a macromolecule, which means the molecular weight of

most proteins is above one kilo-Dalton, abbreviated as kDa. As the structure of a

protein directly affect its function, HSPs are categorised to a variety of families based

on their molecular weights. For instance, the HSPs which have the molecular weights

of 60 kDa, 70 kDa and 90 kDa are respectively grouped and termed as HSP60, HSP70

and HSP90.

An object often processes more than one nature, but one often describes an object

based on a single nature. For example, water can be described as a liquid based on

its phase and it can also be described as an inorganic matter based on its chemical

2The molecular weight of a amino acid is about 110 Da.
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compound. Similarly, the term HSP only illustrates that its synthesis is induced by

heat shock, but it does not describe what is its function. When discussing on the

function of HSPs, a large group of HSPs is regarded as molecular chaperones. Molec-

ular chaperone is another interesting term. The term was first used by Laskey et

al. in 1978 [30]. They used this term to metaphorise the auxiliary role of a specific

protein, nucleoplasmin, in the process of nucleosome assembly. During the assembly,

nucleoplasmins temporarily bind with histones. This binding neutralises the positive

charges on the histones, thereby promoting the combination of histones and DNAs,

the assembly of which is a nucleosome. Despite the important role of nucleoplasmins,

they are not a component of the final product. Nucleoplasmins are detached after the

assembling process. Like nucleoplasmins, other proteins have the similar effect that

contributes to different biological responses without being a part of the final product.

Later, Ellis et al. summarised this phenomenon and extended the term molecular

chaperone to describe all the molecules that have similar properties [31]. In their re-

port, a molecular chaperone was defined as “a family of unrelated classes of protein

that mediate the correct assembly of other polypeptides, but are not themselves com-

ponents of the final functional structure” [32]. Not all HSPs, but a large group of HSP

families, e.g., HSP70 and HSP90, behave as molecular chaperones. Many HSPs were

found to play an important role in preventing the unfolding of proteins and some of

them are even able to assist in refolding proteins [33–36]. In short, HSPs would be

induced in cells for the purpose of preventing or recovering the damages when exposed

to harmful stimulus.

Heat is undoubtedly an effective stimulus to induce the synthesis of HSPs. One

of the most frequently studied HSP family is HSP70, mainly because its quantity

is easy to be measured and it is ubiquitous in most types of cells. Didomenico et

al. presented a study that shows positive correlation between the severity of heat

shock and the quantity of induced HSP70 in [37]. There is no quantitative description

on the heat shock mentioned here, but its context is qualitatively identical to the

aforementioned thermal dose (i.e. CEM43). Both are related to the severity of cell

damage. Morris et al. pointed out that it is not the external stimulus, e.g. heat

shock, that activates HSP synthesis; it is the increase in macromolecular damage

that activates HSP synthesis [38]. Since the synthesis of HSPs is associated with the

environmental temperature, Craig and Gross proposed a concept of using the level

of HSP70 induction as the cellular thermometer [39]. This appealing concept was
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later used for monitoring the effect of the change in environmental temperature on

biological species at different locations [40]. In the context of thermal treatment, the

induction of HSP70 is sometimes seen as an indicator of the severity of sub-lethal cell

damages [41].

While the CEM43 is an indicator that derived from the temperature and the dura-

tion of heating, the quantity of HSP70 indicates the actual biological response to the

environmental stimulus, i.e., the heat shock in the context of this thesis. Both indica-

tors were compared and discussed in the in-vivo experiment presented in Section 4.4.

2.2 Heating Mechanisms of Magnetic Nanoparticles

The previous section has introduced the biological effect of heat, a way of quantifying

thermal dose and an indicator, i.e., HSP70, for monitoring sub-lethal cell damages.

This section will focus on how the heat is generated magnetically. To explain the

mechanism of magnetic heating, a few components will be included in the following

subsections. The first component is the description of a magnetic field, i.e., what

parameters we can use to describe an invisible field? Then, another subsection will

illustrate a specific parameter called magnetic susceptibility. Susceptibility is one

of the main parameters that defines the magnetic property of a material. As the

term suggests, the susceptibility quantifies how easily a material would be affected

by an external field. Furthermore, the effect of dimension, i.e., the particle size, on

the magnetic properties will be elaborated prior to the discussion on the magnetic

heating. For small-dimension magnetic materials, the dominant heating mechanism is

relaxation heating, which will be described in Section 2.2.5. The following subsection

will describe the method of quantifying the magnetic heating, which is widely used in

the literature. At the end of this section, the safety concern on the magnetic field and

the limitation of MNP dosage will both be addressed.

2.2.1 Magnetic Field Intensity, Flux Density and Permeability

A concept often evolves over time. To better illustrate a concept, one should probably

not ignore the impact of its development history on it, which is also the case when

describing an invisible magnetic field. About 200 years ago, scientists were unsure how

to describe a magnetic field. Two methods were proposed to calculate the intensity of

a magnetic field.
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Those two parameters were denoted as B and H. They are proportional to each

other. When in vacuum, their relationship is as shown in the Eq. 2.3,

B = 4π × 10−7H (2.3)

Although this mathematical relationship has been accepted as a fact, the interpre-

tation of B and H is sometimes confusing. One of the main interpretation is from

William Thomson (1824 - 1907). In his perspective, B and H have the equivalent

statuses and both represent magnetic field intensity. The only difference between

them is how they are derived. On the one hand, B as a magnetic field is derived

based on Ampere’s law: a law describing the fact that a conductor with current pass-

ing through it generates a magnetic field. Because this derivation is associated with

electricity, Thomson termed B as the ”electromagnetic definition” of magnetic field

intensity. On the other hand, another definition of magnetic field, now termed as H,

was originally built by Poisson (1781 - 1840). In Poisson’s model, a layer of imaginary

monopole magnetic material rather than the real dipole medium is used to derive H.

Thomson found these two forms of magnetic field intensity would be quantitatively

the same by multiplying a constant, as shown in Eq. 2.3.

Another interpretation, originated in Faraday (1791 - 1867) and Maxwell (1831 -

1879), distinguishes B and H. The concept of this interpretation is adopted from hy-

drodynamics. While the magnetic field intensity, H, is viewed as the gradient pressure

of flow, the volumetric flow rate per unit area is analogous to so-called magnetic flux

density, B (see Appendix D) [42] [43]. The latter interpretation is commonly used in

modern engineering. This might because that the analogy of hydrodynamics is benefi-

cial when considering the magnetic properties of matters. Similar to the permeability

of a porous medium in the hydrodynamics, the constant (4π×10−7) in the Eq. 2.3 can

now be given a new physical meaning, the magnetic permeability in vacuum, termed

as µ0. Hence, the Eq. 2.3 is represented as below:

B = µ0H (2.4)

2.2.2 Magnetic Properties of Materials and Hysteresis Heating

Different mediums possess different magnetic permeabilities. As a result, even though

the intensity of the primary magnetic field, H, remains unchanged, the flux density,

B, varies in different mediums. The reason is because all matters are magnetisable
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to some extent, i.e. when a matter exposed to a magnetic field, the matter itself is

induced a magnetic field and thereby affects the flux density. This phenomenon is

called magnetisation. Consider this phenomenon, the Eq. 2.4 is modified to become:

B = µH (2.5)

In this equation, the constant, µ0, is substituted by a variable, µ, which means the

magnetic permeability of a matter. The Eq. 2.5 is still not convenient enough for

examining the magnetic properties of a matter, because the flux density, B, in this

equation is influenced by both primary and the induced magnetic fields. For analysing

the magnetic property of a matter, the Eq. 2.5 is further divided into two terms and

becomes:

B = µ0H + χ0µ0H (2.6)

In which the µ0H and χ0µ0H are flux densities associated with primary and induced

magnetic field, respectively. By dividing the second term by µ0, the strength of the

induced magnetic field, M, is obtained:

M = χ0H (2.7)

The variable of χ0 is defined as (static) magnetic susceptibility, which indicates

how likely a matter would be influenced by an external field. This is a key parameter

when considering magnetic properties of materials. The susceptibility is sometimes

visualised in the form of a M-H curve (see Fig. 2.2). If the χ0 of a matter is positive

and the value of which is between 10−6 and 10−1, then the matter is termed as a

paramagnetic material (e.g. aluminium), in which the direction of the induced mag-

netic field is the same as the primary magnetic field. A diamagnetic material (e.g.

water), on the other hand, has an induced magnetic field with opposite direction to

the primary magnetic field, and its χ0 ranges from −10−6 to −10−3 [44].

To understand the magnetic property of material, we can observe it from both

the macro and micro scales. The above description of the induced magnetic field is

described from a macro perspective. As mentioned, the phenomenon of a magnetic

field induced in a matter is called magnetisation.
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Figure 2.2: M-H curves of diamagnetic and paramagnetic materials (the figure is

prepared by the author).

The macroscopic description illustrates the phenomenon but does not explain the

formation of magnetisation. To further interpret magnetisation, one may take another

look at the micro scale. If one slices a matter in half again and again, one would find

that all matters are consists of elementary particles such as protons and electrons 3.

Due to the electricity, the spin and orbital movement of elementary particles would

form magnetic fields. These inherent magnetic fields are termed as magnetic moments

or magnetic dipoles. In the absence of an external magnetic field, the magnetic dipoles

in paramagnets and diamagnets are unordered, and their moments are evened to be

(nearly) zero. However, within an external field, these dipoles would be aligned with

the external magnetic field to a certain extent, which results in a non-zero net magnetic

moment. This is how an induced magnetic field forms, as depicted in the Fig. 2.3.

The figure provides us with microscopic aspect of the magnetisation. In addition, if

a matter with the volume of V is induced a net magnetic moment m by an applied

field, we can define the magnetisation (strength of induced magnetic field), termed as

M, to be: M = m/V .

3To avoid being too complicated, we do not consider substructures such as quarks discovered in

the second half of the 20th century.
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Figure 2.3: Magnetisations of paramagnets and diamagnets. H : the strength of an external magnetic field; m: the net magnetic moment (the

figure is prepared by the author)
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2.2.3 Magnetic Materials - Ferromagets, Ferrimagnets and Antifer-

romagnets

Every material is magnetic to some extent, but only certain materials are considered

as magnetic materials. Magnetic materials are much easier to be attracted or repelled

by an external magnetic field than others. Unlike paramagnets and diamagnets, even

though an external magnetic field does not be applied, the magnetic dipoles in mag-

netic materials, such as ferromagnets, ferrimagnets and antiferromagnets, would align

with their adjacent dipoles. The region where the magnetic dipoles are oriented to

the same direction is called a domain, as shown in Fig. 2.4a. Because of the com-

paratively ordered magnetic moments, ferromagnets have stronger magnetisation than

others; furthermore, as the rotation of domains requires less energy than the rotation

of unordered dipoles, ferromagnets are easier to be magnetised, which means ferro-

magnets has higher susceptibility. In particular, the ferromagnet typically has its

susceptibility 10,000 times larger than others [44].

Interestingly, because of the pinning of the domain walls at defects within the

material, the ferromagnet tends to stay magnetised even when the applied field is

switched off. This phenomenon is the well known magnetic hysteresis, which can be

observed in its M-H curve as shown in Fig. 2.4b. In the figure, the magnetisation

is saturated at MS when the magnetic dipoles are aligned to a certain extent with

the applied field; even if the field intensity increases further, the alignment does not

improve further. When the applied field is removed, the magnetisation remains at a

non-zero value, MR. To demagnetise the MR, it requires an additional magnetic field,

coercivity (HC), to be applied to the material. Due to the existence of MS, MR and

HC , a reversal of the magnetisation behaves as the hysteresis loop shown on the M-H

graph. The area of the hysteresis loop represents the heat dissipation per unit volume

(QFM) during a reversal of the magnetisation, which can be

described as:

QFM = µ0

∮
HdM (2.8)

If the reversal of the magnetisation continues due to the external time-varying mag-

netic field. The power of heat generation becomes [44]:

PFM = µ0f

∮
HdM (2.9)

This heat generation often causes problems in electrical engineering yet in the context

of magnetic hyperthermia, this heat generation is the core. Hysteresis heating is one
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mechanism of energy loss during magnetisation. However, the dimension matters.

When the diameter of a ferromagnet downs to tens of nanometres, the ferromagnet

acts like a paramagnet which means one no longer observes the hysteresis effect. This

phenomenon is termed as superparamagnetic, and it is the topic of the next section.

Not surprisingly, energy would also dissipate as heat during the magnetisation of

superparamagnet, the mechanism of which is called relaxation heating. This relaxation

heating will be elaborated in more detail in Section 2.2.5.

Figure 2.4: (a) The magnetisation of ferromagnets. H : the strength of an external

magnetic field. m: the net magnetic moment. (b) The hysteresis curve of a ferro-

magnetic material. MS: saturation magnetisation; MR: remanent magnetisation; HC :

coercivity (the figure is prepared by the author).

2.2.4 Single-Domain Ferromagnet and Superparamagnet

When the dimension of ferromagnet declines, the domain walls become thinner. The

thinner the domain wall is, the larger the energy for the formation is required (the de-

tail of domain theory can be found in [45]). Thus, once the dimension of ferromagnets

is below a critical value (e.g. approximate 80 nm for magnetite), it is energetically
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unfavourable to form a domain wall. At this dimension scale, all the magnetic dipoles

would orient in the same direction rather than being subdivided by domain walls.

This small ferromagnet becomes a so-called single-domain ferromagnet. Place this

single-domain ferromagnet in a time-varying magnetic field; similar to a multi-domain

ferromagnet, heat would be generated due to the hysteresis loss during reversals of

magnetisation. However, their mechanisms of generating hysteresis loss are slightly

different. The difference is from the way they flip their magnetic dipoles. While a

multi-domain ferromagnet flips dipole direction through the movement of its domain

walls, a single-domain ferromagnet directly rotates its dipoles, which requires sufficient

energy to overcome its intrinsic energy barrier, ∆E. As the direct rotation of dipoles

needs more energy than the movement of domain walls, the hysteresis loss are compar-

atively large in single-domain ferromagnets, i.e. the hysteresis loop becomes wider (see

Fig. 2.5a). In addition, its energy barrier, ∆E, depends on both the anisotropy energy

density, K, and the volume, V of the ferromagnet, i.e. ∆E = KV . This implies that

the dipoles become looser when the volume of the single-domain ferromagnet contin-

ues to decrease. In consequence, the demagnetisation becomes easier when the applied

field is removed. When the volume drops below another critical value, the associated

hysteresis effect becomes less evident and vanishes eventually. Without the hysteresis

effect, the matter acts like the paramagnet but has much stronger magnetisation (or

higher susceptibility) and thus is termed as superparamagnet.

The vanishing of hysteresis effect is due to the thermal fluctuation. For a super-

paramagnet, its energy barrier is comparable to the thermal energy in the environment.

As a result, without an applied field, the dipoles would be easily fluctuated by the

background thermal energy. That is, after a very short period, the time-average net

magnetisation of dipoles (i.e., the remanent magnetisation in Fig. 2.4) becomes zero.

Generally speaking, because of the thermal fluctuation, the remanent magnetisation

in a all matter tends to vanish within a particular period. This phenomenon is called

relaxation and the particular period is denoted as τ , termed as relaxation time. In

fact, the environmental thermal energy affects all magnetic materials; nevertheless,

since the energy barrier in ferromagnet is much larger than the environmental thermal

energy, its remanent magnetisation vanishes so slowly that the hysteresis effect is eas-

ily observable. On the other hand, the hysteresis is unobservable in superparamagnets

due to the rapid relaxation of remanent magnetisation 4.

4One can argue that the hysteresis effect still exists in a superparamagnet; it is just that we do
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For a single-domain magnetic material (e.g., either a superparamagnet or a single

domain ferromagnet), provided that the material itself is immobilised, then the re-

laxation would be dominated by so-called Néel relaxation, which describes that the

relaxation is achieved by the rotation of magnetic dipoles rather than physical rotation

of the matter. This relaxation can be seen as a battle between the energy barrier that

stops the dipoles from rotating and the thermal fluctuation that tends to randomise

dipoles. As a consequence, the Néel relaxation time, τN , is described as below [46]:

τN = τ0e
KV/KBT (2.10)

In which, KB means the Boltzmann constant, and T is the environmental temper-

ature. The unit of the factor, τ0, is second and is of the order 10−9 - 10−12 [44] [5].

That is, when the energy barrier (KV ) is comparable to (or smaller than) the ther-

mal energy (KBT ), the net magnetisation would vanish, i.e., the relaxation would be

completed, within 10−9 - 10−12 seconds.

As indicated in the equation, this relaxation would also be affected by the tem-

perature. When the temperature is extremely low, the thermal energy (KBT ) would

be too weak to rotate magnetic moments. This situation is often described as: those

magnetic moments are blocked, and the temperature that is just low enough to cause

the block is termed as blocking temperature. The blocking temperature is not constant

for a material; instead, its value is dependent on the volume of the material. After all,

it is all about the balance or battle between the thermal energy and the energy barrier.

Therefore, the larger volume the particle, the higher the blocking temperature.

Due to the different reasons mentioned above, a ferromagnet acts differently when

its size varies. The Fig. 2.5b shows the size-dependence of transitions from the multi-

domain to single-domain ferromagnet and to the superparamagnet. In the figure, the

coercivity, HC , is used to roughly represent the width of the hysteresis loop [47].

not observe it through our perspectives or through the applied measurement instrument. However,

if one blinks his or her eyes fast enough, one would be able to capture the hysteresis effect in that

matter and that matter actually behaves like a ferromagnet. In this case, we may no longer classify

that matter as a superparamagnet from the new perspective. After all, observation is based on a

perspective. If the perspective is no longer the same, the world we see can be very different.



2.2.
H
E
A
T
IN

G
M
E
C
H
A
N
IS
M
S
O
F
M
A
G
N
E
T
IC

N
A
N
O
P
A
R
T
IC

L
E
S

63

Figure 2.5: (a) M-H curves of a superparamagnet (SPM), single-domain and multi-domain ferromagnets. HC SD: the coercivity of the single-

domain ferromagnet. HC MD: the coercivity of the multi-domain ferromagnet. (b) Measurement of spherical iron particles at 207 K in different

diameters of particles. HC : coercivity. d: diameter of particles. dS: the critical diameter of particles, below which it becomes a superparamagnet.

m: net magnetic moment. Adapted from [47]. Note that, in addition to size dependence, the SPM is also frequency dependent. A material

behaves like a SPM is only because its relaxation is so fast that the hysteresis effect is not observed. If an field oscillates quicker than the

relaxation of magnetic moments, then the hysteresis effect would be observed again; that is, in this case, the material behaves like a ferromagnet.
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2.2.5 Magnetic Relaxation Heating

For ferromagnets, hysteresis loss can be easily quantified, as the hysteresis loop area is

measurable. In contrast, for superparamagnets, since the hysteresis loop is unobserv-

able, its energy loss cannot be quantified through the same method. As a consequence,

Rosensweig proposes another method for quantifying energy loss in superparamagnets

during relaxation and has been widely adopted in the literature. [48]. The result of

which is often referred to as relaxation loss or relaxation heating. The relaxation loss

are due to the lagging of magnetisation. Even though it is not seen on a M-H graph, it

is reasonable to assume that the induced magnetisation, M(t), has a finite time delay

to the alternating applied field, H(t). Consider this lagging and assume the phase lag is

θ. Assume that H(t) is a sinusoidal signal; let’s say H(t) = H0cos(ωt) = Re{H0e
jωt)},

in which the t is time, the H0 is its amplitude and the ω is its angular frequency; then

the Eq. 2.7 can be rewritten as:

M(t) = χ0Re{H0e
jωt e−jθ} (2.11)

Note that, the Eq. 2.11 is correct only when the fundamental assumption is con-

sidered. The fundamental assumption here is that the magnetisation is in its linear

region. Only if the magnetisation responses linearly to the AMF, then its signal would

also be as a sinusoidal signal like the AMF. To be more specific, the field intensity of

the applied field should be small enough to keep the magnetisation in its linear region.

Now, let us expand the Euler’s formula of Eq. 2.11, and the equation becomes:

M(t) = Re{χ0(cosθ − jsinθ)H0(cosωt+ jsinωt)} (2.12)

In which, θ represents the phase difference between H(t) and M(t). For the con-

venience, the term, χ(cosθ − jsinθ), is often referred to as χ′ − jχ′′ in the literature.

Thus, the Eq. 2.12 becomes:

M(t) = χ′H0(cosωt) + χ′′H0(sinωt) (2.13)

In this way, the real susceptibility, χ′, is associated with the in-phase magneti-

sation, while the imaginary susceptibility, χ′′, determines the quantity of out-of-

phase magnetisation. The latter is the main source that accounted for the relaxation

heating. Based on the Debye model, the power of relaxation heating is derived by
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Rosensweig [48], written as 5 6:

P = µ0πχ
′′fH2 (2.14)

The neat equation above indicates that only the out-of-phase magnetisation con-

tributes to relaxation heating. Furthermore, the power of the relaxation heating is

proportional to the frequency and square intensity of the applied field. In the same

paper, Rosensweig interprets the relationship between the χ′′ and the relaxation time,

which can be concluded by the equation below:

χ′′ = χ0sinθ = χ0
2πfτ

1 + (2πfτ)2
(2.15)

While the χ0 means the static susceptibility, the τ is the overall relaxation time.

This equation implies that when 2πfτ equals to 1, the imaginary susceptibility is

at its maximum, and thus has better heating performance. The relaxation time is

dominated by the Néel relaxation (i.e. τ = τN) only when the MNPs are immobilised.

However, MNPs are generally carried by a medium such as water. In the aqueous

medium, the MNPs can freely rotate, which results in another mechanism known

as Brownian relaxation. In addition to the thermal energy in the environment, the

viscosity coefficient of the medium, η, and the hydrodynamic volume of the MNPs, VH ,

are both essential factors to the Brownian relaxation. As a consequence, the Brownian

relaxation time, τB, is expressed as [49]:

τB =
3ηVH
KBT

(2.16)

Consider both the Brownian and Néel relaxation, the effective relaxation time, τ , in

the Eq. 2.15, is then given by [48]:

1

τ
=

1

τB
+

1

τN
(2.17)

So far, we have theoretically introduced the principle of relaxation heating. How-

ever, the heating depends on not only the internal factor, such as the mass of material,

but also external factors, such as the properties of magnetic field. In order to compare

the heating performance between materials from different laboratories, it is necessary

5This equation is only true for linear magnetisation. To meet the requirement, the field strength

needs to be weak enough so that M(t) has the same type of waveform of H(t); that is, if H(t) is a

sinusoidal wave, M(t) is a sinusoidal wave. The difference between the two is the phase delay.
6To the author’s knowledge, there is a typo in the Eq.5 in [48]. The term before the integration

should be: ωµ0H
2
0χ
′′ instead of 2µ0H

2
0χ
′′.
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to standardise the heating power in order to compare all materials on the same page.

Hence, the following section will continue to describe the quantification of heating

performance.

2.2.6 Quantification of Heating Performance

The heating performance of MNPs are generally reported in the form of specific ab-

sorption rate (SAR), which is defined by the equation below:

SAR = P/mMNP (2.18)

In which, the rf and mMNP represent the heating power (unit: watt) and unit mass

of MNPs (unit: g) respectively. The heating power of superparamagnets is described

in Eq. 2.14. The equation indicates that the heating power is proportional to the

imaginary susceptibility of the material, which is dependent on its mass. Thus, the

mass normalisation is essential for internally quantifying the heating performance of

a material. From the same equation, one can see that the heating power is actually

affected by other extrinsic factors such as the frequency (f) and intensity (H) of

applied field. For the convenience of comparison, another parameter is suggested to

represent the heating ability of an MNP suspension by [50]. The parameter is known

as intrinsic loss power (ILP). Based on SAR, the ILP further considers the influence

of applied field (note that the assumption of Eq. 2.14 should also be applied to the

ILP calculation, i.e., Eq. 2.19; that is, the applied field should not be so large that the

magnetisation responses to the field non-linearly). The definition of ILP is described

as the equation:

ILP = SAR/fH2 (2.19)

In relation to the calculation method, based on a study by Wildeboer et al. [51],

Resonant Circuits Limited developed a MATLAB script for the calculation of SAR

and ILP, which can be found in [52]. This algorithm was adopted and a script in R

has been built and applied in this study.

The above discussions have elaborated how MNPs are heated up in an external

AMF and how one can quantifying the heat ability of a material. Factors such as

susceptibility and relaxation time have also been interpreted. The above discussion is

from the perspective of physicists. The next section will examine magnetic hyperther-
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mia from the perspective of clinicians. That is, the safety concerns on the magnetic

hyperthermia.

2.3 Safety Concerns

The magnetic hyperthermia consists of MNPs and an external AMF. For medical

applications, it is essential to understand their potential risks to a patient.

2.3.1 Safety Concerns of Magnetic Field

In terms of the safety of the magnetic field, its risk is associated with the currents

magnetically induced in a patient. The generation of currents is due to the eddy

current effect: a conductor generates circular currents when exposed to an AMF.

Because the tissue fluid is conductive, an eddy current may be induced in the area

of tissues where exposed to the applied field. There are two concerns about the

currents. The first concern is that the current may activate physiological effects,

such as stimulation of peripheral nerves, skeletal or cardiac muscles, as discussed in

Reilley’s work [53]. The improper excitation can probably affect the rate of heart

beating (arrhythmia) or even lead to death.

Another concern is the non-specific heating caused by the eddy currents, which is

discussed in a study done by Atkinson et al. [54]. In their study, the power of eddy

current heating per unit tissue for a cylinder body (e.g. arm or torso) is concluded to

be an equation as below:

Peddy = σt(πµ0)2(Hf)2r2 (2.20)

The σt and r respectively represent the conductivity and radius of the cylinder tis-

sue. The experiments in the same study also suggested that maximum values of the

intensity and frequency of the applied field that a patient can tolerate, which are: H

= 35.8 A/m; f = 13.56 MHz. Later, Brezovich proposed to use their production as

the safe limit for applying an AMF to human bodies [55]. Although this safe limit,

Hf < 4.85× 108Am−1s−1, has been widely used in many studies, this value is still an

on-going debate. According to the Eq. 2.20, eddy current heating is also affected by

other factors such as the radius of the applied tissue. Thus, Dutz and Hergt suggested

a safe limit of 5× 109Am−1s−1 due to the smaller coil they applied [5]. Additionally,

other tolerated values of applied fields were presented in studies lead by Andreas Jor-
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dan [23] [56] [57] as well as the report by Matsumine et al. [58]. These safe limits are

listed in Table 2.1. It is important to be aware that these Brezovich criteria are un-

suitable to low-frequency fields because the field with a frequency lower than hundreds

of kHz is likely to active the physiological effects mentioned previously (see the figure

3 in [3]).

The Part of A Body Brezovich Criterion (Am−1s−1) Ref.

Thoracic Region 4.85×108 Atkinson et al. [54]

Pelvic Region 5.0×108 Johannsen et al. [57]

Pelvic Region 6.0×108 Wust et al. [23]

Thoracic Region 7.5 ×108 Wust et al. [23]

Head 13.5×108 Maier-Hauff et al. [56]

Leg 23.9×108 Matsumine et al. [58]

- 5.0×109 Dutz and Hergt [5]

Table 2.1: Safe limits for the intensity and frequency of an applied magnetic field to

a patient.

2.3.2 Dose Limitation of Magnetic Nanoparticles

The toxicity of MNPs is likely to depend on its coating, but the detailed discussion on

which is beyond the scope of this thesis. Although the coating of MNPs is an essential

research topic, its issues would usually be tackled with by MNP manufacturers. As

an end user, clinicians would be more concerned with dose limits.

About a decade ago, the maximal dosage of the MNP was carefully suggested to be

between 5 mgFe and 10 mgFe per cm3 of tissues in general [44]. Over the past decade,

with the results reported in the emerging clinical studies, researchers have had a chance

to further refine that suggestion. Based on the administration method, Southern and

Pankhurst suggested two dosage limitations [59]. For intravenous injection, the dose

should not exceed 8.5 mgFe per kg of a human. For intratumoural injection, the dose

is suggested to be up to 40 mgFe per cm3 of tissues. Since the in-vivo studies presented

in this thesis are based on pre-clinical models (see Chapter 4), the following discussion

illustrates how to define pre-clinical dosage limits based on recommendations from

Southern and Pankhurst.

The dose limitation of the intravenous injection is mainly restricted by the metabolic



2.3. SAFETY CONCERNS 69

system. The higher the metabolic rate, the higher the dose that the organism can

withstand. Interestingly, the metabolic rate is inversely proportional to the size of an

organism [60]. Small organisms have larger surface to volume ratio. The volume of

an organism decides its heat capacity, i.e., its ability to store heat, while the surface

area decides the rate of heat dissipation from the organism to the surroundings. An

organism’s volume is like the size of a tank that filled with water, and its surface area

is like the area of the hole at the bottom of the tank; thus, the surface to volume ratio

indicates the ability of the tank to keep water. It is, however, an imbalance system.

To balance it, one needs to open the tap above and let the water fill the tank. For the

thermal homeostasis of an organism, the tap is like the heat source, and the biological

heat is generated through the metabolic process. Overall, because of high surface to

volume ratio, small organisms have low ability to retain heat; hence, their metabolic

rate is high for the purpose of regulating body temperature. The comparably high

metabolic rate in pre-clinical models such as mice allows them to stand with higher

dose, which has led the US Food and Drug Administration (FDA) to recommend a

dose conversion rate of approximately 12.3 between mice and humans. This implies

that the aforementioned dose limitation for a human when injected intravenously, i.e.,

8.5 mgFe/kg (single dose), can now be converted to 104.6 mgFe/kg (single dose) for a

mouse. Provided that the weight of a mouse is 0.020 kg, then the maximum amount

of iron that allows to be injected intravenously would be 2.09 mgFe.

The discussion about intravenous doses is fairly straightforward. Nevertheless,

it is not the case for the intratumoural doses. Provide that the upper limit of the

intratumoural dose the tissues can withstand is 40 mgFe/cm3
tissue, there is still a need

to find out the upper limits of the concentration and volume at which the MNP

suspension can be applied.

To address this, two factors should be taken into consideration. One is the diffusion

rate, which indicates the phenomenon that the MNP suspension is dispersed at the

target site after injection. The other is the retention rate. The retention rate is

important because not all MNPs remains at the target site; instead, some MNPs

are carried away from the target site through the body’s circulation system. Once

MNPs enter in the circulation system, one should take the intravenous dose limitation

into consideration. These two factors respectively determine the upper limits of the

concentration and the mass of MNPs for intratumoural injection.

Let us elaborate effects of these two factors with an example. On the one hand,
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if the diffusion rate is 3, then the density of MNP in the tissue will be one-third of

the concentration of MNP suspension after injection. That is, say the dose limit is

40 mgFe/cm3
tissue, the diffusion rate of 3 makes the maximum acceptable concen-

tration of the MNP suspension to be 120 mgFe/ml. On the other hand, since only

a part of MNPs remains at the injection site, it is necessary to consider whether the

amount of MNPs entering the bloodstream exceeds the intravenous dose limits, i.e.,

104.6 mgFe/kg for mice model. As a consequence, a formula has been suggested in [59]

for calculating the intratumoural injected dose limit:

Dmax = (F ×D0)/(1−R) (2.21)

In which, D0 is the maximum intravenous dose limit, i.e., 104.6 mgFe/kg for a

mouse, the R is the retention rate, and F is the factor of maximum allowable systemic

dose. For instance, if there are 50 % of MNPs retained at the injection site and the

allowable systemic dose is 80 % of the maximum intravenous dose limit, then the R

and F would be 0.5 and 0.8. Hence, for mice model with an adequate retention rate

(R = 0.5) and good systemic tolerance (F = 0.8), the intratumoural injection dose

limit Dmax becomes 167.73 mgFe/kg. Hence, the mass limit of MNPs is 3.35 mgFe for

a 0.020 kg mouse.

When performing either clinical or pre-clinical studies, the upper limits of con-

centration and the mass of MNPs should both be taken into consideration. More

discussion on dose limits can be found in Chapter 4.

Apart from the aforementioned safety concerns, i.e., the concern of dosage and

field parameters, another critical parameter a clinician needs to be extremely careful

about is the temperature elevation during the magnetic hyperthermia. Thus, how

to measure the change in temperature is essential, and two remote sensing methods

applied in this study will be reviewed in the following section.

2.4 Current Methods for Remote Monitoring of Temper-

ature

2.4.1 Infra-red Thermometry

As described earlier, one of the main issues on thermal management in magnetic hy-

perthermia is the thermometry. The current gold standard is invasively placing optic
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thermometers into a target tumour for sensing. This point measurement, however,

depends on the accurate placement of thermal probes, which is difficult and thus the

reading can be unreliable. As a result, emerging studies began to use infra-red ther-

mometry as the temperature sensing method for hyperthermia studies. This is mainly

because this non-invasive thermometry can simultaneously detect the temperature at

multiple points, which gives researchers a broader picture of the situation.

Infra-red radiation is one of the 3 forms of heat transfer. That is, any object

with the temperature above 0K would emits infra-red radiations to some extent. An

infra-red thermal imaging camera measures the temperature by detecting the infra-red

radiation emits from an object. A thermal camera passively receives these infra-red

radiations and converted them to temperatures based on the power of those radiations.

It will be interesting to review the features of infra-red here. The infra-red does

not have a good ability to penetrate a subject, but in some scenarios, it is used to

penetrate skins or even a skull to detect the biological activities inside a human body

(e.g., functional near infrared spectroscopy for detecting brain activity). In these

scenarios, they often required to emit a powerful an infra-red light to the target.

For example, the study given by Henderson et al. indicates that, for a near infra-

red7 with power of 15 W, it can penetrates the tissues to up to 3 cm. However, it

also indicates that for a low energy level near infra-red light, it failed to penetrate a

2 mm skin [61]. Another example of emitting an infra-red to a target in a clinical

scenario is called biogenetic radiation. Biogenetic radiation is a therapeutic modality

that involves a procedure of letting the patient exposing to a far infra-red (The far

infra-red refers to the infra-red with wavelengths between 3 mum and 100 mum.),

which is normally generated by a powerful heat lamp. According to Vatansever et al.,

the penetration depth of a far infra-red to skin is up to 4 cm [62].

It will be useful to understand more about the infra-red, but because a thermal

imaging camera only detects the infra-red naturally emits from an object, the pene-

tration depth of an infra-red would not be a great concern here. In the scenario of

magnetic hyperthermia, the heat source is underneath the skin and tissue. The heat

transfer between the heat source and skin would be dominated by the heat conduction.

What a thermal image camera detect is the infra-red emitted from the skin. Thus, an

infra-red thermal camera can only detect the surface temperature.

Although it has an inherent limitation that it can only measure the surface temper-

7The near infra-red refers to the infra-red with wavelengths between 0.7 mum and 1.4 mum.
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ature, it is still a powerful tool. Infra-red thermometry may not be suitable for moni-

toring the temperature of deep-seated tumours, such as prostate cancer and glioblas-

toma. But in most cases, the tumour is subcutaneously cultured in a pre-clinical

model. Thus, the infra-red thermometry can be a ideal tool to detect the change in

temperature in pre-clinical studies. In-vivo pre-clinical studies by Rodrigues et al.

showed that the difference between the thermographic reading and the reading of the

fibre optic probe inserted into the centre of the tumour was within 5 % [14]. Later,

they reported an experimental configuration and a numerical model to further improve

the precision [63]. Similarly, Padilla-Valverde et al. applied the infra-red thermometry

to evaluate the temperature homogeneity during the procedure of the chemotherapy

combined with hyperthermia on murine models [64]. This thesis utilized the infra-red

thermometry to sense the temperature of phantoms in-vitro. Because the temperature

of a phantom is more controllable than that of an actual organism, the in-vitro study

provided us with a chance to evaluate the infra-red thermometry (see Chapter 3).

Thereafter, the infra-red thermometry was used in pre-clinical studies to analyse the

effect of particle diffusion on temperature distribution and the biological effect of heat,

i.e., a comparison between HSP70 and CEM43 (see the Chapter 4).

Because of the inherent disadvantage, infra-red thermometry may only be suitable

for pre-clinical studies. For clinical research, another thermometry that is able to

sense the temperature of deep-seated tumour is still required. As a result, a novel

magnetic particle thermometry has been proposed in this thesis, which will be further

elaborated in Chapter 5. Prior to this, the next section will first review the associated

concepts of magnetic particle thermometry.

2.4.2 Magnetic Particle Thermometry

Overall, the magnetic particle thermometry is a technique that detects the average

temperature of a target at a distance. That is, with an appropriate configuration, the

average temperature of a magnetically heated tumour can be detected.

In 2009, by coupling the temperature of MNPs into the ratio of the amplitudes of

magnetisation harmonics, Weaver et al. described a technique for remote monitoring

of temperature [65]. In this method, MNPs are regarded as thermal probes. There

are different terminologies used to describe the similar technique in the literature. For

the consistency, this thesis uses the term, magnetic particle thermometry (MPT), to
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describe the technique that uses MNPs as thermal probes to monitor the temperature.

Since Weaver et al. proposed the MPT, there is an increasing attention given to

this technique. Apart from the progress made by Weaver and his colleagues [66–73],

Zhong and his colleagues have started to investigate MPT since 2012 [74–78]. Because

both MPTs are based on the Langevin equation, the operating frequencies of the two

techniques are preferably as low as a few hundred Hz. These frequencies may be

too low for magnetic hyperthermia, as the heating power generated in the MNP is

proportional to the field frequency (see Eq. 2.14). Accordingly, Garaio et al. reported

another MPT in 2015, which operates at the frequency used in magnetic hyperthermia,

i.e., between 75 kHz and 1MHz. Garaio et al.’s MPT is based on the shifts in the

phases of magnetisation harmonics, which was interpreted to be associated with the

temperature dependence of SAR [79]. The theoretical bases, the devices and the

methods used in these three MPTs are further briefed in the paragraphs below.

The MNPs used in Weaver et al.’s and Zhong et.al.’s MPTs are superparamag-

netic. Both groups adopt the Langevin equation as their theoretical basis; hence, the

frequency of the applied AMF is preferred to be lower than few kHz. The Langevin

equation was first proposed to describe the paramagnetism. To deploy the same equa-

tion to describe the superparamagnetism, one should ensure that the magnetisation

of the material is equilibrium all the time during the measurement. The equilibrium

of magnetisation is very much dependent on measurement frequency. To achieve the

equilibrium, the relaxation of magnetic dipoles in the material should be completed

much faster than the measurement frequency; otherwise, undesired errors will occur

because the Langevin equation fails to describe the phenomena. After all, the Langevin

equation does not describe the dynamic status, i.e., the hysteresis effect, during the

relaxation process. To avoid this relaxation error, both Weaver et al. and Zhong et al.

used an AMF with frequency lower than few tens of kHz. Although the low magnetic

frequency may not be an issue in many applications, the low magnetic frequency can

limit the heat generated in MNPs during the magnetic hyperthermia. This issue was

tackled to some extent by Garaio et al. In 2015, they reported another MPT based on

the ratio of shifts in magnetisation phases [79], of which the phenomenon was inter-

preted to be associated with the temperature dependence of SAR (specific absorption

rate) [80]. The operation frequency used in that study was between 75 kHz and 1030

kHz, which covers the most operation frequency range of magnetic hyperthermia.

Interestingly, the devices used in the aforementioned MPTs are fundamentally
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identical. The only difference is how they withdraw the temperature information from

the detected signal. All the MPTs are based on the change in magnetisation of the

material, and thus the configurations of those MPT devices are similar to an AC

magnetometer.

Figure 2.6: The schematic diagram of an AC magnetometer (the figure is prepared by

the author).

The schematic diagram of an AC magnetometer is shown in Fig. 2.6. An AC mag-

netometer consists of an excitation coil and two oppositely wounded coils. The latter

two are respectively a pick-up coil and a cancellation coil. The excitation coil generate

an AMF during a measurement, while both the pick-up coil and the cancellation coil

are used together to detect the magnetisation of a sample. The principle of operation

is that, in the absence of a sample, the induced current in the pick-up coil caused by

the excitation field is simultaneously balanced with the current induced in the cancel-

lation coil. In the presence of a sample, because of the magnetisation of the material,

the induced current would not be evened to zero. That is, the residual current is

only associated with the magnetisation. With a calibration, the residual current can

be converted to the magnetisation. The AC magnetometer has been widely used to

analyse the dynamic magnetic properties of a material in the literature.

In addition, this method for detecting magnetisation is also deployed in the novel

imaging device, magnetic particle image (MPI). This imaging device, proposed by

Gleich and Weizenecker in 2005, is like a complex version of AC magnetometer [81].

Apart from a set of detecting coils (i.e., pick-up and cancellation coils) like those

used in AC magnetometer, an MPI device has another set of coils for building an

inhomogeneous static magnetic field. This magnetic field in most regions is strong
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enough to saturate the applied MNPs, but there is a region called Field Free Point

(FFP) where the effective static magnetic field is zero. On the one hand, placing

MNPs in the FFP is like placing MNPs in an AC magnetometer. When applying an

excitation AMF, the time-varying magnetisation induced in MNPs can be picked up

by the detecting coils, the signals of which are demonstrated in Fig. 2.7a. On the

other hand, for those MNPs not in the FFP, they would be saturated by the strong

static magnetic field; the relatively small excitation AMF would not be able to alter

their magnetisation status much. Hence, no time-varying signal would be detected (see

Fig. 2.7b). The FFP is one of the cores of MPI. During the process of MPI, MNPs

would first be distributed in a target of interest. Then, the FFP would be steered across

the whole volume of the target. Based on the spatial information from FFP and the

magnetisation from detecting coils, the distribution of MNPs can be reconstructed

or say imaged. Additionally, MPI is attractive mainly because of its high imaging

sensitivity. At present, MPI can detect nanograms of iron per millimeter [82]. This

high sensitivity is contributed by another core of MPI, the data analysis method. In

MPI, the detected time-varying magnetisation would be further converted to frequency

domain through Fourier transformation. Because the nonlinearity of magnetisation,

the waveform of the magnetisation is not as sinusoidal as the waveform of the excitation

AMF; hence, there are magnetisation harmonics. These harmonics can be seen in a

frequency spectrum (see the graph on the bottom right in Fig 2.7a). Because the

fundamental frequency of magnetisation is known, which is the same as the frequency

of excitation AMF, the harmonic frequencies can easily be attained. Therefore, by

using extremely narrow bandwidth filters, one can avoid noises and obtain the signal of

each magnetisation harmonic, even though the value of which may be quite small [83].

This data analysis technique boosts the imaging sensitivity of MPI.
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Figure 2.7: The signals in MPI. (a) The harmonics of magnetization would only appear

in the Field Free Point. (b) No harmonics would be detected if the material is out

of Field Free Point, in which region MNPs would already be saturated by the static

magnetic field (the details of the simulation can be found in Appendix E).
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Discussions on the principles of MPI is helpful for us to understand the MPT

because the MPI is the predecessor of MPT. A year before Weaver et al. presented

their MPT, they published a paper studying the effect of an additional bias field on

MPI signals [83]. In which, they pointed out that the MPI signals are sensitive to

the temperature of MNPs. This temperature dependence might be an issue in MPI

but could also be an opportunity for a new thermometry. Weaver et al. noticed the

potential and published another paper shortly after [83], in which they elaborated

the temperature dependence of magnetisation with the Langevin equation [65]. The

magnetisation M of superparamagnetic MNPs when exposing to an excitation field

with the intensity of H0cos(ωt) can be expressed as:

M = ξM0(coth(AL)− (AL)−1) (2.22)

in which,

ξ =
nν

V
(2.23)

and

AL =
νM0H0cos(ωt)

4πKBTMNP

(2.24)

where ξ is the volumetric concentration, AL is the amplitude of Langevin equation,

n is the number of MNPs, ν is the volume of each particle, M0 is the bulk saturation

magnetic moment per unit volume, V is the overall volume of the sample, H0 and ω

are the amplitude and the angular frequency of the excitation AMF, t is time, KB is

the Boltzmann constant and TMNP is the absolute temperature of MNPs.

Although the amplitude of each magnetisation harmonic is different, Weaver et

al. presumed that each harmonic amplitude varies proportionally with the change

in magnetisation M . Interestingly, once the material and the concentration of the

sample are determined, most variables in above equations are dependent variables.

Only H0 and TMNP are independent variables. In short, not only the M but also the

amplitudes of the harmonics are dependent on the ratio of H0/TMNP . Based on this

dependence, Weaver et al. cleverly characterised the MNPs by recording the harmonic

amplitudes when a variety of H0 was applied to MNPs at a known and constant TMNP .

By doing so, a characterised curve is attained 8. The characterised curve is depicted

in Fig. 2.8. The X-axis and Y-axis of the characterised curve are the ratio H0/TMNP

8M0 is assumed to be temperature independent here; the detailed discussion on the temperature

dependence of M0 can be found in [65].
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and the amplitude of harmonic magnetisation respectively.

On the one hand, when characterising MNPs, a variety of H0 is used, but the tem-

perature of MNPs is a constant. On the other hand, when deploying the characterized

curves in the MPT, a constant H0 would be used. By fitting the detected harmonic

amplitude to the characterized curve, the ratio of H0/TMNP can be determined and

thus the TMNP can be estimated since the H0 is known. In theory, the characterized

curve of a single harmonic amplitude can fulfil the purpose of temperature sensing.

However, if one takes a closer look at Eq. 2.22, one can find that the magnetisation

depends on not only the ratio of H0/TMNP but also the amount of MNPs n. To

eliminate the effect of n, Weaver et al. further divided the characterized curve of 5th

harmonic by that of 3rd harmonic. This additional step makes their MPT become

independent of iron content. In short, the MPT proposed by Weaver et al. is based

on the temperature dependent non-linearity of magnetisation. The temperature of

this MPT is estimated based on the ratio of 5th and 3rd harmonics, as presented in

Fig. 2.9.

Figure 2.8: The characterised curve of Weaver et al.’s magnetic particle thermometry.

The graph on the left hand side describes the conditions when characterising a mag-

netic material, while the graph on the right hand side describes the conditions during

temperature measurement. H3 and H5 represent the amplitudes of the 3rd and the

5th harmonics.
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Figure 2.9: The temperature dependence of non-linearity of MH curves (see simulation

details in Appendix E). (a) The field that applied to the magnetic material. The

amplitude and the frequency of which are 2 kA/m and 1 Hz, respectively. (b) The

MH curves of the magnetic material at temperatures ranges from 50 K to 350 K. (c)

The simulated magnetisation of the magnetic material at different temperature. (d)

The amplitude of magnetisation harmonics at different temperature. (e) The ration

of 5th and 3rd harmonics of the magnetisation at different temperature. The higher

the temperature, the smaller the ratio of H5 and H3.
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Additionally, Fig. 2.9. presents another temperature dependence. One may notice

that the initial susceptibility of MNPs, i.e., the initial slope of MH curve, decreases

along with the increase in temperature. Zhong et al. interpreted this temperature

dependence with the Langevin equation and used this phenomenon as the basis of

their MPT [74]. If the applied field H0 is weak enough, i.e., coth(AL) ≈ coth(0),

the Eq. 2.22 can be approximated by the first term of Taylor series and thus the

volumetric susceptibility χ0 for weak fields can be derived and it becomes:

χ0 ≈
ξM0

H0cos(ωt)

AL
3

=
n(νM0)2

12πKBTMNPV
(2.25)

This equation indicates that χ0 is dependent on both n and TMNP
9. If one has

enough information to solve the Eq. 2.25, one would be able to estimate both the

amount and the temperature of MNPs, i.e., n and TMNP . To fulfil the purpose, Zhong

et al. deployed more than one term of Taylor series to approximate the Langevin

equation. The higher order Taylor expansion shows that χ0 depend on not only n

and TMNP but also H0
10. Fortunately, H0 is a known parameter and is controlled

during the measuring process of MPT. By applying a variety of H0 to MNPs, a series

of χ0 can be measured. Thereafter, by substituting the values of applied H0 and

measured χ0 into the Taylor series of the Langevin equation, one would obtain an

solvable overdetermined matrix equation. Thereby, the unknown parameters of n and

TMNP can be solved.

Despite Zhong et al. and Weaver et al. deploy similar devices and the same equa-

tion in their MPTs, it is interesting to note that the preferable operation frequencies

are different. The operation frequencies of Zhong et al.’s and Weaver et al.’s MPTs

are tens of Hz and tens of kHz respectively. The author infers that this result is due

to the difference in their analytical methods. While Zhong et al. solve the theoretical

equation to attain the temperature of MNPs, Weaver et al. attain the temperature

based on characterisation. As a result, the preferable operation frequency of the for-

mer needs to be low to avoid the relaxation error, while the operation frequency of

the latter can be higher as the relaxation error can be partially compensated by the

empirical characterisation. It will be ideal if an AMF applicator can heat up MNPs

and detect their temperature at the same time. However, the operation frequency of

both MPTs above are too low for the heating purpose. In order to induce sufficient

heat in MNPs, the magnetic hyperthermia usually requires an excitation AMF with

9Once again, the variation in M0 is assumed to be ignorable here.
10For instance, the two order Taylor expansion is χ0 ≈ (ξM0/H0cos(ωt))(AL/3−A3

L/45).
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a frequency higher than hundreds of kHz, because the power dissipation of MNPs is

proportional to the frequency of excitation field (see Eq. 2.14). This requirement

makes Garaio et al.’s MPT more preferable in the scenario of magnetic hyperthermia

since it can operate at as high as 1 MHz.

Garaio et al.’s MPT origins in their study on SAR measurement. While the AC

magnetometer was used to measure the magnetisation and initial susceptibility by

Weaver et al. and Zhong et al. respectively, Garaio et al. used it for measuring the

SAR of MNPs [80]. In one of their reports, they pointed out that the SAR of a mate-

rial is dependent on its temperature [84]. This phenomenon has also been described

by other research groups [85] [86]. This phenomenon has become the foundation of

another MPT proposed by Garaio et al. [79]. To understand the temperature de-

pendence of SAR, one can substitute both Eq. 2.14 and Eq. 2.15 into Eq. 2.18 and

obtain:

SAR = (
µ0πfH

2χ0

mMNP

)sinθ = (
µ0πfH

2χ0

mMNP

)(
2πfτ

1 + (2πfτ)2
) (2.26)

From one perspective, the above equation indicates that the SAR is a function

of the relaxation time. Because the relaxation time is temperature dependent (see

Eq. 2.10, Eq. 2.16 and Eq. 2.17), one can deduce that the SAR would vary with the

temperature. From another perspective, the SAR is associated with the phase lag of

magnetisation to the excitation field. That is, the phase lag of magnetisation varies

with the temperature. Garaio et al. utilises this relation in their MPT, in which the

phase shift of magnetisation was measured and converted to the temperature of MNPs

after calibration. As the Langevin equation is not deployed in Garaio et al.’s MPT, it

does not require to operate at low frequency.

In conclusion, MPT is a technique that converts the change in magnetic prop-

erties of MNPs to their temperature. Hence, the AC magnetometer is applied in

current MPTs. Although the measurement devices are identical, their methods for

withdrawing the information of temperature from the detected signal are different.

While Weaver et al. quantify the temperature-dependent magnetisation with the non-

linearity of MH curve, Zhong et al. and Garaio et al. derive the temperature from

the initial susceptibility and the phase shift of magnetisation, respectively. The MPTs

discussed above are ground-breaking, but they may not meet the requirement for

magnetic hyperthermia. These MPTs require a different coil set from that used for

applying hyperthermia. In the presence of the treatment field, large voltages tend
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to be induced in the detecting coil. The large time-varying voltage can heat up the

detecting coil very quickly and eventually damage the coil. Therefore, further research

is still required. This study has made an effort to address this issue and a novel MPT

has been proposed, which will be illustrated in Chapter 5.



Chapter 3

In-vitro Temperature Sensing with

Infra-red Thermography

From the previous chapter, we have seen the theories of how heat kills cells and how

heat is induced in MNP when exposed to an AMF. From this chapter towards to the

end, discussions will be more practical. The objectives of following discussions are

to understand, (1) the effect of particle distribution on thermal distribution during a

magnetic hyperthermia, and (2) the feasibility of using an infra-red thermal camera

to monitor a hyperthermia experiment.

To achieve these, in-vitro experiments on tissue-mimicking phantoms have been de-

signed and performed. The phantoms were designed to simulate particle distribution.

To be more specifically, the quantity of MNPs was controlled to be identical in each

phantom, but its volume was varied from one case to another. The infra-red thermal

camera was used throughout the experiment to monitor the thermal distribution on

the surface of each phantom.

In contrast to a conventional thermometer, e.g., optic fibre thermometer, the infra-

red thermal imaging is preferable because it can detect the temperature of multi-points

on the phantom surface simultaneously.

This chapter is consist of 5 sections. The first section describes the phantom mate-

rials and the construction method. This is followed by another section that introduces

the in-vitro experimental setup. The experimental results are presented, analysed

and discussed in Section 3.3. In the discussion, the heating curves of phantoms are

converted to a more clinically-related parameter, i.e., CEM43. Based on the values

of CEM43, the treated area of each phantom are calculated. Then, at the end of

this chapter, to evaluate the experimental results, FEA (Finite Element Analysis)

83
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simulations have been conducted and compared to experimental results.

3.1 Phantom Construction

3.1.1 Materials of Phantom

Agarose

The material of phantom used in this study was agarose, which is a linear polymer

derived from seaweeds. The fundamental unit of agarose is called agarobiose and its

chemical formula is depicted in the Fig. 3.1. The agarose has an interesting property

known as thermal hysteresis, which means that the agarose melts and gels at different

temperatures. At about 100 ◦C, the agarose would start to melt and dissolve into

water. Once the temperature drops to be lower than 45 ◦C, the linear polymers begin

to cross-link to each other and thereby form helices, i.e., start to gel. The final status

of the accumulation of helices determines the physical properties of agarose gel [87].

During the gelling process, holes are created among cross-linked helices. This porosity

of agarose gel happens to resemble real tissues.

As a result, a water-based agarose gel is widely used in studies as a tissue-mimicking

phantom. For example, the mixture of agarose and copper sulphate (CuSO4) was

successfully used as phantoms for the application of MRI. Because the relaxation time

of protons can be adjusted by varying concentrations of agarose and copper sulphate,

the MR images of different types of tissues can be simulated [88]. The dependence

of mechanical properties on the concentration of agarose was presented in another

report by Ross, et al. [89]. In their reports, the containers filled with agarose were

rotated at different controlled speeds. These experiments indicate that the mechanical

properties of agarose can be affected by mixing conditions, e.g., the rotating speed.

As a tissue-mimicking phantom, agarose gels are common phantoms for studying the

diffusion of suspension among tissues [90] [91].

More importantly, agarose gel is also used to mimic tissues in researches on hy-

perthermia, as reported in [92], [93], [94] and [95]. Because more than 95% of an

agarose phantom consists of water, its thermal properties, i.e., thermal conductiv-

ity and specific heat capacity, are similar to water [93], which are 0.6 W/m ·K [96]

and 4181 J/kg ·K. The density of an agarose phantom is slightly higher than water,

which was suggested to be 1070 kg/m3 in [97]. These properties are later used for the
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simulation of thermal distribution on a phantom. (see Table 3.3).

Although agarose is widely used as a tissue mimicking phantom, because of the

complex interactions among the blood flow, metabolic heat generation and non-uniform

thermal conductivities of tissues, it is difficult to replicate the thermal conditions of

real tissues by phantoms.

In other words, differences always exist between phantoms and real tissues. Despite

the intrinsic differences, the work on a phantom is still essential because a phantom

provides controllable and reproducible conditions, which helps to examine individual

elements of magnetic hyperthermia.

Figure 3.1: Gel formation of agarose (adapted from [98]).

In Gneveckow, et al.’s study, a phantom made up of agarose, NaCl and CuSO4

was used to calibrate an AMF applicator [99]. The addition of NaCl is to mimic

the electrical conductivity of tissues. Similarly, the agarose phantoms made in this

study were also composed of these three ingredients. The concentrations of NaCl and

CuSO4 were 1.0 wt.% and 0.7 wt.%, respectively [100]. As to the concentration of

agarose, to simulate a solid tissue like a prostate, 4.0 wt.% of agarose was used in the

phantom fabrication. This formulation is listed in Table 3.1.

Weight Percentage (wt.%) Function

Agarose 4.0 Porous Structure - Mechanical Property

NaCl 1.0 Electrical Conductivity

CuSO4 0.7 Relaxation Time of Proton

Table 3.1: The formulation of agarose phantom for in-vitro experiments.
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3.1.2 Process of Phantom Construction

Figure 3.2: The process of phantom construction.

The process of phantom construction consists of 3 steps. As shown in the Fig. 3.2,

they are, (A) the design of casting mould, (B) the preparation of phantom solution

and (C) the preparation of MNP solution. The details of each step are described in

the following subsections.

A. Design of casting mould

Because of the merit of minimal invasiveness, magnetic hyperthermia is beneficial to

treat deep-seated cancers, such as prostate cancer. Thus, this study used the scenario

of treating a prostate cancer as an example, and phantoms were made to become the

anatomical shape of a prostate. Based on the real biological dimension, the width,

length and height of the prostate phantom were designed to be 33 mm, 45 mm, and

35 mm, respectively (see Fig. 3.3a) [101].

For the convenience of observation, only a half prostate was made, so that the

temperature distribution on the cross section could be recorded by a thermal image

camera (the details of experimental setup can be seen in section 3.2).

The shape of a half prostate was then reversely engineered to define the shape of

mould, which was later printed with ABS (acrylonitrile butadiene styrene) by a 3D

printer. These tasks of mould design were done in the computer-aided design (CAD)

environment, Autodesk Inventor (Autodesk Inc.,California, USA). The overall design

process of casting mould is presented in Fig. 3.3b.
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Figure 3.3: (a) The dimension of the prostate model designed in this study. (b) The design process of reverse engineering the prostate model to

a mould.
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B. Preparation of Phantom Solution

The phantom solution contained the ingredients listed in Table 3.1. As discussed

in section 3.1.1, the agarose does not dissolve in water at room temperature, so the

phantom solution was heated up to boiling by a laboratory-grade microwave oven. The

heat melted the agarose powders, and thus the appearance of the phantom solution

changed from cloudy to transparent.

After being heated by the microwave, the temperature of phantom solution was

monitored by a mercury thermometer. This solution was not poured into the casting

mould until its temperature dropped to be lower than 80 ◦C; otherwise, the plastic

mould (made of ABS) would be deformed. In addition, the solution needed to be

filled in the mould before it started to gel at 45 ◦C. Placing the mould filled with

a phantom solution at room temperature for approximately 40 minutes (the settling

time depends on the volume of the phantom), the polymers of agarose cross-linked

and became a gel.

Figure 3.4: The process of manufacturing an agarose phantom.
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C. Preparation of MNP Solution

Magnetic Nanoparticle The MNP suspension, Perimag R©, was deployed in this study.

It is a water-based MNP suspension, the core of which is magnetite. The size of

Perimag R© is 130 nm and it is coated with a layer of dextran. The ILP of Perimag R©

is 5.50 ± 0.3 nHm2kg−1 and neat concentration is 20 mgFe/ml (see Table C.1).

Preparation Similar to the phantom solution, the MNP (Perimag R©) solution was

prepared by mixing MNP suspension with 4 % agarose powders. The MNP solution

would also be heated to be nearly 100 ◦C by microwave for dissolving the agarose.

Once the temperature of MNP solution cooled down to be a proper temperature, i.e.,

between 45 ◦C and 80 ◦C, the solution was poured into the hollow of the phantom

(see Fig. 3.5). When the MNP solution became a gel, a phantom was completed.

Figure 3.5: The process of manufacturing an MNP gel.
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3.1.3 Handling of Phantom

There was another issue needed to be addressed before applying a phantom in an

experiment. During the initial experiment, the author noted that the temperature

of a phantom decreases over time, and it could not achieve thermal balance with its

surroundings. To be more specific, the temperature of the phantom was always lower

than the environmental temperature. In addition, a shrinkage in the phantom was

observed. This might be because the water in the phantom was escaping from the

phantom.

Hence, the phantom was wrapped with a cling film to prevent the evaporation, as

shown in the Fig. 3.6a. Despite the simpleness, this method solved the problem. The

other graph, Fig. 3.6b, indicates the temperature of the phantom in two situations.

At the beginning, the phantom was covered with a cling film, so its temperature was

able to thermally balance with the environment. Once the cling film was peeled off,

its temperature began to decrease, even if the environmental temperature remained

the same.

Through this handling of phantom, the phantom was ready for an experiment.

The following section will further introduce how this phantom was used to help us

understand the thermal distribution during a magnetic heating.
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Figure 3.6: (a) A phantom covered with a cling film. (b) The temperature of a

phantom compared with the environmental temperature at two periods: I. When the

phantom was wrapped with a cling film, it thermally balanced with the environment.

II. When the cling film was peeled off, the temperature of the phantom starts to drop

due to the evaporation of water.
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3.2 Experimental Setup

To simulate the thermal distribution during a magnetic hyperthermia, apart from the

prostate phantom made of agarose, we would also need an AMF generator and a tem-

perature recording device, i.e., a thermal imaging camera. In addition, to simulate the

biological thermal environment, the author developed a simulation chamber to create

a thermal environment as inside a human body (a revised version of the simulation

chamber presented in Fig. 1.3).

Overall, the picture of the experimental Setup is presented in Fig. 3.7, and the

block diagram of which is depicted in Fig. 3.8. The details of each equipment in this

setup are described as below.
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Figure 3.7: The setup for in-vitro experiments. This experimental setup includes a infra-red thermal camera, a field generator, i.e., MACH

and a bespoke-built simulation chamber. Additionally, a chiller is used to prevent the coil from being overheated, and a fan heater is used to

maintain the temperature within the simulation chamber to be at the biological temperature, i.e., 37 ◦C. The MACH pre-clinical coil is used in

this experiment, the field distribution and the geometry of the coil have be illustrated in Fig. 1.2.
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Figure 3.8: The block diagram of the setup for in-vitro experiments. The MACH was

used to generate an AMF. The water chiller circulated cool water through the MACH

pre-clinical coil to avoid overheating. The simulation chamber consists of an enclosure

(grey coloured box in the figure) and a fan heater. The fan heater controlled the

ambient temperature inside the enclosure to be biological temperature. An infra-red

thermal camber was used to recorded the surface temperature of a phantom.
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Field Generator - MACH Pre-clinical Coil

The MACH with the pre-clinical coil was used in this experiment to generate an AMF

(see Section 1.2.1). The details of MACH pre-clinical coil have been illustrated in

Fig. 1.2.

Thermal Imaging Camera

VarioCAM R©hr from InfraTec GmbH (Dresden, Germany) was used in this study to

record the surface temperature profile on phantoms. This infrared camera can measure

the temperature between -40 ◦C and 1200 ◦C with the measurement accuracy of 1.5

◦C. The spectrum of infra-red that can be received by the camera ranges from 7.5 µm

to 14 µm. It can record up to 60 thermal images in a second, and the thermal video

can be directly exported to a laptop through the FireWire (IEEE 1394) interface. The

calibration of VarioCAM was done by the manufacturer when manufactured, and the

maintenance of which is preformed by the manufacturer once in every two years.

Simulation Chamber and Fan Heater

In order to simulate the thermal environment inside a human body, a chamber with

controlled temperature was built. A simulation chamber has been described in Section 1.2.1.

The same fan heater from World Precision Instrument (Sarasota, USA) was also used

in these in-vitro experiments, but the bespoke-built enclosure has been re-designed

for the usability reason. The air temperature within the bespoke-built enclosure was

heated up and held at the biological temperature, i.e., 37 ◦C.

Experimental Procedure

Once all the equipments were prepared, a phantom was placed in the simulation

chamber. The MACH was switched on after the phantom’s temperature became

equivalent to the air temperature in the chamber, i.e., 37 ◦C, so that it simulated

the thermal environment in a human body more closely.

Each phantom was magnetically heated by the AMF for 20 minutes. The surface

temperature on the phantom during this 20-minute heating and an additional 10-

minute cooling were monitored and recorded by the thermal imaging camera. The

recording rate was set to be one frame per minute.

A thermal image contains rich information. The temperature at each point on
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the thermal images is included. This rich information required to be processed for the

further discussion. The handling of thermal images and the discussion of experimental

results are presented in the next section.

3.3 Experimental Results

3.3.1 Handling of Thermal Images

A thermal image contains rich information. The temperature at each point on the

phantom’s surface was recorded by the thermal camera. As an example, the thermal

image of Phantom A at the 10th minute of magnetic heating 1 is shown in Fig. 3.9b.

A rainbow palette was used to represent the difference in temperature. The photo of

Phantom A is presented in Fig. 3.9a.

To facilitate the discussion on experimental results, one should trim out unneces-

sary data and withdraw useful information from each thermal image.

The purpose of this experiment was to see the effect of particle distribution on

thermal distribution. Because the geometry of an MNP gel was semi-spherical, the

temperature profile of either line that crosses the centre of an MNP gel should be

able to represent the overall thermal distribution. Thus, the thermal distribution was

represented by plotting the temperature profile on the central line on each phantom.

The central line is indicated as a red dashed line in both Fig. 3.9a and Fig. 3.9b.

The temperature profile on the red dashed line is plotted in Fig. 3.10a. This

temperature profile was associated with the thermal distribution at the 10th minute

of magnetic heating. If one collects all temperature profiles during the experimental

period, then the phantom’s thermal distribution can be visualised as Fig. 3.10b. In

which, the colour indicates different temperature. In contrast to the raw data, this

heat map is more informative. In the following section, the thermal images of each

phantom would be re-expressed as a heat map.

1Overall, three phantoms were used in this chapter, the details of each phantom can be found in

Fig. 3.13.
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Figure 3.9: Handling of thermal images. (a) The photo of a phantom (Phantom A) (b) A thermal image of Phantom A from VarioCAM R©hr at

the 10th minute of magnetic heating. The temperature on central line (denoted as red dashed line) is visualised in Fig. 3.10.
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Figure 3.10: Handling of thermal images. (a) The temperature profile on the central line of Phantom A at the 10th minute (see the red dashed

line in Fig. 3.9). Note that the measurement accuracy of inferred thermal camera is ± 1.5 ◦C. (b) The variation of temperature profile along

with time. In the plot, the temperature is visualised in different colours. The unit of temperature value is ◦C.
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3.3.2 Peripheral Heating

Magnetic hyperthermia aims at specifically heating target tissues. In the procedure,

the MNPs are only deposited in target tissues; thus, ideally, the magnetic heating

would only occur at the target. In addition to the desired magnetic heating, all other

non-specific heating happen during the procedure are termed as peripheral heating.

There are two main sources of peripheral heating. Firstly, as mentioned in the

Eq. 2.20, when placing a conductive object in an AMF, even if the object does not

contain magnetic materials, heat would still be generated due to the induced eddy

current. As tissues or the phantoms (see Table 3.1) are conductive, the induced eddy

current in them contributes to the peripheral heating.

Secondly, when MACH is on, an electrical current running through the coil, part of

energy would dissipate as heat. Even though a chiller is used to remove the redundant

heat from the coil, an increase in coil temperature is still evident. In the presented

experiments, after MACH was switched on for 1 minute, the coil temperature rose

from 37 ◦C to 41 ◦C. Since the 2nd minute, the coil temperate remained at 42 ◦C.

Because the phantom and the coil were close to each other in the experimental

configuration, the temperature of phantom could be affected by the coil temperature.

In order to understand, to what extent, the peripheral heating affected the phantom

temperature, a phantom without MNPs was exposed to an AMF for for 20 minutes.

The field intensity was 3.97 ± 0.02 kA/m and the field frequency was 917531 ± 24 Hz.

The heat map of the controlled phantom is presented in Fig. 3.11a (note that

the MACH was only on for the first 20 minutes). The surface temperature of this

phantom increased from 37 ◦C to 42 ◦C. While there was no MNPs being deposited

in the phantom, this temperature increase should be contributed by the peripheral

heating. In addition, after 20 minutes, the phantom’s temperature became to be

identical to the coil’s temperature, i.e., 42 ◦C.

Now, if we average the temperature on the central line, and plot the average tem-

perature against the time, we would attain Fig. 3.11b. In this figure, the boundaries

of error bars indicate the maximum and minimum temperature on the central line at

each time step.

This heating curve is useful. To focus on the discussion of the heating caused by

MNPs, we would like to remove the effect of peripheral heating. This heating curve

provides us with a chance to remove the peripheral heating.
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The heating curve was fitted with the Box-Lucas equation2. The Box-Lucas equa-

tion is written as: Tstart + A(1− e(−Bt)). In which, Tstart is the starting temperature.

The parameters A and B are respectively related to the heating power and the heat loss

rate. For the first 20 minutes, the fitted Box-Lucas equation is: 35.7+9.7(1−e(−0.05t)).

For the last 10 minute, when the MACH was turned off, the temperature of this phan-

tom started to decrease with the rate of 0.004 ◦C per minute.

Taking the fitted Box-Lucas equation and the heat loss rate of 0.004 ◦C/min in into

consideration, the peripheral heating can be removed or corrected from Fig. 3.11. As a

result, the average temperature of central line along with time is plotted in Fig. 3.12b.

The heat map of which is presented in Fig. 3.12a. Both graphs suggest that after

the removal of peripheral heating, the temperature variation across the experimental

duration became much smaller. While the average temperature variation in Fig. 3.11b

ranged from 36 ◦C to 42 ◦C, the average temperature in Fig. 3.12b remained at 36 ◦C

throughout the whole 30 minutes.

This correction method allows the author to focus only on the temperature varia-

tion caused by MNPs. The heat maps presented in the following sections are

all corrected heat maps. That is, the temperature variation associated with the

peripheral heating has been removed.

2The Box-Lucas equation is widely used to fit the heating curve of an object [102]
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Figure 3.11: The temperature increase caused by the peripheral heating, when a

phantom without MNPs is exposing to an AMF for 20 minutes. The MACH was then

turned off for the last 10 minutes. (a) The heat map of the phantom. The temperature

level is visualised with different colours. (b) The heating curve of the phantom. The

black dot represents the average of temperature on the phantom’s central line. The

upper and lower limits of error bars at each time step represent the maximum and

minimum temperature on the central line.
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Figure 3.12: The corrected temperature distribution on the phantom without MNPs.

(a) The heat map of the phantom. (b) The heating curve of the phantom. The black

dot represents the average of temperature on the phantom’s central line. The upper

and lower limits of error bars at each time step represent the maximum and minimum

temperature on the central line.
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3.3.3 The effect of particle distribution on thermal distribution

One of the key issues in magnetic hyperthermia is the distribution of MNPs. Once

the MNP suspension is injected into a target, MNPs would not just stay where they

are; they distribute or spread to its surroundings. That is, even if the applied AMF

is the same, the thermal distribution within the target would be different when the

distribution of MNPs changes. The experiment presented in this chapter simulated

the MNP diffusion inside a tissue by 3 phantoms.

These 3 phantoms were denoted as Phantom A, Phantom B and Phantom C. Each

phantom had a cavity at the centre. The cavities were reserved for being filled with

an MNP gel. the quantity of MNPs in each phantom was controlled to be similar, if

not identical.

The Phantom A represented the initial status of the particle diffusion, so the

volume of its MNPs gel was the smallest among the 3 phantoms. The Phantom C

represented its final status after the particle is distributed, so the volume of its MNP gel

was the largest among all the phantoms, and the MNP concentration was the lowest.

The Phantom B simulated the transition status from Phantom A to Phantom C .

The photo of each phantom is shown at the top of Fig. 3.13. The concentration

and volume of the MNP gel in each phantoms are also presented in the same figure.

The neat concentration of Perimag R© is 20 mgFe/ml (see Table C.1). Perimag R©

was diluted with distilled water to be 10.6 mgFe/ml, 5.9 mgFe/ml and 5.4 mgFe/ml

before the fabrication of MNP gels.

As to the volume of each MNP gel, it was estimated based on its weight. The

weight of agarose phantom without an MNP gel was measured first, then after the

MNP solution was poured into the cavity on the agarose phantom and formed a gel,

its weight was measured again. By comparing the difference in weights, the weight of

an MNP gel was obtained. Based on which, the volume of an MNP gel was estimated

(see the discussion in Appendix F).

The mass of MNPs in each phantom was then calculated based on the concentration

and volume of its MNP gel. The masses of MNPs are presented in Fig. 3.13, the values

of which were at a similar level, ranged from 3.7 mg to 4.2 mg.
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Figure 3.13: The three phantoms used for simulating the particle distribution inside

a tissue. The concentrations of MNP suspensions, the volumes of MNP gels and the

quantities of MNPs are presented. The volume of MNP gel was estimated based on

its weight (see Appendix F).

Each phantom was exposed to the AMF (3.97 ± 0.02 kA/m; 917531 ± 24 Hz.) for

20 minutes. After the MACH was turned off, each phantom’s temperature decrease

in an additional 10 minute was also recorded. The heat map of each phantom was

derived based on the method described in Section 3.3.1 for handling thermal images.

As a result, the heat map of Phantom A, Phantom B and Phantom C are respectively

shown in Fig. 3.14a - c. In each plot, the boundaries of an MNP gel are indicated

with two horizontal lines.

The experimental results indicate that the effect of particle distribution on thermal

distribution is evident. When MNPs were concentrated, i.e., Phantom A, the rate of

temperature increase was high. The temperature at the centre of the MNP gel rose

from 37 ◦C to 52 ◦C within 10 minutes.

When MNPs were more dispersed, the temperature increase rate was relatively
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low. For instance, the temperature at the centre of Phantom B and Phantom C only

increased to 47 ◦C and 46 ◦C at the 10th minute. This increase was 5 ◦C lower

in comparison to the increase observed in Phantom A. Depending on the scenario,

this 5 - 6 ◦C difference can lead to a difference between a treated outcome and an

under-treated outcome.

In addition to the effect on the rate of temperature rise, another associated effect

of the particle distribution was on the temperature gradient. Once again, let us take

the temperature profile at the 10th minute as an example. The temperature difference

between the centre of phantom and the edge of the MNP gel can be estimated from heat

maps in Fig. 3.14a - c. The temperature difference in Phantom A, Phantom B and

Phantom C were 5 ◦C, 3 ◦C and 2.5 ◦C respectively, and radii of associated MNP gels

were 7.23 mm, 8.76 mm and 8.78 mm. Based on this, one can derive the temperature

gradient in the MNP gel in each case. The temperature gradient at the 10th minute in

each case varied from 0.28 ◦C/mm (Phantom C ) to 0.69 ◦C/mm (Phantom A). That

is, for an MNP-concentrated sample, i.e., Phantom A, a misplacement of thermometer,

say 5 mm from the target, can result in an inaccuracy of 3.5 ◦C.

The results presented in Fig. 3.14 was reasonable and expected. Because the quan-

tity of MNPs in each case was controlled to be similar if not identical, the heating

power (denoted as P in the figure) would then be at the same level in each case, as

long as the applied AMF was also the same.

However, apart from the heating power, the temperature distribution was also

determined by the power density. The power density inside an MNP gel (denoted as

P/V in the figure) would depend on both the heating P and the overall volume of the

MNPs V. That is, how the MNPs were distributed in a tissue could fundamentally

affect the power density and thus alter the thermal distribution.

While some treatments aim at heating target tissues with extremely high temper-

ature, e.g. above 55 ◦C, others tend to heat up a relatively large area, e.g. the whole

gland of the prostate, but with a milder temperature elevation. In some literature,

the former and the latter refer to thermal ablation and hyperthermia respectively.

What the author would like to emphasise here is that even if the quantity of MNPs

and the applied AMF were controlled to be identical, the thermal conditions of the

target was still very much dependent on the particle distribution. For instance, the

treatment can be shifted from an ablation to a hyperthermia, if the particles disperse

unexpectedly much.
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The discussion so far focuses on the phantom’s temperature. Certainly, the temper-

ature is an important information to know and it has a direct effect on the treatment,

but the temperature itself is not an informative indicator, because the influence of

heating time is not included in this indicator. To better inform clinicians on the treat-

ing condition of a target, there is a need for adapting new indicators. Apart from

those two indicators, i.e., CEM43 and HSP70, described in Section 2.1, the following

section proposed an indicator that associates the heating duration with the treated

area. The indicator is called activation time.
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Figure 3.14: The heat maps of (a) Phantom A, (b) Phantom B and (c) Phantom C. The

two horizontal blue lines in each graph represents the boundaries of an MNP gel. The

P, P/V and V respectively represent the heating power of MNPs, the power density

of and the volume of MNP gel. These graphs indicate that despite the similar MNP

quantities in each phantom, the particle distribution affects the thermal distribution.
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An indicator of treated area - activation time

The temperature distribution in a magnetic hyperthermia is time dependent. The

longer the heating time, the larger the treated area.

Before we jump into the introduction of the new indicator activation time, let

us clarify the terminology first. The treated area is defined here to refer to an area in

which the temperature is all above 43 ◦C. And we say that those cells with temperature

higher than 43 ◦C are activated. The rationale behind the term of activation is based

on the fact that the thermal damage to tissues begins to be more rapidly activated

when the temperature starts to exceed 43 ◦C (see Section 2.1).

The heat maps presented in Fig. 3.14 are informative, but we cannot always

cut the target in half and monitor its surface temperature variation with a thermal

camera. Say if we can only measure the maximum temperature of the target, can we

still estimate the treated area of the target during a hyperthermia?

Take Phantom C as an example. By taking a closer look at Fig. 3.14c, one can

find the isotherm of 43 ◦C. Let us define the distance between the 43 ◦C isotherm

and the centre of the phantom to be R43C. The R43C along with time is re-plotted

and presented in Fig. 3.15a. Then, the treated area (denoted as Area43C) can be

obtained by the calculation of πR2
43C . The correlation of Area43C and time is plotted

in Fig. 3.15b. A good linearity has been found in this correlation (R2 = 0.96).

This linear correlation suggests that the longer the accumulated heating time, the

larger the treated area. Thus, this accumulated heating time is defined to be an

indicator, known as activation time. To be more specific, the activation time is

defined to be the period, during which the temperature of the target exceeds 43 ◦C.

Using the activation time as an indicator of magnetic hyperthermia cab be par-

ticular useful when it comes to the discussion of HSP70 level, because HSP70 level

is measured from slices of histological samples. In principle, the larger the treated

area, the higher the HSP70 level. More details of the discussion are presented in

Section 4.4.3.

The next section discusses on another essential indicator for evaluating hyperther-

mia, which is the thermal dose CEM43.
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Figure 3.15: The activation time of Phantom C. (a) The radius of treated area, i.e.,

the area with the temperature higher than 43 ◦C. The radius is denoted as R43C. (b)

The treated area as a function of the heating time. The linearity of their correlation

is reasonably good, R2 = 0.96.
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3.3.4 The Distribution of CEM43

As mentioned previously, not only the intensity but also the duration of heating would

affect the level of cell death. In contrast to the thermal distribution of a target, a better

way to evaluate the intensity of hyperthermia may be expressing the experimental

result in the form of thermal doses.

Through the Eq. 2.2, the heat maps of temperature in Fig. 3.14 can be converted

into the distribution of thermal doses, i.e. CEM43. The CEM43 distribution of each

phantom is presented in Fig. 3.16.

While the heat map demonstrates the temperature distribution at each single time

step, the CEM43 distribution predicts the accumulated thermal damage over a period

of time. As a result, when the AMF was turned off after 20 minutes of magnetic

heating, even if the temperature started to drop, the CEM43 did not decrease. Once

the thermal damage has been caused, cells would not easily recover even though the

temperature drops back to its biological temperature.
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Figure 3.16: The CEM43 distribution of (a) Phantom A, (b) Phantom B and (c)

Phantom C. The two horizontal white lines in each graph represents the boundaries

of an MNP gel.



112 CHAPTER 3. INFRA-RED THERMOGRAPHY

Although the CEM43 calculation provides us with a better way to express the

intensity of hyperthermia, due to the exponential term in Eq. 2.1, the CEM43 can be

extremely large if the average temperature in an interval is much higher than 43 ◦C.

For example, when the average temperature is 55◦C during an interval of 1 minute,

the CEM43 would be 4096 minutes. This extremely high CEM43 does not suggest a

more severe damage to the target, because the target tissues may already be destroyed

at a much lower CEM43, e.g., 200 minutes.

After all, what really interests us is the level of cell death rather than the exact

value of CEM43. Thus, to make the result more comprehensible, one can covert the

CEM43 distributions to a scale that indicates the cell death severity.

The scale for converting CEM43 to cell damages of different types of tissue has

been suggested in the study by Yarmolenko et al. [26]. This report suggests that no

damage was found on prostates when the applied thermal dose is lower than 50 minutes

of CEM43, while a complete coagulation was observed at 240 minutes of CEM43.

To be more clear, Table 3.2 describes damage conditions of cells related to 3 ranges

of thermal dose. Based on the ranges, the author converted CEM43 to the severity of

cell damage in a range of 0% and 100%. The 0% and 100% severity of cell damage

respectively represent the conditions of Not obvious and Complete coagulation. The

cell damage severity from 1% to 99% refers to the thermal dose from 51 CEM43 to

240 CEM43.

CEM43 0-50 min. 51-240 min. >240 min.

Damage Conditions [26] Not obvious Minor and significant Complete coagulation

Severity of Cell Damage (%) 0 1-99 100

Table 3.2: The upper bound and lower bound thresholds of thermal dose that associ-

ated with the status of damage on prostate tissues.

Based on this table, the Fig. 3.16 was converted to Fig. 3.17. The latter indicates

the distribution of the accumulated damage to cells in theory at each time step. Unlike

temperature profiles in Fig. 3.14, which do not have obvious clinical meanings, the

Fig. 3.17 more clearly expresses the intensity of hyperthermia on each point on a

phantom at different durations of time.

The Fig. 3.17 indicates that the predicted cell damage on Phantom A, Phantom

B and Phantom C started to appear at different time steps, which were respectively
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at the 3rd, the 8th and the 9th minute. These were directly related to their heating

performances.

For the well-heated Phantom A, the thermal dose accumulated more quickly than

others. Because of the strong heating, the margin between 0 % and 100 % cell damage

was smaller than others. The estimated severity of cell damage at centre of Phantom

A rose from 0 % and 100 % within only 3 minutes, while those of the rest two cases

took around 7 minutes.

This conversion described above is straightforward yet important. While the cell

damage is the main purposed of hyperthermia, the temperature is just a way to achieve

it. Overall, the effect of particle diffusion on temperature distribution or on CEM43

has been investigated. The following section will then validate these experimental

results with FEA.
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Figure 3.17: The predicted severity of cell damage versus time in (a) Phantom A,

(b) Phantom B and (c) Phantom C. The two horizontal white lines in each graph

represents the boundaries of an MNP gel.
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3.4 Validating Results with Simulations

To validate the experimental results, simulations have been performed. Phantoms in

this study were designed in the CAD environment (Autodesk Inventor Professional

2015), which has an FEA package for analysing transient heat transfer. The general

heat transfer equation adapted by Autodesk is written as:

K~T + C ~̇T = R (3.1)

In which,

• K is the conductive matrix.

• C is the capacitance matrix.

• ~T is the temperature vector.

• ~̇T is the time derivative of ~T .

• R is the thermal load vector.

The FEA is a computational technique that divides a large problem into smaller

elements. Once the solutions of elements are found, they would be assembled to

represent the solution of the large problem.

To apply the FEA to simulate the phantom heating experiment, parameters needed

to be determined. The parameters include material properties (mainly associated with

thermal properties), initial values, the boundary condition and heat sources. The

material properties are listed in Table 3.3.

The initial values are initial temperatures of the phantom and the environment,

which are both 37 ◦C. The boundary condition is the thermal exchange through the

convection between the phantom and the environment. As to the heating sources,

there were two heating sources, which were magnetic heating and peripheral heating.

Based on the experimental result in Section 3.3.2, it is possible to derive both the

peripheral heating power and the convection coefficient.

The peripheral heating power can be derived based on the initial slope of its heating

curve (see Fig. 3.11b). The initial slope of the heating curve was 0.5 ◦C/min 3.

3The initial slope of heating curve can also be derived from the fitted Box-Lucas equation, i.e.,

Tstart +A(1− e(−Bt)). The product of parameters A and B is equivalent to the initial slope. In this

case, the initial slope was 9.7× 0.05 ≈ 0.5. The details of the derivation can be found in [102].
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Once the peripheral heating power is known, we can then find an appropriate

convection coefficient to make the simulated heating curve fit the experimental data,

of which the details have been listed in Table 3.4.

With regards to the power of magnetic heating, it could be easily calculated based

on the mass and ILP of MNPs, the frequency and intensity of the applied magnetic

field, which are described in Table 3.5. The duration of heat was set to be the same

as experiments, i.e. 20 minutes.

The results of a simulation are like thermal images obtained from experiments

(see Fig. 3.18 (a)). Similarly, the temperature distribution on the central line was

withdrawn to represent the whole (see Fig. 3.18 (b)). To validate the experimental

results, Fig. 3.19 compares the simulated results with experimental results at three

time steps, the 10th minute, the 20th minute and the 30th minute. The simulated

results and experimental results are respectively indicated by solid lines and coloured

circles in the graphs.

For the peripheral heating, Phantom B and Phantom C, the results of their sim-

ulation and experiments were similar. The maximum temperature rises were almost

the same, but the rises at edges in experiments were stronger than those in simulation.

In relation to Phantom A, the experimental temperature rise was about 3 ◦C higher

than the simulated one. The result might imply that the actual amount of MNPs in

experiment was higher than what we measured, which led to a 3 ◦C difference in the

maximal temperature rises between the simulation and the experiment.

Parameters Phantom

Specific Heat Capacity, Cs(J/kg ·K) 4181

Thermal Conductivity, δT (W/m ·◦ C) 0.6

Density, D(kg/m3) 1070

Initial Temperature of Phantom, T Phantominitial (◦C) 37

Initial Temperature of Environment, TEnvironmentinitial (◦C) 37

Table 3.3: The material properties (see Section 3.1.1) and initial temperatures of both

phantom and environment, i.e., 37 ◦C.
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Parameters

Initial Slope, ∆Tinitial
∆tinitial

(◦C/min) 0.5

Heat Energy per Unit Mass, E = Cs · ∆Tinitial
∆tinitial

(W/kg) 35.5

Peripheral Heating Power per Volume,
PPeripheral

V
= E ·D(kW/m3) 380.3

Convection Coefficient, Kc (W/m2 ·K) 12.8

Table 3.4: The peripheral heating power per unit volume derived from the initial slope

of the heating curve. The convection coefficient estimated from the heating curve.
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Parameters Phantom A Phantom B Phantom C

Mass of MNPs, MFe (mg) 3.7 4 4.2

Volume of MNP gel, VMNP (ml) 0.35 0.69 0.77

ILP (nHm2kg−1) 5.5 5.5 5.5

Field Frequency, f (kHz) 918

Field Intensity, H (kA/m) 4

Magnetic Heating Power,

Pmagnetic = ILP ·MFe ·H2 · f(W ) 0.30 0.32 0.34

Magnetic Heating Power per Volume,

Pmagnetic
VMNP

(kW/m3) 861.3 471.8 440.6

Table 3.5: The magnetic heating power per unit volume in each phantom, which is

derived based on the mass and ILP of MNPs, the volume of MNP gel and the features

of applied magnetic field.
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Figure 3.18: (a) The thermal distribution on a phantom obtained from the simulation at 20 minutes. The simulation of Phantom A is presented

as an example. (b) The distribution of temperature rise on the central line of the phantom.
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Figure 3.19: The distribution of temperature rise at time steps of 10 minutes, 20 minutes and 30 minutes on the phantom without MNPs,

Phantom A, Phantom B and Phantom C. While the coloured circles represent the results of experiments, the solid lines indicate the simulated

results.
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3.5 Discussion

In this chapter, the discussion started from the construction of tissue-mimicking phan-

tom. Although the phantom was made to be like a prostate in this study, the process

of phantom construction allows us to build any sort of phantoms by simply modifying

the mould design in CAD environment. Afterwards, the temperature distribution on

phantoms when exposing to an AMF had been studied. The thermal distribution was

then converted to CEM43 distribution and the distribution of severity of cell damage

for the convenience of predicting the efficacy of hyperthermia. During the discussion,

a new indicator called activation time was proposed. The activation time will also be

used for the discussion of HSP70 level in in-vivo experiments (see Section 4.4.3).

The experimental results was later compared with simulations. The comparison

implied that the mass of MNPs in Phantom A might be underestimated, but the

simulated results generally fit the experimental ones.

In conclusion, the phantom heating experiments performed in this study have

provided a platform to study the temperature distribution on a target which can

potentially benefit the research of magnetic hyperthermia in two perspectives.

Firstly, it can calibrate an AMF generator. Some field generators produce an

inhomogeneous AMF. That is, when placing a target in different locations inside the

field, the target would be exposed to a different intensity of the field. The phantom

heating experiments can help to point out that situation. Secondly, this method

can help to reduce the need for animal experiments. For instance, the use of doses

of MNPs can be simulated in phantoms. Even though it is difficult to predict the

temperature distribution in an animal accurately, a safe range of MNP doses associated

with temperature rises may still be defined through these in-vitro experiments.

In addition, the in-vitro experiments demonstrated in this chapter have also val-

idated the infra-red thermography. This infra-red thermography made it possible to

monitor the temperature profiles and thus helped the author to investigate the effect

of particle diffusion on the temperature variation. Since we have been familiar with

the data analysis of thermography, we will move on and have a discussion on the usage

of the infra-red thermometry in in-vivo studies in the next chapter.



Chapter 4

In-vivo Temperature Sensing with

Infra-red Thermography

4.1 Introduction

The preceding chapter has illustrated an in-vitro experiment on magnetic hyperther-

mia. The primary advantage of the in-vitro experiment is that the conditions are able

to be controlled. Based on this advantage, the experiment presented in the previous

chapter has investigated the individual effect of particle distribution on the tempera-

ture distribution. This investigation was possible because the infra-red thermometry

allowed the author to perform a multipoint measurement of temperatures. The infra-

red thermography is preferable over the conventional single point measurement, e.g.,

optic fibre thermometer, as the accuracy of the latter depends on not only the clin-

ician’s experience on probe placement but also the particle distribution during and

after the injection. And we have little ability to precisely control the diffusion of

particle due to the complexity in biology.

Although the in-vitro experiment allows the author to study an individual effect

in hyperthermia, the in-vivo environment is, after all, different from the controllable

environment in phantoms. Accordingly, this study has also made an attempt to un-

derstand the magnetic hyperthermia in a more realistic scenario. In collaboration

with the Cancer Institute, University College London, four experiments have been

performed on pre-clinical models.

The first two experiments were designed to evaluate the experimental procedure

itself. Based on the results of which, the dose of the MNP and field parameters were

122
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adjusted. With these adjusted parameters, the 3rd experiment was conducted to ex-

amine the biological response of pre-clinical models to heat. The amount of HSP70

in each tumour was quantified based on histological studies after magnetic heating1.

When the aforementioned CEM43 is regarded as an indicator of the severity of cell

damage, the quantity of HSP70 may be helpful in assessing this indicator, as the

HSP70 is an actual biological response. Additionally, the 4th experiment was per-

formed to investigate the in-vivo distribution of MNPs and its effect on temperature

variation. The distribution of particles was imaged with a micro-CT 2. The apparatus

and setup used in these experiments are presented in the next section. The experi-

mental procedures and the results of each experiment will be specified in the following

sections. Lastly, a conclusion will be drawn at the end of this chapter.

4.2 Setup, Apparatus and Materials

4.2.1 Setup for In-vivo Experiment

The experimental setup in all four experiments were identical. The experiment setup

consists of a field generator, an infrared thermal camera, and an anaesthesia machine.

This setup is illustrated in Fig. 4.1a. The photo of a mouse model is shown in Fig.

4.1b. The thermal image of the mouse’s tumour is presented in Fig. 4.1c. Apparatuses

and materials are described in following sections.

1The author thanks Dr Thomas Carter from the Cancer Institute, University College London, for

his assistance with the presented pre-clinical study. The reading of HSP70 were kindly provided by

Dr Carter and his colleagues.
2The author thanks Dr May Zaw Thin from the Centre for Advanced Biomedical Imaging, Uni-

versity College London, for her help in acquiring CT images of pre-clinical models.
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Figure 4.1: (a) The experimental setup for in-vivo experiments, which consists of a field generator, an infrared thermal camera and an anaesthesia

machine. (b) The photo of a mouse model. The white dashed circle indicates the tumour on the mouse. The white dashed rectangular indicates

the device for inhalation anaesthesia. (c) A thermal image that contains a mouse’s tumour and the coil.
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4.2.2 Apparatus

Field Generator - MACH Pre-clinical Coil

The pre-clinical coil was also used in these in-vivo experiment, the description of which

can be seen in Section 1.2.1. As to the driving signal of MACH, another version was

used in these experiment. The frequency of the new version of MACH was 690 kHz3;

the field intensity ranged from 2 kA/m to 6 kA/m.

Thermal Imaging Camera

The thermal imaging camera used here was the same as the one used in the in-vitro

experiment. Its description has been stated in Section 3.2

Anaesthesia Machine

The anaesthesia machine is a pneumatic device that deliveries gas mixture to the

breathing system of a subject, i.e., a mouse model in this study. This inhalation

anaesthesia leads to the general anaesthesia of a subject. The gas mixture used for

anaesthesia was 2 % isoflurane in oxygen 1.5 - 2 L/min.

4.2.3 Materials

Magnetic Nanoparticles

The MNP suspension used in in-vivo experiments was Perimag R©-COOH. The core of

this MNP is Perimag R© (see Section 3.1.2), but a layer of carboxylic acid (COOH) is

combined on top of Perimag R© to make it become Perimag R©-COOH. The Perimag R©-

COOH was also provided by micromod (see Table C.1). It has slightly stronger heating

ability than Perimag R©. The ILP of Perimag R©-COOH is 5.78± 0.3nHm2kg−1.

Pre-clinical Model

Mouse model (C57BL/6) was applied in this pre-clinical study. All mice were ap-

proved by University College London Biological Services Ethical Review Committee

and licensed under the UK Home Office regulations and the Guidance for the Op-

eration of Animals (Scientific Procedures) Act 1986 (Home Office, London, United

3The operation frequency of the MACH used in Chapter 3 was 918 kHz.
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Kingdom). The mice were classified as non-obese diabetic/severe combined immun-

odeficiency/gamma mice, which were female and 6-8 week old. The weight of mice

was 21.7± 2.5g.

Tumour Model

In the four experiments presented in this chapter, the immunocompetent Glioma 261

(GL 261) model was used. Using GL261 together with C57BL/6 is a murine glioma

(a type of brain tumour) model that is commonly used in pre-clinical studies for de-

veloping novel therapies. GL261 can introduced through a subcutaneous injection,

which is ideal for the hyperthermia experiment, because the tumour temperature can

be easily monitored by a thermal camera. GL261 tumours are invasive but are not

metastatic. Unlike other tumour cell line, the spontaneous regression of GL261 tu-

mours is rare [103]. These suggest that the growth of the tumour is stable and it would

not easily spread and affect other organs of the murine model. In the experiments GL

261 was grown in the flanks of mice through subcutaneous injection. The injection

was done by following the protocol suggested in [104].

The tumour volumes were estimated by measuring the width (w), length (l) and

height (h) with a caliper, and using the ellipsoid volume equation, i.e., 4π
3

(w× l× h).

4.3 Preliminary Study on Experimental Protocol

The experimental setup, apparatus and materials have been described. This section

will further introduce the experimental procedures.

As shown in Fig. 1.9, the two factors need to be determined before the action

of injection are (1) the dose of MNPs and (2) the parameters of applied AMF. In

this section, two protocol-determining experiments have been conducted to help us to

determine these two parameters.

Once these two parameters have been determined, an experimental protocol was

developed based on these results. The protocol provided us with a guideline when

conducting the third and forth experiment (see Section 4.4 & 4.5).

4.3.1 Dose Determination

As to the dose of MNPs, the higher the dose, the more thermal energy it would be

produced at the target site. There is a limit in dosage, as discussed in Section 2.3.2.
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In which section, an equation, i.e., Eq. 2.21, has been described for estimating the

dose limitation. Key factors in the equation are the systematic dose factor F and the

retention rate R.

Although the retention rate R was not examined in this thesis, the author would

like to cite the result of another work given by Dr Carter. In which, the retention

rate of particles has found to be diverse from case to case. Dr Carter examined 9

samples, which were the same murine model applied in this thesis. Radio-labelled

Perimag R©-COOH suspension4 was injected in each sample. Then, the bio-distribution

of labelled MNPs was visualised by PET/CT scanning.

His study pointed out that ca. 49% of MNPs on average remained at the injection

site. The retention rate of the 9 cases ranged from 30% to 80%. Part of the work was

disclosed in a meeting in [105]. More details of the work will be further published by

Dr Carter in the future.

According to the finding by Dr Carter, the R was presumed to be 0.5 in the

presented experiments. In relation to another factor F, the author assumed that the

murine model has a good tolerability to Perimag R©-COOH, and presumed the F to be

0.8. With these parameters, i.e., F = 0.8 and R = 0.5, the intratumoural dose limit

for a 20 g mice can be derived from the Eq. 2.21. The derived result suggests that

the dose of MNPs in this murine model should not exceed 3.35 mgFe.

On the basis of this derived theoretical limit, the practical concentration could

then be considered. Here, the author made another assumption to presume that the

dispersion rate was 3. This assumption was based on the the suggestion in [59].

After reviewing the clinical report in [23], Southern and Pankhurst later concluded

that the average dispersion rate was 2.4 for the highly concentrated MNP suspension

(Nanotherm R© - 112 mgFe/ml) used in Wust et. al.’s study. Considering the relatively

low concentration (the neat concentration of Perimag R©-COOH was 50 mgFe/ml) de-

ployed in this thesis, Dr Carter and the author inferred that the dispersion rate of 3

would be closer to our experimental situation.

It would be an ideal situation if the MNPs evenly disperse to the whole tumour. In

this case, the particle density across the tumour would be the same, which would then

4The MNPs were labelled with 89Zr.
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make the power density be constant in all cases if field parameters remains the same5.

To achieve this, we injected one-third of the tumour volume of MNP suspension into

each murine model. Assuming that the tumour volume is 250 mm3, then the maximum

injection concentration of Perimag R©-COOH would be around 40 mgFe/ml. Because,

after the dispersion, the particle density within each tumour would be 40/3 = 13.33

mgFe/cctissue or 0.0133 mgFe/mm3
tissue, for a 250 mm3 tumour, the overall amount of

injected particles would be 3.33 mgFe, which is just below the theoretical limit 3.35

mgFe.

From the above discussion, the concentration of Perimag R©-COOH suspension had

been selected to be 40 mgFe/ml. The initial experiment presented here was for assessing

the dose of MNPs. The injection protocol was as described below: the Perimag R©-

COOH was diluted from the neat concentration to 40 mgFe/ml with distilled water.

Then, the subcutaneous tumour on each mouse was injected with the diluted MNP

suspension. The injection volume was controlled to be 1/3 of the tumour volume.

5Note that this does not guarantee the same amount of temperature rise. However, to avoid

inconsistency in experimental conditions, the author chose to maintain both the MNP concentration

and the field intensity throughout the experiments.
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Samples for the 1st experiment

The quantity of particles in each murine model was dependent on the tumour volume.

In this experiment, there were seven mice included. The tumour volume and injection

volume of each mouse are presented in Table 4.1.

Label Tumour Volume (mm3) Injection Volume (ml) Particle Mass (mgFe)

A1 138 0.047 1.88

A2 95 0.032 1.29

A3 177 0.060 2.41

A4 74 0.025 1.01

A5 280 0.095 3.81

A6 267 0.091 3.63

A7 271 0.092 3.69

Concentration of Perimag R©-COOH is 40 mgFe/ml

Table 4.1: The parameters of the experiment for assessing the MNP concentration.

The Perimag R©-COOH of 40 mgFe/ml was injected into murine models. Note that the

theoretical limit derived from above discussion is 3.35 mgFe.

Results

Four mice (A3, A5, A6 and A7) developed illness after the injection of 40 mgFe/ml

Perimag R©-COOH. Two reasons might cause this illness. The first was that some

of the tumours were larger than we expected. For instance, because of the large

tumour, the iron amount in A5, A6 and A7 exceeded the limit 3.35 mgFe. The second

potential reason might be that the assumption on systemic dose tolerance (F = 0.8) was

too optimistic. For either reason, the concentration of Perimag R©-COOH suspension

needed to be decreased. Thus, the suspension was diluted to 20 mgFe/ml for the

second experiment (see Section 4.3.2).

For the third and forth experiments (see Section 4.4 & 4.5), the dose limit was

lowered to be 2 mgFe from 3.35 mgFe. The dose limit was decreased because it was

later found that the Perimag R©-COOH suspension was not specifically sterilised for

the in-vivo study6. Non-sterilised suspension might contain bacteria. The existence

6Even so, with the control of dosage, Perimag can still be a good material for research purpose.

Studies have applied the same type of material in their pre-clinical experiments [106] [107].
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of bacteria could lead to endotoxicosis or endotoxic shock, which was likely to be the

main cause of the illness of mice in the first experiment.

Based on this fact, the systemic dose tolerance F was presumed to be 0.5 instead of

0.8, which made the dose limit of Perimag R©-COOH for a 20 g mouse to be 2.09 mgFe

(see Eq. 2.21). For the convenience of implementation, the injected iron amount

in Section 4.4 & 4.5 was controlled to be lower than 2 mgFe.
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4.3.2 Field Determination

The aim of the second experiment presented here was for determining an adequate

field intensity for later experiments. The apparatus, materials and experimental setup

of this experiment were the same as described in Section 4.2.2.

Samples for the 2nd experiment

Overall, there were 12 mice included in this experiment. Six of them were treated with

magnetic hyperthermia and the other 6 were regarded as control samples. The exper-

imental parameters in both groups are respectively listed in Table 4.2 and Table 4.3.

Label Tumour Volume Injection Volume Particle Mass Field Intensity

(mm3) (ml) (mgFe) (kA/m)

B1* 692 0.200 4.00
4.5/4.0

changed at 240 sec

B2 195 0.066 1.33
4.0/4.5

changed at 600 sec

B3 92 0.031 0.63 4.5

B4 83 0.028 0.56 4.5

B5 133 0.045 0.90 5.0

B6 205 0.068 1.39 4.5

Concentration of Perimag R©-COOH is 20 mgFe/ml

Table 4.2: The parameters of the treat group in the second experiment. The

Perimag R©-COOH of 20 mgFe/ml was injected into each mouse (*The tumour of Sam-

ple B1 grew unexpectedly large. With the subsequently refined injection protocol,

the amount of iron injected exceeded the dose limit. However, no evident illness was

observed in this model after the injection. The experiment continued.)
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Label Tumour Volume (mm3) Field Intensity (kA/m)

B7 159 4

B8 438 4

B9 243 4.5

B10 76 4.5

B11 557 4.5

B12 88 4.5

Table 4.3: The parameters of the second experiment. No MNPs were deposited in the

mice.

Data Handling of Thermal Images

The processing of thermal image is as shown in Fig. 4.2. The maximum temperature

at the target tumour, i.e., the area within the measurement circle in the figure, was

seen as the temperature that represented each case. Heating curves of tumours on

treated mice (see Table 4.2) are presented in Fig. 4.3.

Figure 4.2: Handling of thermal images in the 2nd in-vivo experiment. The maxi-

mum temperature inside the measurement circle was regarded as the representative

temperature of each case.
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Field Adjustment

Each mouse was exposed to an AMF generated by MACH. The heating curves in

treated mice are shown in Fig. 4.3. The intensity of 4.5 kA/m was first applied to

Mouse B1. However, the temperature rose too fast at the beginning (the maximum

surface temperature reached 40 ◦C within 60 seconds), so the field intensity was tuned

to be 4 kA/m at the 240th second for the safety of the mouse. For Mouse B2, because

of the small temperature rise, the field intensity was enhanced to be 4.5 kA/m again

at the 600th second. The intensity was kept to be 4.5 kA/m when heating Mouse

B3 and Mouse B4. However, no evident temperature elevation was observed, so the

field intensity was further raised to be 5 kA/m for the case of Mouse B5, of which the

surface temperature reached nearly 40 ◦C and then dropped.

Figure 4.3: The maximum surface temperature of mice in the treated group.

Here, Dr Carter and the author had a debate: to what extent, the detected surface

temperature represented the intratumoural temperature? On the one hand, if the

intratumoural temperature was a few degrees higher than the surface temperature,

then we might have over-heated the Sample B1. On the other hand, the mice were

under-treated if the difference was negligible. Clearly, it is best to avoid both over-

treating and under-treating.

Although this debate can potentially be settled by measuring the intratumoural

temperature with a thermal probe, due to the restriction of the license, we were not

allowed to insert a thermal probe into the tumour in the experiments presented in this

thesis.
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However, one can theoretically estimate the intratumoural temperature based on

the surface temperature measured by the infra-red thermometry. The temperature

estimation in a biological environment is a complex topic. The temperature can be

affected by many factors such as the time, metabolic heating, blood flow and the

body’s thermoregulation. Studies, such as [63] [108] and [109], have made efforts to

explore the effects of those factors on the temperature estimation.

Nevertheless, the accurate estimation of temperature was not the main purpose

of the discussion here. The presented discussion aims to understand the temperature

difference between the skin and the tumour. It would be especially essential when

comparing the HSP70 level with the calculated thermal dose (see Section 4.4).

A simplified estimation of temperature has been proposed by Andra et al. [110].

The proposed model estimate the spatial temperature distribution within a spherical

region and its surroundings after prolonged time of heating. The estimation equations

are described as:

∆T (r) =
PdR

2

6k1

[1− r2

R2
+ 2

k1

k2

] for r < R (4.1)

∆T (r) =
PdR

2

3k2

R

r
for r ≥ R (4.2)

In which, R is the radius of the sphere where has MNPs deposited and Pd is the

power density; k1 and k2 are the thermal conductivities of the medium within and

beyond the sphere (the thermal conductivities of tissues is 0.52 W/Km). The temper-

ature variation ∆T is dependent on its distance r from the centre of the sphere. Despite

of the simplicity of this estimation method, it has been found that the estimated result

is reasonably good to approximate the actual temperature variation [59].

The equation suggests that, for a 300 mm3 tumour, provided that the difference

between k1 and k2 is negligible, then the temperature at the tumour centre would be

ca. 3 ◦ C higher than the skin temperature (note that the dispersion rate is assumed

to be 3, the concentration to be 20 mgFe/ml and the injection volume is assumed to

be 100 mm3).

Applying this to the data in Fig. 4.3, we saw that for Mouse B1 (which had a

larger tumour) the centre temperature was ca. 49 ◦C at H = 4.0 k/Am, while the rest

of the mice had centre temperature at ca. 38-40 ◦C at H = 4.5 or 5.0 k/Am. After

discussion, we decided to use H = 4.5 k/Am in the 3rd and 4th experiments, and
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for large tumour to monitor the skin temperature and be ready to reduce the field to

avoid overtreatment.

Elements of Temperature Variation

This subsection discusses on 3 elements that affect the temperature variation in pre-

clinical experiment. The first element is the magnetic heating, which was the main

function of MNPs. When those region with MNPs were exposing to an AMF, heat

was generated. Evident temperature rises were shown in both cases of Mouse B1 and

B2.

The second element is the starting temperature. A mouse has a stable body tem-

perature because of thermal homeostasis. It is reasonable that the body temperature

of each mouse varies a bit from each other, as it is rarely to find two biologically identi-

cal organisms. For studies in the heating ability of MNPs, this element was sometimes

ignored. In such studies, the temperature increase associated with magnetic heating is

of their interests. However, it is an important factor in in-vivo experiments. The dif-

ference in starting temperature can significantly affect the intensity of hyperthermia,

i.e., thermal dose.

As to the third element, it is interesting to notice the decrease in temperature in

Mouse B5. Its temperature only increased in the first 300 seconds, then it constantly

dropped over time. The similar tendency in temperature drop was also observed in

cases of Mouse B3-B6. This drop in temperature should be the result of anaesthesia.

When mice fall asleep, their body temperature decreased. This effect was clearly

observed in the control group. As shown in Fig. 4.4c, the temperature of all the mice in

the control group (see Table 4.3) decreased over time7. Most cases had approximately

3 ◦C temperature drop after 30 minutes, apart from the cases of Mouse B9 and B12.

Their temperature drops were around 1 ◦C and 5 ◦C respectively.

The author regards this as a result of biological differences in each mouse. Each

mouse reacted to the anaesthesia differently. To gain an equation that is representative

enough to describe this cooling effect, the author considered all control cases together

and applied a polynomial regression to fit all the cooling curves.

Consequently, a representative equation of temperature cooling,

i.e., ∆T = 8.04× 10−7t2 − 2.76× 10−3t,

7Two different field intensities were applied in control group. This change in field intensity, i.e.,

from 4 kA/m (see Fig. 4.4a) to 4.5 kA/m (see Fig. 4.4b), did not to affect the cooling much.
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was obtained, in which the ∆T and t represent the temperature difference and the

time respectively (see Fig. 4.4c). This fitted equation could then be seen as the

temperature baseline for the mice in treated group.

Figure 4.4: The temperature variation of mice in the control group. Two mice were

applied with 4 kA/m (figure a), and other four were exposed to 4.5 kA/m field (figure

b). All cooling curves were used for in poly regression analysis. The fitted equation of

which was regarded as the baseline, which was used for correcting the heating curve

in the treat group of every case in this preliminary study.

The Fig. 4.5 more clearly illustrates the effect of each element discussed above.

Undoubtedly, the overall effect is of the utmost importance in magnetic hyperthermia

because the overall temperature and duration of heating determine the severity of

cellular damage; nevertheless, it is still beneficial to consider each phenomenon sep-

arately. By doing so, researchers will be able to adjust the experimental parameters

accordingly.
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Figure 4.5: The overall effect of the three elements of temperature variation, which includes (1) the heating induced in MNPs, (2) the starting

temperature associated with the thermal homeostasis of mice, and (3) the cooling due to anaesthesia.
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For instance, if one wants to understand the magnetic heating caused by MNPs and

ignore the cooling caused by anaesthesia, one can correct heating curves in Fig. 4.3

by subtracting them with the baseline temperature (the value at each time point was

calculated from the fitted equation in Fig. 4.4c). The corrected heating curves are

termed magnetic heating curves (see Fig. 4.6).

Apart from attaining the baseline temperature from the control group, an alter-

native method for removing the cooling effect is to measure the baseline temperature

from another region of the same mouse. However, because the tumour’s vessel struc-

ture tends to be different from the normal tissue, the blood perfusion rate in a tumour

can be different from a normal tissue. As a result, the surface temperature of a tu-

mour can be different from a normal tissue. In fact, some study suggests to use a

infra-red thermal imaging to diagnose cancer [111]. Thus, to mitigate this issue, one

can probably grow two tumours in a murine model, While one is treated with magnetic

hyperthermia, the other can be seen as a control. This method has been used in the

4th experiment in this chapter.

Figure 4.6: The corrected heating curve is called magnetic heating, i.e., the tempera-

ture variation associated with magnetic heating.
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The understanding of temperature variation elements is helpful for later experi-

ments. On the one hand, the next section describes the third experiment that ex-

amined the effect of thermal dose on the biological reaction, i.e. HSP70 induction.

What has been measured by the thermal camera was the skin temperature of a tu-

mour, which might be different from the intra-tumoural temperature. To consider each

temperature variation element in the discussion of the experiment would be helpful.

On the other hand, the fourth experiment investigated in the effect of particle

distribution. In which, both the starting temperature and the cooling effect would not

be essential as they would not be affected by the particle distribution much. Mainly

the magnetic heating curves (like those in Fig. 4.6) would be affected and thus will

be specifically focused in Section 4.5.

4.3.3 Experimental Protocol

Based on the results of the two preliminary experiments, the experimental protocol

was determined. The protocol is as below. The flow chart of the protocol is shown in

Fig. 4.7.

Protocol: (1) Before the intratumoural injection, the tumour volume was mea-

sured. (2) one-third tumour volume of Perimag R©-COOH suspension would be de-

posited into a tumour. The concentration of the suspension was 20 mgFe/ml. Because

the particles may continue to disperse shortly after injection, each mouse was treated

with a magnetic field 24 hours after the injection up to maximum dose at 2.0 mgFe.

(3) The intensity and the frequency of the field were adjusted to be 4.5 kA/m and

690 kHz. The treatment lasted for 30 minutes.

This protocol was used in following experiments. Note that a fixed field intensity

was used in this protocol. Consequently, if both the dispersion rate and the retention

rate were constant in all the cases, then the temperature elevation would only depend

on the amount of MNP injected. Because the injected MNP quantity depended on

the tumour volume, the larger the tumour, the higher the temperature rise would be

expected. Different temperature elevations lead to a wider range of thermal dose. It is

beneficial when examining the correlation between the thermal dose and the induction

of HSP70.
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Figure 4.7: The experimental protocol. There are overall three steps: (1) tumour volume measurement, (2) intratumoural injection and waiting

for 24 hours until the particle distribution was stable, and (3) applying an AMF.
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4.4 Evaluation of Thermal Dose

The biological effect of heat has been reviewed in Section 2.1. In the section, two

indicators for cellular damage have been introduced. The thermal dose, i.e., CEM43,

is a temperature-based indicator that predicts the severity of cellular damage, while

another indicator, HSP70, directly reflects the biological response of cells to the en-

vironmental stress, e.g., heat. With the aforementioned experimental setup and pro-

tocol, an experiment has been conducted to compare these two indicators. In theory,

the predicative indicator, CEM43, should be correlated with the HSP70 level.

The materials and the experimental procedure are described in the following sub-

section. Then, the experimental results are presented and discussed afterwards.

4.4.1 Materials and Preparation

The experimental setup, the apparatus, the MNP material and the mouse model were

described in Section 4.2. The injection volume of each sample is listed in Table 4.4.

Samples for the 3rd experiment

There were 11 mice in this experiment. Among them, 3 mice were in the control

group and 8 of them were in the treated group. Those parameters, e.g., the volume

of tumour, the injection volume of MNP suspension and the applied field, in treated

group and in control group are presented in Table 4.4 and Table 4.5, respectively.
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Label Tumour Volume Injection Volume Particle Mass Field Intensity

(mm3) (ml) (mgFe) (kA/m)

C1 154 0.052 1.05 4.5

C2 337 0.100* 2.00 4.5

C3 90 0.031 0.61 4.5

C4 156 0.053 1.06 4.5

C5 59 0.020 0.40 4.5

C6 1052 0.100* 2.00 4.5

C7 281 0.096 1.91 4.5

C8 729 0.100* 2.00 4.5

Concentration of Perimag R©-COOH is 20 mgFe/ml

Table 4.4: The parameters of the treat group in the third experiment. The

Perimag R©-COOH of 20 mgFe/ml was injected into each mouse ( *The maximum iron

dose was limited to be 2 mgFe.)

Label Tumour Volume (mm3) Field Intensity (kA/m)

C9 626 4.5

C10 51 4.5

C11 65 4.5

Table 4.5: The parameters of the control group in the third experiment. No MNP

was deposited.

4.4.2 Experimental Procedure

The experimental procedure was as shown in Fig. 4.7. After the magnetic heating,

the tumour of each mouse was dissected and kept for histological examination. The

measurement result of HSP70 level from each tumour was kindly provided by Dr

Thomas Carter.

4.4.3 Results and Discussion

The CEM43 and the HSP70 level in each mouse were measured and calculated. The

following sections first describe the temperature variation in each case. Then, the
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tumour temperature is later converted to CEM43. At the end of this subsection, a

table compares the CEM43 with HSP70 level.

Temperature Variation

As indicated in Section 4.3.2, there are 3 temperature variation elements, which are

(1) the magnetic heating, (2) the starting temperature and (3) the cooling effect.

The cooling effect can be estimated from those mice in the control group. The tu-

mour temperatures of Mouse C09-C11 were fitted with a regression line (see Fig. 4.8).

The fitted result is: ∆T = 3.20× 10−7t2 − 2.18× 10−3t. The equation represents the

temperature change (∆T) over time (t) caused by the anaesthesia.

The tumour temperature in the treated group are shown in Fig. 4.9a. After

removing the variation caused by the cooling effect, the magnetic heating curve of

each case is as presented in Fig. 4.9b.

There are two things worth mentioning. One is that the starting temperature of

Mouse C06 was 37.5◦C, which was approximately 2◦C higher than others. Another

is that the temperature increase in Mouse C02 was the strongest. The increase in

Mouse C02 was 6◦C, while temperature increases in others were below 3.75◦C, i.e.,

the increase in Mouse C06.

Figure 4.8: The temperature variation of Mouse C09-C11. The temperature curves

was fitted with a regression line.
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Figure 4.9: The maximum surface temperature of mice in the treated group, of which

each figure represents (a) the heating curve, i.e., the absolute temperature over time,

(b) the magnetic heating curves, i.e., the temperature variation in which was only

associated with magnetic heating.
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CEM43 at Skin

Based on Eq.2.2, the heating curves and the magnetic heating curves in Fig. 4.9

were converted to CEM43 and corrected-CEM43, respectively. The values of both the

CEM43 and corrected-CEM43 of each case are presented in Table 4.6.

The thermal doses in all cases were low. The maximum thermal dose was only 1.9

minutes among them. At a glance, these thermal doses might be too low to induce

HSP70 formation. But one should not ignore the exponential relationship between

the thermal dose and the temperature (see Eq.2.2). As previously mentioned, the

intratumoural temperature can be a few degrees higher than the skin temperature.

This could lead to a huge difference in CEM43 between the tumour centre and the

skin of a mouse. As shown in the FEA simulation in Chapter 3 (see Fig 3.16), while

the CEM43 at the edge of MNP gel, i.e., at the edge of dispersion sphere, was as low as

20 minutes, the thermal dose at the centre could be above 600 minutes. Therefore, to

see if the CEM43 is a good indicator to predict the HSP70 induction, it is important

to estimate the intratumoural thermal doses of each case.

Label CEM43 Corrected CEM43

at the 30th minute at the 30th minute

Treated Group

C1 < 0.01 < 0.01

C2 0.02 0.35

C3 < 0.01 < 0.01

C4 < 0.01 0.02

C5 < 0.01 0.05

C6 0.20 1.90

C7 < 0.01 < 0.01

C8 < 0.01 0.02

Table 4.6: The thermal doses at the end of each experiment (at the 30th minute),

which includes the CEM43 derived from the heating curve and the corrected-CEM43

derived from magnetic heating.
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Intratumoural Thermal Dose

To attain the intratumoural thermal doses, Eq. 4.1 and Eq. 4.2 were deployed to es-

timate the intratumoural temperature. To better understand the estimation model,

a schematic diagram is presented in Fig. 4.10. In this study, the skin thickness was

assumed to be 1.5 mm. Other parameters such as the tumour volume and the in-

jection volume listed in Table 4.4 were also used in the calculation. Note that the

dispersion rate was assumed to be 3. That is, the dispersion volume is 3 times of

the injection volume (the dispersion sphere radius can then be calculated). Based on

these parameters together with the skin temperatures in Fig. 4.9b, the intratumoural

temperatures at different r were derived.

Afterwards, the concept of CEM43-Tx mentioned in Section 2.1.2 was used to

evaluate the heating condition. As discussed earlier, instead of the thermal dose of a

single point, a regional thermal dose like CEM43-T90 is more commonly used in the

literature to represent the heating condition of a subject. The accumulated CEM43-

T90 of each mouse was derived and listed in Table 4.7.

Label Accumulated Accumulated

CEM43-T90 (minutes) Activation Time (minutes)

C1 0.01 0.00

C2 12.15 22.17

C3 0.01 0.00

C4 0.23 2.67

C5 0.81 7.17

C6 68.09 29.00

C7 0.00 0.00

C8 0.46 1.67

Table 4.7: The accumulated CEM43-T90 and the activation time at the end of each

experiment (at the 30th minute)
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Activation Time

In addition to CEM43-T90, another indicator Activation Time was considered here.

The activation time (see Section 3.3.3) represented how long the duration was when

any part of the tumour had the temperature above 43◦C.

Both the CEM43-T90 and the activation time are indicators derived from the

heating curve of the target, and they are both design to indicate the intensity of

hyperthermia. While the equation of the CEM43-T90 is derived from the empirical

study of cell death, the activation time is proposed to indicate the increasing treated

area along with time.

Figure 4.10: The schematic diagram of a subcutaneous tumour. The parameters rskin

and rt represent the distances from the centre to the skin and the edge of tumour

respectively. The parameter R is radius of dispersion sphere. The skin thickness was

assumed to be 1.5 mm in all cases, i.e., rskin − rt = 1.5 mm.
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HSP70 Level

After each hyperthermia experiment, the tumour of each mouse was dissected. The

separated tumour was then placed in 10 % PBS (phosphate-buffered saline) based

formalin solution. After 24 hours the samples were placed in paraffin blocks, which

were later handed to UCL Institute of Neurology IQPath. With the help from Angela

Richar-Londt, these samples were sliced and stained in IQPath.

There were 3 stains being applied: (1) H&E (hematoxylin and eosin stain) stain, (2)

Prussian blue stain and (3) IHC (immunohistochemistry) stain. The H&S, Prussian

blue and IHC were used to respectively visualise cell nuclei, MNPs and HSP70.

These stained samples were analysed via digital image analysis of whole slide im-

ages (WSI). The amount of cell nuclei in each sample was first counted. This was

regarded as the background. Then, the HSP70 was counted. The examined result

was expressed as the HSP70 level. The HSP70 level in each case was quantified based

on the percentage of the number of HSP70 and the number of cells of the histolog-

ical sample. The HSP70 level relative to the slice area in each case is presented in

Table 4.8.

Note that HSP70 existed in cells even if there was no stimulus. The background

HSP70 level was shown in untreated mice, i.e., Mouse C09-C11. The background level

of HSP70 could be as high as 1.1%.

By comparing the background HSP70 level to those HSP70 levels in treated mice,

one could notice that HSP70 levels in Mouse C01 and C07 were lower than the back-

ground level, i.e., 1.1%. Slightly higher HSP70 levels were found in Mouse C03, C04,

C05 and C08. The values were between 1.1% and 1.6%. The rest two mice, i.e.,

Mouse C02 and C06, had particularly high HSP70 levels, which were 7.1% and 5.1 %

respectively.

If the sample was treated with whole body hyperthermia, the HSP70 relative to

slice area could be representative. However, in the case of this experiment, the injection

volume is similar to or smaller than the tumour volume. If one wants to examine the

thermally induced HSP70 level, one needs to convert this HSP70 level to HSP70

level relative to dispersion level. This could be simply done by multiplying the

HSP70 level relative to the area of whole slice with the ratio r2
t/R

2. These

parameters are listed in Table 4.8. For the discussion in the later sections, the HSP70

level would all refer to the HSP70 level relative to dispersion area.
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Label The HSP70 Level rt R The HSP70 Level

relative to slice area (%) (mm) (mm) relative to dispersion area (%)

Treated Group

C1 0.5 3.83 3.35 0.7

C2 7.1 4.82 4.15 9.6

C3 1.3 3.28 2.80 1.8

C4 1.1 3.84 3.36 1.4

C5 1.6 2.92 2.43 2.3

C6 5.1 6.81 4.15 13.7

C7 0.2 4.56 4.09 0.2

C8 1.5 6.08 4.15 3.2

Control Group

C9 0.1

C10 0.1

C11 1.1

Table 4.8: The HSP70 level relative to slice area of each case was converted to the HSP70 level relative to slice area based on the ratio of r2
t/R

2
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Comparison among Intratumoural Thermal Dose, Activation Time and HSP70 Level

Based on Table 4.7 and Table 4.8, the CEM43-T90 of each case was compared with

HSP70 level. The comparison is presented in Fig. 4.11a. In the figure, a clear cor-

relation has been found between these two parameter. This correlation suggests that

the predictive indicator CEMT43-T90 was able to estimate the HSP70 level. Approx-

imately, the CEM43-T90 increased exponentially with HSP70 level. This exponential

correlation might be because that CEM43-T90 was sensitive to temperature, while

HSP70 formation responses more mildly to the change in temperature.

In addition, it is also interesting to compare the HSP70 level with the Activation

Time (see Table 4.7). The comparison is illustrated in Fig. 4.11b. A linear correlation

has been found between them. This linear relationship may be because that both

parameters are related to the treated area.

On the one hand, the Fig. 3.15b shows that the Activation Time can be used

to approximate the increase in treated area. On the other hand, the examination of

HSP70 level was based on slices of tumours. Supposedly, the larger the treated area,

the more the HSP70 would be induced. Thus, apart from CEM43-T90, the Activation

Time can also be an indicator for evaluating hyperthermia treatment.
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Figure 4.11: (a) The correlation of the predicative CEM43-T90 and the measured HSP70 level. (b) The correlation of HSP70 level and the

activation time.
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4.5 The Effect of Particle Distribution on Temperature

In the previous section, the particle distribution of MNPs was assumed to be identical

in all cases. Nonetheless, when exposing to a same magnetic field, different temper-

ature increases were found in cases deposited with the same amount of MNPs. The

difference in temperature increase might be caused by the difference in particle distri-

bution. As indicated in the Chapter 3, the particle distribution has an evident effect

on the temperature distribution in the phantom.

An attempt had been made in this chapter to examine the in-vivo particle distri-

bution. The particle distribution was visualised by a CT scanner. Then, the particle

distribution of each case was compared with the temperature distribution that mea-

sured by thermal camera.

4.5.1 Materials and Preparation

Samples for the 4th experiment

There were 5 mice in this experiments, i.e., the fourth experiment. In terms of the

experimental materials and preparation, two things were different from the third ex-

periment.

Firstly, to be more cost effective, two tumours were grown on each mouse. One of

the tumours was seen as the control, while the other tumour was treated. Secondly,

because most the temperature elevations in the previous experiment were not evident,

the concentration of Perimag R©-COOH was increased from 20 mgFe/ml to 40 mgFe/ml

in order to acquire a more observable temperature variation. For the safety of mice,

the dose limit of MNPs was set to be 2 mgFe, i.e., the maximum injection volume was

0.05 ml. These parameters are listed in the table below.
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Label Injection Volume Particle Mass Field Intensity

(ml) (mgFe) (kA/m)

D1 0.020 0.8 4.5

D2 0.050 2.0 4.5

D3 0.035 1.4 4.5

D4 0.050 2.0 4.5

D5 0.040 1.6 4.5

Concentration of Perimag R© COOH is 40 mgFe/ml

Table 4.9: The injection volume of the treated tumours and the applied field in each

case in the fourth experiment. The Perimag R© COOH of 40 mgFe/ml was injected and

the dose limit was 2 mg.

CT Scanner

The CT scanning was acquired by nanoScan PET/CT from Mediso Limited. (Bu-

dapest, Hungary). The photo of the scanner is shown in Fig. 4.12. Each mouse was

scanned using a 50 kVp and 300 ms exposure time in 720 projections. The acquisition

time of each case was 8 minutes. The voxel size was 112 x 112 x 112 µm.

Data Handling of CT Images

The CT image was reconstructed with Nucline software (Mediso Limited.). Three-

dimensional (3D) visualization were performed by using VivoQuant from Invicro LLC.

(Boston, USA). Image analysis and quantification of MNPs were completed with

Mango - v4.0.1 (Research Imaging Institute, The university of Texas Health Science

Centre).
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Figure 4.12: The photo of nanoScan PET/CT scanner and the anaesthesia machine used during the scanning process.
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4.5.2 Experimental Procedure

The experimental setup was as described in Fig. 4.1. The experimental protocol was

similar to that described in Fig. 4.7, but with two differences. The first difference

was the concentration of MNP suspension. The concentration in this experiment was

40 mgFe/ml instead of 20 mgFe/ml. The second difference was that each mouse was

imaged by a CT scanner just before the magnetic heating.

4.5.3 Results and Discussion

The temperature distribution and particle distribution were respectively measured

by the thermal camera and the CT scanner. Experimental results are presented into

three 3 individual subsections, which are related to (1) thermal and CT images, (2) the

temperature variation, and (3) the quantification of MNPs in each case. Discussions

on experimental results are presented at the end.

Thermal and CT images

The CT images of Mouse D1-D5 are individually illustrated in Fig. 4.13b - Fig. 4.17b.

In those figures, the locations of the MNPs are indicated with red dashed lines. The

local maximum intensity of CT images, quantified by Hounsfield units (HU), is also

labelled by a red cross. Overall, Mouse D1 and D2 had relatively higher values in

CT number. Their maximum CT numbers were 1440 HU and 1234 HU respectively.

The remaining 3 mice had local maximum CT numbers ranged from 646 HU to 675

HU. The report by Attaluri has indicated that a linear correlation exists between the

MNPs concentration in tissue and the HU of CT images [10]. Based on which, one

may claim that the local maximum concentration of MNPs in Mouse D1 and D2 were

up to twice as high as that in Mouse D3-D5.

As to the thermal images, the thermal image (at the 17th minute) of each case is

respectively presented in Fig. 4.13a - Fig. 4.17a. By applying the same visualisation

technique used in Fig. 3.10, these thermal images could be converted to Fig. 4.13c -

Fig. 4.17c respectively. Each figure represents the temperature profile on L1 on each

mouse along with time. These figures point out that the temperature gradients of

Mouse D1 and D2 were higher than that of the remaining cases. These findings agree

with the readings of CT images (high local concentrations did not only result in high

CT numbers, but also caused high temperature gradients).
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Figure 4.13: Mouse D1. (a) The thermal image at the 17th minute. (b) CT images.

(c) The temperature profile on L1 along with time.
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Figure 4.14: Mouse D2. (a) The thermal image at the 17th minute. (b) CT images.

(c) The temperature profile on L1 along with time.
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Figure 4.15: Mouse D3. (a) The thermal image at the 17th minute. (b) CT images.

(c) The temperature profile on L1 along with time.
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Figure 4.16: Mouse D4. (a) The thermal image at the 17th minute. (b) CT images.

(c) The temperature profile on L1 along with time.



160 CHAPTER 4. PRECLINICAL EXPERIMENTS

Figure 4.17: Mouse D5. (a) The thermal image at the 17th minute. (b) CT images.

(c) The temperature profile on L1 along with time.
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Temperature Variation

The data handling of thermal images was the same as described previously (see

Section 3.3.1). The maximum surface temperature over time was seen as the heating

curve of each case. On the one hand, the heating curve of the untreated tumour (see

Fig. 4.18) was regarded as the baseline. On the other hand, the heating curve of the

treated tumour (see Fig. 4.19a) consisted of three elements, i.e., magnetic heating,

starting temperature and cooling effect. By subtracting the baseline from the heating

curve, one would obtain a temperature difference that was only associated with the

magnetic heating. The temperature difference was then depicted in Fig. 4.19b.

Figure 4.18: The temperature variation of the untreated tumour in each mouse in

the fourth experiment. Note that a part of the temperature of Mouse D5 was missing

due to the movement of the mouse during the experiment. The temperature of its

untreated tumour failed to be detected by the thermal camera after the movement.

It is worth pointing out a phenomena in the temperature variation. The temper-

ature increase in Mouse D1 was unexpectedly high. While the iron amount in Mouse

D1 (0.8 mgFe) was the lowest, its heating performance was the strongest. The increase

in Mouse D1 quickly reached 6.5 ◦C after 250 seconds, while no increase in other cases

exceeded 5 ◦C over the whole treatment. That is, the high injection volume of MNP

suspension did not guarantee high heating performance. This phenomenon was most

likely caused by the particle distribution. A further discussion on this would be given

in the following section.
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Figure 4.19: The temperature variation of treated tumour on each mouse. (a) The

heating curves of treated tumours. (b) The temperature increase in treated tumours

caused by magnetic heating, i.e., the temperature variation that associated with mag-

netic heating. Note that a part of untreated tumour temperature of Mouse D5 was

missing, because of the movement of Mouse D5 during the experiment. The temper-

ature difference of which was only calculated for the first 1000 seconds.
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Quantification of MNPs

The CT number of each part of a body is different. The CT number of bones can be

more than a thousand HU, which is much higher than that of soft tissues like muscles,

the value of which is usually just a few hundreds HU.

To quantify the MNPs, the first step is to address the question: can we distin-

guish MNPs from other tissues in CT images? To answer this, the author

selected the sagittal plane presented in Fig. 4.13b as an example. This slice of CT im-

age was selected because the CT number of MNPs on this CT image was the highest,

i.e., 1440 HU, among the five cases.

The region of the tumour deposited with MNPs was labelled with a green circle,

while the region of another tumour on the right hand side was labelled with a red

circle (see Fig. 4.20b). As the latter did not have MNPs present, it was considered a

control. The region within each circle is commonly termed as Region of Interest (ROI)

in the literature. The box diagram and the histogram of the HU values in both ROIs

are respectively presented in 4.20a and 4.20c.

Figure 4.20: The data handling of CT number for the quantification of MNPs. The

green and red circles represent the region with and without MNPs. (a) The box

diagram of the HU values within green and red circles. (b) The sagittal plane of the

CT scan of Mouse D1. (c) The histogram of the HU values within the green and red

circles.

Let us take a look at Fig. 4.20a. The upper bound of the red ROI was 430 HU.

Because the only difference between two ROIs was the presence of MNPs, one can



164 CHAPTER 4. PRECLINICAL EXPERIMENTS

then be confident to claim that the CT number within the green ROI, ranged from

430 HU to 1440 HU, was associated with the presence of MNPs. Nevertheless, we

could not rule out the possibility of having MNPs in those areas with the CT number

less than 430 HU. To be more specific, in those areas, the MNPs might still exist but

they had little influence to the CT number due to their low concentration. This made

it difficult to distinguish all the signal caused by MNPs from the background signal.

From another perspective, the low concentration does not only have little effect

on CT number but also have a limited heating ability. The temperature variation

during the hyperthermia was dominated by concentrated MNPs. For the objective of

improving thermal management, the quantification of high concentration MNPs was

still valuable.

In this experiment, two parameters were required for the quantification of MNPs,

which were (1) the volume of tissues deposited with MNPs, i.e., particle dispersion

volume, and (2) in-vivo MNP concentration. Both are introduced below.

Particle Dispersion Volume To quantify the MNPs, a layer of ROI (indicated with

red colour in Fig. 4.21) with the threshold of 430 HU was added to each CT model.

Afterwards, other layers of ROI with the thresholds from 500 HU to 1100 HU with a

step of 100 HU were respectively added to each case. The results are visualised in Fig.

4.21. The volume of ROI (where the CT number is > 430 HU) of each case can be

estimated according to the number of voxels, the value of which is listed below each

CT model in the same figure. Each value represented the particle dispersion volume

of each case.
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Figure 4.21: The CT image of each case added with a number of layers of ROI, and the thresholds of which ranged from 430 HU to 1100 HU.

The volume of ROI (> 430 HU) is listed below each case.
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In-vivo Concentration of MNPs To quantify MNPs, one still needs to know the

in-vivo concentration of MNPs. Here, to demonstrate the feasibility of quantifying

MNPs in-vivo, the author presumed that the maximum measured CT number, i.e.,

1440 HU, was identical to the injection concentration, i.e., 40 mgFe/ml. The CT

number of the area with no MNPs deposited was assumed to be 0 HU. As a conse-

quence, the MNP concentration and CT number conversion would be 40/1440 = 0.028

mgFe/(mltissue.HU). Then, the CT number of 430 HU would then be referred to the

MNP concentration of 12.04 mgFe/mltissue.

Following upon the analysis, the distribution of MNP concentrations of each case

can be estimated. The estimation was done based on the distribution of CT number

presented in the box diagram in Fig. 4.21. The CT numbers were converted to the

concentration of MNPs based on the conversion ratio, i.e., 0.028 mgFe/(mltissue.HU).

The distribution of CT number and the associated concentration are plotted as a box

diagram in Fig 4.22a.

The Estimation of MNPs based on CT Numbers The estimation of MNP mass was

done based on three values, which are (1) the mean value of CT number presented

in Fig 4.22a, (2) the dispersion volume of MNPs in Fig. 4.21, and (3) the conversion

ratio, i.e., 0.028 mgFe/(mltissue.HU). The quantity of MNPs in each case, estimated by

CT numbers, can then be attained by multiplying these three values. The estimated

mass of MNPs is presented in Fig. 4.22b.
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Figure 4.22: (a) The box diagram displays the distribution of CT numbers, which

were also converted to the distribution of concentration based the conversion ration,

i.e., 0.028 mgFe/(mltissue.HU). (b) The bar chart indicates the mass of MNPs in those

regions where the estimated MNP concentration was above 12.04 mgFe/mltissue (i.e.

430 HU) in each case.
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Discussions

The CT image was helpful to explain the temperature distribution. For instance, the

CT image suggested that the Mouse D1 possessed the largest amount of MNPs, i.e.,

0.49 mgFe among the all. This was in correlation with the temperature variation. The

heating performance in the case of Mouse D1 was also the highest (∆T = 6.5◦C).

Oppositely, the CT images indicated that Mouse D3 and D5 had the iron content less

than 0.15 mgFe. Accordingly, the magnetic heating in them (∆T = 3◦C) was relatively

mild.

As for Mouse D2 and D4, they both had an increase of 5.2 ◦C in their temperature.

However, the Mouse D2 had 1.7 times more MNPs than the Mouse D4. This was be-

cause the MNPs in Mouse D4 just located underneath the skin, while the MNPs in

Mouse D2 was deposited deeper inside the skin. That is, the depth of MNPs could

largely affect the observation in temperature variation. Overall, both the quantity and

the location of MNPs would affect the temperature variation in magnetic hyperther-

mia.

Moreover, another thing should be mentioned was the injected quantity of MNPs.

In principle, the more the injected MNPs, the better the heating performance. Nonethe-

less, the biological complexity makes it difficult to estimate the particle distribution.

Thus, it becomes difficult to predict the temperature variation based on the injected

quantity of MNPs. As shown in Fig. 4.23a, the injected quantities of MNPs had a

weak correlation with the maximal temperature increases of tumours.

This emphasises the importance of in-vivo quantification of MNPs. As presented

in Fig. 4.23b, a much better correlation had been found between the CT estimated

quantities of MNPs and the the maximal temperature increases of tumours.
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Figure 4.23: (a) The correlation between the injected quantities of MNPs and the

maximal temperature increases in tumours. (b) The correlation between the CT

estimated quantities of MNPs and the maximal temperature increases in tumours.
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4.6 Conclusion

Magnetic hyperthermia is a straightforward idea, but the technique it requires is com-

plex. This treatment can be discussed from a variety of aspects. To facilitate the

discussion, a framework of magnetic hyperthermia has been proposed in Section 1.3.

In the framework, the magnetic hyperthermia was divided into three actions and five

elements (see Fig. 1.9). This framework was proposed for a clinical scenario. In such

a scenario, the parameters like the dose limit, the retention and the dispersion rates of

MNPs should have been studied. Nevertheless, these properties are normally unknown

at the research stage. These parameters need to be determined before the actual treat-

ment. To determine these parameters, only certain elements of the framework would

be taken into consideration.

As illustrated in Fig. 4.24, Experiment A and Experiment B were conducted

for determining the MNP concentration and the field intensity respectively. In the

Experiment A, samples were not heated, as the aim of the experiment was to find the

safe dose of MNPs.

In the Experiment B, 3 actions of magnetic hyperthermia were all performed, but

only the last element, i.e, thermometry, was specifically focused. The temperature

measured by the infra-red thermometry provided the feedback for the field adjustment.

After these two experiments, both the concentration of MNP suspension and the

field parameter were determined, another experiment (the Experiment C) was con-

ducted to evaluate the predictive indicator for cell damage, i.e., CEM43. The pre-

liminary result showed that the corrected-CEM43 was in correlation with the HSP70

level.

Although the infra-red thermometry provided us with insight into hyperthermia,

to have the whole picture of magnetic hyperthermia, it is still essential to know the

particle distribution. With the assistant of CT imaging, the particle distributions of

all five cases in Experiment D were visualised.

In literature, particle distributions are often presumed to be homogenous. How-

ever, those CT images have indicated the heterogeneousness of particle dispersion.

Therefore, to well manage the temperature variation during magnetic hyperthermia,

it is required to perform the in-vivo imaging.

Overall, both the in-vivo imaging and the thermometry are crucial to the thermal

management of magnetic hyperthermia. The above discussion showed that the CT
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imaging together with the infra-red thermometry could provide sufficient information

for understanding the heating performance of a sample.

Figure 4.24: The framework of four experiments presented in this chapter.

Limitations

Both CT imaging and the infra-red thermometry have intrinsic limitations. On the one

hand, the limitation of the CT imaging lies in the properties of the surrounding tissues.

If the surrounding tissues, e.g., bones, have CT numbers similar to that of MNPs,

the detection of particle would then be difficult. On the other hand, the infra-red

thermometry can only detect the surface temperature. That is, when treating deep-

seated tumours, e.g. prostate tumour, it would be difficult to withdraw meaningful

temperature from the signal measured by the infra-red thermometry.

In short, both the CT imaging and infra-red thermometry are suitable for magnetic

hyperthermia for subcutaneous tumours, but may not be suitable for the hyperther-

mia for deep-seated tumours. However, the advantage of magnetic hyperthermia is

more evident when treating deep-seated tumours. Subcutaneous tumours can be well

treated by the conventional surgical operation. Even so, the use of CT imaging and

infra-red thermometry for pre-clinical studies are still attractive, because both are
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commonly accessible and easily affordable.

A potential alternative for in-vivo imaging is the aforementioned MPI, which is

expected to have quality imaging resolution and good contrast from the background.

But before MPI becomes widely accessible, the presented experimental method is

beneficial for pre-clinical studies in magnetic hyperthermia.

Findings of Four Pre-clinical Studies

Based on the above discussion, finding of these pre-clinical experiments are sum-

marised as below.

1. The Effectiveness of Dose Limit Calculation

The presented empirical studies have shown that Eq. 2.21 could be a good

guidance for dosage determination, as long as both the retention rate and the

systematic dose factor are carefully considered.

2. The Effect of Anaesthesia on Temperature

The Experiment B showed that there was an approximate 3 ◦C decrease in the

surface temperature of the tumour over 30 minutes. This cooling was believed

to be caused by the anaesthesia. It was found that the cooling effect was less

evident in areas deep in side the body.

3. The Effect of Starting Temperature on Thermal Dose

Not only the temperature increase caused by the magnetic heating but also the

starting temperature could both largely affect the thermal dose.

4. The CEM43-T90 and HSP70 level

The preliminary results presented in this study imply the positive correlation

between CEM43 and HSP70 level.

5. The Activation Time and HSP70 level

The Activation Time proposed in this study has shown a linear correlation with

the HSP70 level.

6. Quantification of MNPs based on CT images.

The quantification was found to be possible. Furthermore, compared with the

injected MNP quantities, the CT estimated quantities of MNPs had a better

correlation with the temperature variations in tumours.
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The experiments presented in both Chapter 3 and Chapter 4 have shown the ad-

vantages of one of the remote sensing techniques, i.e., the infra-red thermometry. This

thermometry is useful for in-vitro and pre-clinical experiments, but as stated earlier,

because of its intrinsic limitation, it is not suitable for detecting the temperature of

deep-seated tumours, even though the deep-seated tumours are most likely to ben-

efit from the magnetic hyperthermia. Therefore, another thermometry for sensing

deep-seated target is still required. To address this issue, this study presents another

remote sensing technique, i.e., a novel MPT, the details of which will be illustrated in

the following chapter.



Chapter 5

Novel Magnetic Particle Thermometry

The effectiveness and safety of hyperthermia rely on the accurate control of tempera-

ture distribution. The current method of temperature monitoring in clinical scenarios

is to insert thermometers into a tumour, which is invasive and spot measurement

only [112] [113] [58]. Sensing the temperature of wrong spots can lead to treatment

failure and complications.

To address these issues, three approaches have been suggested. The most com-

mon method is preoperative estimation [114]. Although these prediction models are

beneficial for optimising MNP dosimetry, it is risky to merely rely on it due to the

complexity of biology. Therefore, another approach aims at limiting the maximal

temperature that MNPs can heat, to avoid the hazard of overheating. Because MNPs

lose the heating ability when the temperature is above their Curie point, the maximal

therapeutic temperature becomes controllable by tuning the Curie temperature [115].

Nevertheless, the monitoring of intra-tumoural temperature is still desired in order

to ensure it reaches the therapeutically effective temperature, i.e. above 42 ◦C. As

a result, the third approach is to develop a better way of monitoring intra-tumoural

temperature during hyperthermia. By coupling the temperature of MNPs into the ra-

tio of harmonics from magnetisation, Weaver et al. described a technique for remote

monitoring of temperature [65], which has inspired other research such as [72], [76]

and [84] (more discussion on this can be found in Section 2.4.2). Nevertheless, those

methods require a different coil set and drive system from that used for applying

hyperthermia. In the presence of the treatment field, the signal detection could be

challenging, because of the huge voltages which would tend to be induced in the coil

used to record the magnetisation of MNPs.

To achieve the same goal, the author took a different route. Instead of introducing

174
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an additional sensing device, the author investigated the device currently used in hy-

perthermia, i.e. the LC oscillator circuit for generating an AMF. Through analysing

the variation in resonant frequency, which is an easily measured quantity, the author

has attained the aim of remote detecting and monitoring of the dose and the temper-

ature of MNPs. The simplicity of this technique makes it certainly translatable to a

clinical setting. The principle and preliminary results are presented in the following

sections.

5.1 The Principle of Novel Magnetic Particle Thermom-

etry

The technique outlined here is based on an integration of three effects, which are

respectively the resonant effect of LC oscillator, the magnetisation of MNPs, and the

dose and temperature dependence of magnetic susceptibility. Despite the fact that

each effect is well known, to the best of the author’s knowledge, no one has integrated

these effects for the application of remote monitoring of temperature. However, this

simple technique has the potential to benefit biomedical applications, such as magnetic

hyperthermia. These effects are individually briefed below.

5.1.1 Resonant effect of LC oscillator

The LC oscillator is an electrical system that is generally used as an amplifier. Once

an electric current is injected into an LC oscillator, it oscillates between the inductor

and the capacitor at a certain frequency. This frequency, known as natural frequency

(denoted as f0), is a system characteristic decided by the inductance and capacitance,

which can be written as:

f0 = 1/(2π
√
LC) (5.1)

When the frequency of the driving current equals to the natural frequency, the

oscillating current would constantly be accumulated and thus greatly amplified, of

which the phenomenon is called resonant effect. In addition to the amplification of

current, the induced AMF at the inductor is also amplified. Because of the energy

efficiency, an LC oscillator is sometimes used as an AMF generator for hyperthermia,

e.g. the MACH system used in this study. In such a system, the driving frequency can
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constantly be locked in the natural (or resonant) frequency through the feedback con-

trol. Although this frequency control aims at ensuring the resonance in LC oscillator;

interestingly, this also allows one to monitor the change in resonant frequency, based

on which, one can deduce the change in system characteristics, e.g. the inductance

and the capacitance.

5.1.2 Magnetisation of MNPs

As mentioned in Eq. 5.1, the resonant frequency of an LC oscillator can be an indicator

that shows the integrated information of the capacitance and the inductance of the

system. The capacitance in an AMF generator tends to remain unchanged during the

hyperthermia. Nevertheless, the presence of MNPs increases the overall inductance,

because the magnetisation of MNPs would alter the magnetic flux density around the

coil, and thus varies the inductance of LC oscillator.

By definition, the inductance of a solenoid coil is:

L0 =
Nφ0

I
(5.2)

where L0 is the inductance of a coil without the presence of MNPs. N is the number

of coil turns. I is the electrical current running through the coil. φ0 is magnetic flux

received by the coil in the absence of MNPs.

φ0 = B0Acoil (5.3)

where B0 is the flux density applied to the coil, and Acoil is the area of the coil.

To understand the effect of the presence of MNPs on the overall inductance, one

can analogue the magnetisation of MNPs to a imaginary solenoid coil. The area of the

imaginary coil is denoted as asample and magnetic flux induced from the magnetisation

of MNPs is termed as φsample. Then, in the presence of MNPs, the overall inductance

of the coil, i.e., L, becomes:

L =
N(φ0 + φsample)

I
(5.4)

L = L0 +
N

I
(φsample) (5.5)

The magnetisation of MNPs can be derived from the volumetric susceptibility χ

and the applied field H0. The magnetisation Msample is a product of the volumetric
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concentration ξ and bulk magnetisation M0 (see Eq. 2.23). The former and the latter

can be expressed by nν
V

and χH0, respectively. Hence, the Msample can be written as:

Msample =
nν

V
χH0 (5.6)

φsample =
nν

V
χµ0H0asample (5.7)

where n is the number of MNP particles. ν is the volume of each particle. V is the

volume of the sample. asample is the area of the sample (the direction of the area is

aligned with coil area). µ0 is the permeability of free space.

The coil configuration is illustrated in Fig. 5.1, in which the diameters of coil and

sample are indicated.

Figure 5.1: The schematic figure of the measurement configuration. (a) the dimension

of coil. (b) the diameters of sample and coil. The value of sample area asample and

coil area Acoil1 were derived based on these two diameters.

Substituting Eq. 5.7 into Eq. 5.5, the equation becomes:

L = L0 +
nν

V
χ
Nµ0H0Acoil

I

asample
Acoil

(5.8)



178 CHAPTER 5. TEMPERATURE SENSING

Because L0 = Nφ0
I

= NB0Acoil
I

= N(µ0H0Acoil)
I

, the Eq. 5.8 becomes:

L = L0 +
asamplenν

AcoilV
χL0 (5.9)

The term
asamplenν

AcoilV
in Eq. 5.9 is dependent on the quantity of MNPs, the area of

MNPs, the volumetric concentration and the coil area. To be more specific, the more

the MNPs, the stronger the signal. The signal is also stronger when the coil area is

small. Thus, the term
asamplenν

Acoil
is defined to be the filling factor ε, in which the asample

is an empirical factor. The Eq. 5.9 can then be written as:

L = (1 + εχ)L0 (5.10)

By substituting Eq. 5.10 into Eq. 5.1, one attains an equation (see Eq. 5.11) that

describes the relationship between the resonant frequency and the susceptibility. The

symbol f(ε, χ) indicates that the frequency f is a function of ε and χ.

Because the f(ε, χ) in Eq. 5.11 has a continuous derivative, and χ is usually far

less than 1, i.e. similar to 0, one can approximate the f(ε, χ) by the first two Taylor

series expansion of Eq. 5.11 at χ = 0, as shown in Eq. 5.12. By subtracting f0 in

both sides of Eq. 5.12, one can then obtain Eq. 5.13, which implies that the change in

frequency ∆f(ε, χ) is linear with χ, if both ε and f0 are constant during the procedure

of magnetic hyperthermia.

f(ε, χ) =
1

2π
√
L0C(1 + εχ)

(5.11)

f(ε, χ) = f0 −
1

2
εf0χ (5.12)

∆f(ε, χ) = −1

2
εf0χ (5.13)

5.1.3 Dose and Temperature Dependence

The dose dependence of ∆f(χ) is related to the filling factor ε, which equals to
asamplenν

AcoilV
.

Because n and ν are not quantities can be easily measured, for the convenience of

characterisation, one can convert the filling factor to be: ε =
asamplemMNP

ρAcoilV
, of which

the mMNP and ρ are the mass of MNPs and the density of a single MNP.

Let us now draw the attention to another effect, the temperature dependence of

∆f(χ). It is associated with the temperature dependence of susceptibility, which can
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be broken down into three effects. The first effect is the Hopkinson effect, which

describes the phenomenon that the susceptibility peaks just before the Curie temper-

ature [116]. The explanation of Hopkinson effect is that the environmental thermal

energy facilitates the rotation of domain walls. In other words, Hopkinson is an effect

that would be observed in multi-domain magnetic materials. For the single-domain

magnetic material, Radhakrishnamurty & Likhite discovered a similar increase in sus-

ceptibility along with the growth in temperature [117]. However, the susceptibility

of single-domain material peaks at blocking temperature instead of Curie tempera-

ture. This effect is associated with the transition from a single-domain ferromagnet

to a superparamagnet. The third effect is a mixture of both effects mentioned above.

The cause of the third effect is the change in grain size during the heating and does

not apply to nanoparticulate system. For instance, if the heat makes a single-domain

material become a multi-domain material, then the second effect would be dominant

during the heating; after the heating, when the material starts to cool down, the Hop-

kinson effect becomes dominant. All these three effects are indicated in the Fig. 5.2.

MNPs used in magnetic hyperthermia are often single-domain material; hence,

MNPs are normally associated with the second effect, in which the susceptibility of

some magnetic materials is proportional to the temperature at the range for hyper-

thermia, i.e., between 35 ◦C and 55 ◦C. Considering both the dose dependence of ε

and temperature dependence of χ, the Eq. 5.13 can be re-expressed as:

∆f(mMNP , TMNP ) = −1

2
· asamplemMNP

ρAcoilV
· f0 · χ(TMNP ) (5.14)

In which TMNP represent the temperature of MNPs. The term χ(TMNP ) empha-

sises that the temperature dependence of χ. Similarly, the ∆f(ε, χ) in Eq. 5.13 is

written as a function of mMNP and TMNP in the equation above.
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Figure 5.2: Three categories of thermal change in susceptibility: (a) Hopkinson effect.

(b) Variation in a single-domain material. (c) Quasi-single domain type (the k in the

graphs indicates susceptibility). This figure is adapted from [117].

5.2 Experimental Setup and Handling of Data

The Eq. 5.14 correlates the change in resonant frequency with the dose of MNPs and

the temperature-dependent susceptibility, which is the basis of MPT proposed in this

study. A proof of concept study has been performed and will be presented later. The

experimental setup will be first described in the following subsection. Afterwards,

other sections will respectively elaborate the method for characterising MNPs and

potential applications of this proposed technique.

5.2.1 Experimental setup

The experimental setup is shown in Fig. 5.3. Every sample, i.e., MNP suspension,

was stored in a glass vial before being placed in MACH in-vitro coil (see Fig. 5.4).

The temperature of MNP suspension was measured by a fiber-optic thermometer

(LumaSense Technologies, CA, USA). Both the frequency and amplitude of the field

were derived based on the current waveform detected by CWT Rogowski probe (Power

Electronic Measurements Limited, Nottingham, UK). While the measured tempera-

ture was exported to a computer through the USB connection, the field parameters

were recorded through a digital oscilloscope, Picoscope 4227 (Pico Technology, Cam-

bridgeshire, UK). The data was then processed by Labview 2015 (National Instruments

Corporation, Austin, US).
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Figure 5.3: The experimental setup for demonstrating the novel MPT (magnetic particle thermometry).
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The dimension and field distribution of MACH in-vitro coil

The MACH in-vitro coil and the sample holder are illustrated in detail in another

figure, Fig. 5.4A. The cross-section of the coil is depicted as shown in Fig. 5.4B. The

coil diameter and height are 29 mm and 33 mm. The field distribution of MACH

in-vitro coil is calculated based on the script in Appendix A. When the coil current is

37 A, the field intensity at the centre of coil would be 5 kA/m.

Figure 5.4: The mechanical configuration of resonant coil, which was regarded as the

excitation coil during the measurement of susceptibility. (A) The illustration of the

coil, sample holder and the glass vial. (B) The cross-section of the diagram in A.

Figure 5.5: The field distribution of MACH in-vitro coil. When the coil current is

37 A, the field intensity at the centre of coil is 5 kA/m (see the script in Appendix A).
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5.2.2 Handling of Data

With the experimental configuration in Fig. 5.3, the temperature of MNP suspension

and the resonant frequency of the AMF applicator were measured simultaneously.

An example of the collected experimental result is illustrated in Fig. 5.6a, in which

the volume and the concentration of the MNP suspension were 0.4 ml and 11.25

mgFe/ml. The sample deployed here was RCL-01, provided by Resonant Circuits

Limited. By observing the figure, one can see that when a sample was placed in

the coil, the frequency immediately dropped. Assuming that the elevation in the

temperature of the MNP suspension was not too rapid so that the TMNP in Eq. 5.14

remained unchanged when the initial frequency drop was just observed, then if one

knows the initial TMNP , one can derive the mMNP from the Eq. 5.14 as long as the

characterisation is completed.

For instance, say TMNP equals 20 ◦C before being placed in, the frequency variation

in the Eq. 5.14 could be seen as a function of mMNP only. Let the coil area of MACH

to be Acoil1, the equation becomes:

∆f(mMNP , TMNP = 20◦C) = −1

2
· asamplemMNP

ρAcoil1V
· f0 · χ(TMNP = 20◦C) (5.15)

Through the characterisation of MNPs, it is possible to know that a milligram of a

specific MNP, e.g., 1 mg of RCL-01 in this study, at 20 ◦C would account for how much

drop in the resonant frequency. In other words, ∆f(mMNP = 1mg, TMNP = 20◦C) can

be easily attained before the actual measurement. In the actual measurement, once

the ∆f(mMNP , TMNP = 20◦C) is measured, one can then obtain the value of mMNP in

the unit of milligram by dividing ∆f(mMNP , TMNP = 20◦C) by the characterised term

∆f(mMNP = 1mg, TMNP = 20◦C), as long as both
asample
ρAcoil1V

and f0 remain constant

during the measurement.

The scenario above does not only demonstrate the possibility of deploying Eq.

5.14 for iron quantification but also illustrate the first step of MNP characterisation

for the proposed MPT. The first step of MNP characterisation is to divide both sides

of Eq. 5.14 by mMNP , which leads the equation to become:

∆fu(TMNP ) = − asamplef0

2ρAcoil1V
· χ(TMNP ) (5.16)

In which, ∆fu(TMNP ) represents ∆f per unit mass, and it is a function of TMNP

only, as long as both
asample
ρAcoil1V

and f0 are assumed to be constant. Unlike the correla-
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tion between the ∆f and mMNP , which is linear by definition, the correlation between

the ∆f and TMNP is based on the temperature dependence of χ. The temperature

dependence of χ may not always be linear, but it is approximately linear when the

range of the temperature of our interest is narrow. The temperature of the target tis-

sues during hyperthermia normally ranges between 37 ◦C and 55 ◦C, even for thermal

ablation, where clinicians may further push the target temperature to be above 60 ◦C,

even up to 90 ◦C, within the range of 50 ◦C difference, the temperature dependence

of χ is still likely to be linear.

Let us look again at the empirical data presented in Fig. 5.6. Once the RCL-01

suspension was placed in the coil, there was an initial frequency drop. Then, the

frequency constantly decreases when the suspension was magnetically heated. At the

end of the experiment, when the suspension was taken out from the coil, the frequency

returned to its original level f0. For the convenience of observation, the correlation

between the temperature and the frequency during the magnetic heating is plotted

in Fig. 5.6b, which, fortunately, was a linear relationship for this particular MNP

suspension. Consequently, the ∆f in Eq. 5.14 during the time that the sample was

in the coil can be expressed by a linear function of TMNP ; thus, it becomes:

∆f(mMNP , TMNP ) = S(mMNP )TMNP + C(mMNP ) (5.17)

The slope S(mMNP ) can be attained through the linear regression of the plot in

Fig. 5.6b. Once the S(mMNP ) is known, the intercept C(mMNP ) can be calculated as

both the initial TMNP and ∆f are measurable. Then, similar to what has been done

earlier, the mass normalisation is performed by dividing both sides of the Eq. 5.17 by

mMNP ; hence, the frequency variation per unit mass ∆fu(TMNP ) is expressed by the

slope per unit mass Su and the intercept per unit mass Cu, as below:

∆fu(TMNP ) = SuTMNP + Cu (5.18)

This equation is regarded as the characteristic equation of the MNPs for the pro-

posed MPT 1. This simple equation provides us with a powerful tool for two applica-

tions, which are (1) quantifying the amount MNP, and (2) remotely monitoring the

temperature. Both scenarios will be elaborated in the subsections below.

1Note that both 1
ρV ol1

and f0 are assumed to be constant during the measurement.
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Figure 5.6: (a) An experimental result shows both the resonant frequency of the system and the temperature of Sample B0 (i.e., a 0.4 ml

water-based suspension of RCL-01 with the concentration of 11.25 mgFe/ml)). This sample was measured at 5.0 kA/m and 992533 Hz. (b) The

linear correlation between the frequency and the temperature of the sample.



186
C
H
A
P
T
E
R

5.
T
E
M
P
E
R
A
T
U
R
E
S
E
N
S
IN

G

Figure 5.7: (a) An experimental result shows both the resonant frequency of the system and the temperature of Sample A0 (i.e., a 0.5 ml

water-based suspension of C180916 with the concentration of 60.00 mgFe/ml)). This sample was measured at 4.6 kA/m and 991704 Hz. (b) The

linear correlation between the frequency and the temperature of the sample.
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5.3 Results and Discussions

Experiments have been conducted in order to investigate in the possibility of (1)

quantifying MNPs and (2) remotely monitoring the temperature through the proposed

technique.

5.3.1 Characterisation of MNPs

Two samples have been used in this study. One was the aforementioned RCL-01, and

the other was C180916 provided by Chemicell GmbH (Berlin, Germany). The slope

of ∆f versus TMNP , the initial ∆f and initial TMNP of each sample was recorded and

listed in the table below. Besides, the parameters of samples, i.e. concentrations and

volumes of MNP suspensions, are also listed, based on which the mMNP of Sample A0

(C180916) and B0 (RCL-01) was 31.6 mg and 4.5 mg respectively.

Label A0 B0

Sample C180916 RCL-01

Concentration (mg/ml) 60.00 11.26

Volume (ml) 0.53 0.40

mMNP (mg) 31.6 4.5

Initial Frequency Drop (Hz) -1950 -537

Initial TMNP (◦C) 28.5 22.6

Slope (Hz/◦C) -5.7 -2.0

Table 5.1: The initial ∆f , initial TMNP , the slope of ∆f versus TMNP and parameters

of RCL-01 and C180916. Samples were measured at 993 kHz with the field intensity

of 5 kA/m.

Based on Table 5.1, the characteristic equations of both samples (see Eq. 5.18)

were calculated:

∆fC180916
u (TMNP ) = −0.18 TMNP − 57 (unit : Hz/mg) (5.19)

∆fRCL−01
u (TMNP ) = −0.44 TMNP − 109 (unit : Hz/mg) (5.20)
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With these characteristic equations, one can apply them to two scenarios, i.e.,

quantifying MNPs and remotely sensing the temperature. Both scenarios will be

described in the following subsections.

5.3.2 Scenario I: Quantifying MNPs

To evaluate the possibility of quantifying MNPs based on the initial frequency drop of

a sample, the C180916 suspension was diluted from 60 mgFe/ml to 33 mgFe/ml and 18

mgFe/ml. In addition, another batch of RCL-01 with a concentration of 10 mgFe/ml

and an MNP suspension named Perimag R© with a concentration of 20.2 mgFe/ml were

used in this experiment. The parameters of each sample are listed in Table 5.2.

Label A1 A2 B1 B2

Sample C180916 C180916 Perimag RCL-01

Concentration (mg/ml) 33 18 20.2 10

Volume (ml) 0.47 0.43 0.47 0.32

mMNP (mg) 15.5 7.7 9.5 3.2

Table 5.2: The parameters of samples used to evaluate the possibility of quantifying

MNPs.

According to the characteristic equations, i.e., Eq. 5.19 and Eq. 5.20, if the TMNP

of a sample is known, then the frequency drop caused by per milligram of MNPs, i.e.,

∆fC180916
u and ∆fRCL−01

u , at that particular temperature can be calculated. Hence,

the quantity of MNPs can be estimated by comparing its associated frequency drop

with the calculated ∆fu, the result of which is shown in Table 5.3. The error between

the estimated quantity of MNPs and the values listed in Table 5.2 lies in ± 6 %. These

results demonstrate the opportunity of using this simple technique to quickly quantity

MNPs.
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Label A1 A2 B1 B2

Sample C180916 C180916 Perimag RCL-01

TMNP (◦C) 29.39 29.35 27.44 25.89

Measured Frequency Drop (Hz) -992.00 -487.50 -1129.90 -363.90

∆fu (Hz/mg) -62.28 -62.29 -121.07 -120.39

Estimated mMNP (mg) 15.93 7.83 9.33 3.02

Error -2.68 % -1.62 % -1.76 % 5.88 %

Table 5.3: The estimated quantity of MNPs in each sample based on ∆fu, measured

frequency and its temperature. Samples were measured at 4 kA/m and 993 kHz

5.3.3 Scenario II: Remotely Sensing the Temperature

If the mMNP of a sample is known, then its temperature can be attained based on the

shift in resonant frequency. Take the Sample B0 as an example, if one multiplies the

characteristic equation Eq. 5.20 with its mass of MNPs, i.e., 4.5 mg, and moves the

TMNP to the left-hand side and other terms to the right-hand side of the equation,

then one would obtain the Eq. 5.21:

TMNP = −0.505 ∆fRCL−01
4.5mg − 247.725 (5.21)

This equation allows us to convert the frequency variation caused by 4.5 mg of

RCL-01 into the temperature of RCL-01. To evaluate this method, the author re-

peated the measurement of sample B0 for four times. The estimated temperature

of each sample was compared with its temperature measured by an optic thermome-

ter. The comparisons presented in Fig. 5.8 show an adequate accuracy of estimated

temperature, of which the root-mean-square error (RMSE) was less than 1.40 ◦C.
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Figure 5.8: Repeated temperature measurement of Sample B0. The black square

symbolises the temperature measured by a thermometer, while the solid red circle

represents the estimated temperature based on the frequency variation. The sample

was measured at 5 kA/m and 993 kHz.

The Sample B0 was selected to be an example for a reason. Because of the char-

acteristic equation Eq. 5.20 was derived based on the measurement result of Sample

B0, the mMNP of 4.5 mg of Sample B0 was seen as a truth. So the author could

investigate the linearity of TMNP and ∆f and its repeatability without worrying the

uncertainty in mMNP .

The next thing the author would like to examine was the effect of mMNP on

temperature sensing. The same method was used for estimating the temperatures of

Sample A1, Sample A2, Sample B1 and Sample B2 respectively. The mMNP of each

sample listed in Table 5.2 was used in these temperature estimation. The estimated

temperature of each sample was then compared with its measured temperature, the

values of both are shown in Fig. 5.9. One would notice that even though the estimated

temperature followed the trend of the measured temperature, the RMSE of estimated
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values range from 5.42 ◦C to 15.69 ◦C, of which the inaccuracies were unacceptable.

Figure 5.9: Temperature sensing of Sample A1, Sample A2, Sample B1 and Sample

B2, based on the mMNP in Table 5.2. The black square symbolises the temperature

measured by a thermometer, while the solid red circle represents the estimated tem-

perature based on the frequency variation. The sample was measured at 5 kA/m and

993 kHz.

This inaccurate estimation of temperature should be the combination of marginal

error during dilution and the volume loss of the sample during the temperature mea-

surement. On the one hand, the marginal error during dilution can affect the calcu-

lation of mMNP in diluted samples. On the other hand, the volume of sample would

also decrease each time when its temperature was invasively measured by an optic

thermometer. Both reasons could lead to an uncertainty in mMNP of diluted samples

that presented in Table 5.2.

Fortunately, the method described in section 5.3.2 allowed one to estimate the

mMNP in a sample. By using the Estimated mMNP in Table 5.3, one would obtain the
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results as shown in Fig. 5.10. The RMSE between the estimated and the measured

temperature significantly reduced to a range between 0.28 ◦C and 1.54 ◦C.

Figure 5.10: Temperature sensing of Sample A1, Sample A2, Sample B1 and Sample

B2, based on the mMNP in Table 5.10. The black square symbolises the temperature

measured by a thermometer, while the solid blue circle represents the estimated tem-

perature based on the frequency variation. The sample was measured at 5 kA/m and

993 kHz.

5.3.4 Scenario III: In-vivo Detection of Dose and Temperature

The assumptions of the first and second scenarios were that (1) the initial TMNP and

(2) mMNP were known, which respectively led to the possibility of detecting the (1)

mMNP and (2) TMNP .

The two scenarios above reflect the fact that the proposed technique is based on

the phenomenon that the variation in the resonant frequency contains two pieces of

information; while one is the quantity of MNPsmMNP and the other is the temperature

of MNPs TMNP . Once the characteristic equation of the MNP is determined, knowing
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the value of one allows us to deduce the value of the other.

For magnetic hyperthermia, it would be ideal to understand both in-vivo mMNP

and TMNP during the procedure. To achieve this, the author proposes a suggestion

here. This suggestion is based on that the initial TMNP is presumed to be the same

as the temperature of the target tumour. This assumption is reasonable, because

the deposited MNPs would stay at the target site for more than 24 hours after the

injection. After 24 hours, the MNPs should have achieved the thermal balance with

its surroundings.

Provided that this assumption is true, then there are two ways to find out the initial

TMNP . The first is to assume that the initial TMNP is identical to the core temperature

of the subject, e.g., 37 ◦C. The second is to more precisely measure the temperature

at the target site by invasively inserting a thermometer. As no heating was involved

at the beginning of the procedure, the temperature should be homogeneous across the

whole target. Thus, the initial TMNP should be identical to the measured temperature.

Once the initial TMNP is attained, the in-vivo mMNP can be derived with the

procedure described in Scenario I. Then, to obtain the relation between the TMNP and

∆f , one multiplies this derived mMNP with the characteristic equation of the specific

MNP, as the procedure elaborated in Scenario II. Consequently, in-vivo monitoring of

temperature could be achieved.

5.3.5 Discussion

These preliminary results indicate not only the feasibility of this technique being

used to remotely detect temperature, but also validate the possibility of the proposed

method being used for measuring mMNP . The author believes this non-invasive detect-

ing method has a significant potential to benefit the thermal management of magnetic

hyperthermia as well as other biomedical applications.

However, one feature of this technique should be emphasised here. Because the

proposed MPT measures only the average TMNP at the target region, it is required

to have the in-vivo imaging of particle distribution in order to better understand the

thermal condition during the treatment.

In addition, the discussion at the end of Scenario II implies that quantifying MNPs

using the proposed method is more reliable than the MNPs calculated based on the

concentration and volume of the suspension. The ability to quantify the MNPs pro-

vides a chance to more precisely control the concentration of a diluted MNP suspen-
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sion. This is essential for hyperthermia studies.

At the present, researchers rely on an inductively coupled plasma mass spectrom-

etry (ICP-MS) to measure the quantity of MNPs in a suspension. The ICP-MS is

able to accurately detect the quantity of MNPs, but the device itself is expensive and

thus not easily accessible. While MNP manufacturers have the access to ICP-MS, the

end-users often rely on the information provided by manufacturers.

Depending on the research purpose, the neat suspension is often required to be

further diluted to a specific concentration. In this case, the end-users only rely on the

accuracy of pipette. If the suspension volume the end-user is dealing with is small,

say 0.1 ml, an accurate dilution would be difficult to be achieved. A small marginal

error during the dilution can result in a concentration that is very different from the

expectation.

The proposed method provides an quick and reliable way to confirm the rela-

tive concentration of the diluted MNP suspension. More importantly, this technique

is cost effective. The cost of a technique is very often overlooked in an academic

research; nevertheless, cost-effectiveness is one of the main drivers of technology diffu-

sion. Similarly, as a thermometry, this proposed technique shares the same advantage

of cost-effectiveness. Although there were a number of positive results reported in

the literature on deploying MRI or MPI to sense the in-vivo temperature during the

hyperthermia, the cost of these techniques are expensive. And their compatibility

with the procedure of magnetic hyperthermia has yet to be resolved. For the sake of

these reasons, the author believes the MPT proposed here is a more easily accessible

alternative.

In this chapter, the variation in resonant frequency was theoretically correlated

with the temperature dependence of magnetic susceptibility. However, no empirical

study has been done to prove this relation. Although a linear correlation has found

between the ∆f and the TMNP for both RCL-01 and C180916, there is still no answer

whether this correlation is the result of the temperature dependence of susceptibility.

In the following chapter, a simplified AC susceptometer will be introduced, which

was used for validating the fundamental assumption of the proposed MPT. To be

more specific, the simplified AC susceptometer allowed the author to simultaneously

perform the MPT and the susceptometer. Thus, the MPT signal, i.e., the variation in

resonant frequency, and the susceptibility of MNPs can be measured under the same

field condition.



Chapter 6

Validation of Magnetic Particle

Thermometry

The description of the MPT in the previous chapter was engineering-orientated. The

description of which focused on the linear correlation between ∆f and TMNP as well

as the method for characterising MNPs. Although an explanation for this correlation

has been given at the beginning of the previous chapter, no empirical evidence was

presented to validate this deduced explanation.

The fundamental assumption of the explanation is that the ∆f is a function of the

χ (see Eq. 5.13). The linear temperature dependence of ∆f is believed to be a result

of the linear temperature dependence of χ.

To prove this assumption, a simplified AC susceptometer has been built and em-

bedded in the field applicator used in MPT, the configuration of which was able to

measure both ∆f and χ at the same time and in the identical conditions.

The following section will first illustrate the mechanism of the simplified AC sus-

ceptometer. The handling of data will also be included. In another section, the exper-

imental results will be presented and discussed. Once the χ of MNPs was attained, the

measured χ could then be compared with the ∆f obtained from the field applicator

MACH. According to Eq. 5.13, a linear correlation between them was expected, of

which the empirical results will be presented in Section 6.2.3.

195
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6.1 The Design of Simplified AC Susceptometer

6.1.1 Why a Bespoke Susceptometer?

There are commercial AC susceptometers, one can probably measure the temperature

dependence of χ of a type of MNP; then, followed by a separate measurement of ∆f

by using the resonant field applicator MACH. Once both χ and ∆f are measured

under the same conditions and the comparison of them shows a linear correlation, the

Eq. 5.13 would be validated.

However, it is not straightforward to measure both values under the same condi-

tions. The χ of MNPs does not only depend on the temperature but also on both

the field intensity and frequency. To be more specific, the linear temperature depen-

dence of χ depends on factors such as the temperature, the field intensity and the field

frequency.

The practical issue here is that to tune the field parameters of a commercial AC

susceptometer to be the same as that in MACH might not be easily achievable, because

their adjustable ranges of the field might be different. After all, they were designed

for different purposes.

Therefore, in the author’s perspective, the best way to validate the proposed tech-

nique is to directly integrate an AC susceptometer within the MACH. In this case,

one would obtain χ and ∆f at the same time and, more importantly, under the same

conditions.

The mechanical configuration of simplified AC susceptometer will be first depicted

in the next subsection. Then, handling of data will be described in another subsection.

A discussion on the limitation of this simplified susceptometer will then be presented.

6.1.2 The Mechanical Configuration of Susceptometer

The principle of an AC susceptometer has been stated in Section 2.4.2. In the previous

section, the device was termed as magnetometer, which was essentially identical to a

susceptometer. If the magnetisation is measured under a known field intensity, then

the susceptibility of a material can be calculated through dividing the measured mag-

netisation by the applied field. Thus, the mechanical configuration of a susceptometer

was the same as that depicted in Fig. 2.6.

The excitation coil provided an AMF during the measurement. Because the pick-
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up coil and the cancellation coil were identical but oppositely wounded, on the one

hand, when no sample was present, the induced voltage in the pick-up coil would be

evened by the voltage induced in the cancellation coil; that is, the overall voltage would

be zero; on the other hand, when a sample was present in the pick-up coil, a part of the

induced voltage in the pick-up coil was caused by the magnetisation of sample. Thus,

this induced voltage would not be zeroed by the voltage induced in the cancellation

coil, which resulted in a situation that the residual voltage was only associated with

the magnetisation of sample. Consequently, with this mechanical configuration, the

magnetisation of a sample could be measured. As the excitation field was known, the

magnetic susceptibility of the sample can then be calculated.

Take the field applicator MACH as an example. In this study, there is already a

coil that generates an AMF. This makes the coil act as an excitation coil. In principle,

as long as a pair of oppositely wounded coils are placed in this excitation coil, the

configuration would allow one to measure the magnetic susceptibility of a sample.

Let us look again at the coil of MACH in Fig. 5.3. Considering this configuration,

the easiest way to build up a susceptometer is to insert a pair of balancing coils into

the excitation coil in Fig. 5.4. As a result, the cross-section of the configuration would

be like that presented in Fig. 6.1A. The pair of the balancing coils consist of a pick-up

coil and a cancellation coil. The former and latter are represented with green and red

circle, respectively.

One may notice that the number of turns the cancellation coil has is higher than

that of the pick-up coil. This is because of the inhomogeneous field distribution. The

field tends to be stronger at the centre than it at the edge. To balance the induced

voltage in absence of a sample, the number of turns the balancing coils have needs to

be adjusted accordingly.

However, in practice, it was difficult to balance the induced voltages by adjusting

the coil position and/or the number of turns. At least, in the author’s attempt, even in

the absence of a sample, a none-zero signal always existed when an AMF was applied;

hence, a calibration is necessary. The calibration process and the handling of data

will be described in the following section.
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Figure 6.1: The configurations of detection coil. (A) The configuration of a pair of

balancing coils. (B) The configuration of a pick-up coil only.

6.1.3 Handling of Data

The coil configuration illustrated in the previous section has been commonly used

for detecting the magnetisation in the literature [80] [72] [74]. But it was practically

difficult to zero the offset signal by adjusting the number of turns or the relative

positions of pick-up and cancellation coils. To achieve this, a delicate mechanism

would be required for finely adjusting relative positions of coils.

Nonetheless, the author would like to emphasise that the goal of this experiment

was not to build up a quality susceptometer with high accuracy; instead, the sus-

ceptometer described here was for us to measure the susceptibility under the same

condition of proposed MPT, so that its assumption could be examined. For this pur-

pose, the author avoided using a complicated circuit design or a delicate mechanical

configuration in the susceptometer. This was the why this measurement setup was

described as a simplified susceptometer.

The measurement setup of this susceptometer is illustrated in Fig. 6.2. The key

signals of a susceptometer are the excitation field and the magnetisation of a sample.

To acquire these two signals, firstly, the resonant voltage that oscillated between the

excitation coil and the capacitor was measured by the aforementioned Rogowski coil

(see Section 5.2.1). Based on this detected periodic voltage, the intensity and the
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frequency of excitation field could both be derived. Secondly, the voltage induced in

the detection coil was recorded and converted to the magnetisation of a sample. The

induced voltage was directly measured by an oscilloscope.

Figure 6.2: The measurement setup of susceptometer. While the current oscillating

between the capacitor and excitation coil was measured by a Rogowski coil, the induced

voltage was directly measured by a 10x oscilloscope probe.

This measurement setup was straightforward. In principle, both the excitation field

and the magnetisation of a sample could be derived from the measured signals. But, in

practice, additional steps were required, of which the steps were respectively associated

with (a) the calculation of magnetisation, (b) the phase shift caused by

the Rogowski coil, (c) converting periodic signals to phasors and (d) the

calculation of susceptibility. Each step will be further elaborated in the following

subsections.

a. The Calculation of Magnetisation

According to both Faraday’s Law and Lenz’s Law, the relationship between electro-

motive force (abbreviated as emf) and the magnetic flux φ can be expressed as the

equation below:

emf = −dφ
dt

(6.1)

The concept of flux density B has been introduced in Section 2.2.1. By definition,
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the φ can be expressed as φ = BAcoil. It is necessary to consider the filling factor

(see Eq. 5.9) when calculating the magnetisation. Previously, the filling factor was

described as: ε =
nνasample
V Acoil1

, in which Acoil1 is the area of the MACH coil. To avoid

the confusion, the filling factor of susceptometer is set to be α. The α is described as:

α =
nνasample
V Acoil2

, in which Acoil2 is the coil area of the susceptometer.

As a result, the emf induced by the time-varying magnetisation of a material can

be described as:

emf = −αdφ
dt

(6.2)

Which can also be expressed as:

emf = −αd(BAcoil2)

dt
(6.3)

In the scenario of AC susceptibility measurement, it is reasonable to assume that

the flux density caused by the magnetisation of MNPs (denoted as BMNP ) is a peri-

odic signal. Provided that its angular frequency is identical to that of the excitation

field, denoted as ω, and the amplitude of BMNP peaks at BMNP
0 , then BMNP can be

expressed by BMNP
0 cos(ωt). Consequently, the emf associated with material’s mag-

netisation, denoted as emfMNP , equals:

emfMNP = −αd(BMNP
0 Acoil2cos(ωt))

dt
(6.4)

For the convenience of calculation, BMNP
0 cos(ωt) can be seen as a phasor. The

exponential form of this phasor is Re{BMNP
0 eiωt}. Then, after differentiation, the

above equation becomes:

emfMNP = Re{−αBMNP
0 Acoil2(iω)eiωt} (6.5)

Which further becomes:

emfMNP = Re{αBMNP
0 Acoil2ωe

i(ωt−π
2

)} (6.6)

This equation states the relationship between emfMNP andBMNP . It suggests that

the induced emfMNP always lags BMNP by 90◦, and the ratio of |BMNP |/|emfMNP |

is 1/(αAcoil2ω). With this relationship in mind, the emfMNP measured by the os-

cilloscope probe in Fig. 6.2 can be converted to BMNP . Assume that emfMNP =

V0cos(ωt), then BMNP can be derived through the equation below:
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BMNP = Re{ V0

αAcoil2ω
ei(ωt+

π
2

)} (6.7)

Or

BMNP =
V0

αAcoil2ω
cos(ωt+

π

2
) (6.8)

According to Eq. 2.6 and Eq. 2.7, the flux density BMNP can be converted to

the magnetisation of sample M through BMNP = µ0M . Based on this relation and

Eq. 6.8, the M of sample can be derived from measured signal, i.e., V0cos(ωt) through:

M =
V0

µ0αAcoil2ω
cos(ωt+

π

2
) (6.9)

b. The phase shift caused by Rogowski coil

The magnetisation of a material was attained through Eq. 6.9. Theoretically, if one

divides the magnetisation of a material by the excitation field, one would obtain the

susceptibility of the material. Nevertheless, in practice, the Rogowski coil used for

monitoring current (see Fig. 6.2) would introduce a phase shift during the measure-

ment.

It was caused by the embedded circuit that designed for converting the detected

current to a voltage. The current was converted because most oscilloscopes only read

voltage signals. The phase difference between the magnetisation and excitation field

can affect the calculation of AC susceptibility. To attain the AC susceptibility of a

material, it was necessary to remove or correct the phase shift that was not caused by

the magnetisation.

A potential method for addressing this issue is measuring the phase shift and taking

it into consideration when calculating the susceptibility. Unfortunately, the phase shift

was not a constant value. It tended to shift over time. Hence, the attention should

now be drawn to methods for (1) measuring and (2) correcting the undesired

phase shift.

To measure the undesired phase shift, the pair of balancing coils in Fig. 6.2 had

been replaced by an 8-turn pick-up coil, as shown in Fig. 6.1B, for the later measure-

ments (see the detailed discussion in Appendix G). The photo of 8-turn pick-up coil

applied in this study can be seen in Fig. 6.3. As to the correction of phase shift, it

will be discussed in the section of The Calculation of Susceptibility.
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Figure 6.3: The picture of 8-turn pickup coil used in the simplified susceptometer.

c. Converting Periodic Signals to Phasors

The previous two subsections have introduced (1) how to derive the magnetisation

from the detected voltage and (2) using the pick-up coil to generate a reference signal

for correcting the unwanted phase shift in measured excitation field cause by Rogowski

coil. Nevertheless, both descriptions were theoretical.

To practically attain the susceptibility, an additional step for converting the de-

tected signals to phasors would be helpful (see more discussions in Appendix H.1).

Once the phasors of detected signals were obtained, both the calculation of magneti-

sation and the phase correction of shifted excitation field could be easily achieved.

d. The Calculation of Susceptibility

Measurement Procedure At first, we need to clarify the procedure of measurement.

The susceptibility measurement could be divided into two stages. At the first stage,

the pick-up coil was in absence of a sample. The Hshifted was recorded. The induced

voltage was also recorded and at this stage the induced voltage was denoted as Vbaseline.
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Then, at the second stage, a sample was placed in the pick-up coil and the in-

duced voltage was denoted as Vpickup. The excitation field at the second stage remained

the same as that at the first stage. Both Vpickup and Hshifted were recorded.

The handling of data at each stage are individually introduced in the following

paragraphs.

The First Stage - Baseline Signal To facilitate the calculation, the first step of

data handling at each stage was to convert the detected signals to complex numbers

(the mathematics of the conversion can be seen in Appendix H.5). Thus, the Vbaseline

and Hshifted were expressed as Vbaseline and Hshifted.

According to Eq. 6.9, the induced magnetic field at the pick-up coil is described

as below:

Mbaseline =
Vbaseline

µ0αAω
(cos(

π

2
) + isin(

π

2
)) (6.10)

Here, the induced magnetic field was termed as Mbaseline. The Eq. 6.9 indicates

that there was a phase difference of π
2

between Mbaseline and Vbaseline; thus, to fulfil

the condition, a phasor, i.e., cos(π
2
) + isin(π

2
), was placed in the equation as above.

In addition, no sample is place in the coil, the Then the Eq. 6.10 could be simplified

to be:

Mbaseline = i
Vbaseline

µ0αAω
(6.11)

Then, for the purpose of calibration, a pseudo susceptibility Xbaseline,shifted was

derived through1:

Xbaseline,shifted =
Mbaseline

Hshifted

(6.12)

Because the Mbaseline was theoretically in phase with the excitation field H, the

phase difference between Hshifted and Mbaseline represents the undesired phase shift.

As ∠Xbaseline,shifted = ∠Mbaseline − ∠Hshifted, the phase of pseudo susceptibility

actually represented the phase shift caused by Rogowski coil θshiftedH .

1This was termed as pseudo susceptibility because the value of which was not an actual suscepti-

bility of any material. Here, the induced magnetic at the pick-up coil Mbaselnie was regarded as the

magnetisation of a reference material. Thus, through division, a pseudo susceptibility was obtained,

which was a useful baseline information for calibrating the system.
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Since θshiftedH was attained, one could then create a signal, termed as UPhaseCorrection,

of which the amplitude was 1 and the phase equalled to ∠Xbaseline,shifted. By dividing

Eq. 6.12 with UPhaseCorrection, another pseudo susceptibility Xbaseline would be:

Xbaseline =
Mbaseline

Hshifted/UPhaseCorrection

=
Mbaseline

H
(6.13)

Of which ∠Xbaseline equalled to 0.

The Second Stage - Signal of Sample At the first stage, both Xbaseline and

UPhaseCorrection were attained and saved for the later use. At the second stage, a

sample was placed in the coil and another set of data, i.e., Vpickup and Hshifted were

monitored and both were expressed with complex numbers. The results of which were

Vpickup and Hshifted.

Referring to Eq. 6.11 and Eq. 6.13, the induced magnetic field at the pickup coil

Mpickup and the pseudo susceptibility Xpickup were:

Mpickup = i
Vpickup

Kω
(6.14)

Xpickup =
Mpickup

Hshifted/UPhaseCorrection

=
Mpickup

H
(6.15)

Additionally, because the signal Vpickup could be decomposed into Vsample+Vbaseline,

the Eq. 6.15 could be broken down and became:

Xpickup =
Msample + Mbaseline

H
= Xsample + Xbaseline (6.16)

According to the above equation, the susceptibility of a sample, Xsample can be

attained by subtracting the pseudo susceptibility obtained at the second stage, i.e.,

Xpickup with the one measured at the first stage, i.e., Xbaseline, as stated below:

Xsample = Xpickup − Xbaseline (6.17)

Discussions on the detailed features of the simplified susceptometer is presented in

Appendix K

6.1.4 Calculation of MNP Induced Voltage

Eq. 6.6 could estimate either Vsample or Vsample for a single-turn pick-up coil. Nev-

ertheless, the pick-up coil applied in the experiment presented in this chapter was 8
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turns, so a factor of 8 needs to be added in the Eq. 6.6, which leads to:

|emf | = 8αBMNP
0 Acoil2ω (6.18)

As described in Section 6.1.3, there were two measurement stages. We can consider

the |emf | at each stage separately. At the first stage, the parameters of B0, Acoil2

and ω were either known or measurable. Assume that an excitation field of 5 kA/m and

963 kHz was applied during the measurement; after unit conversion, the parameters of

B0 and ω would be 6.27× 10−3 T and 6050707 rad · s−1. As to the area of coil Acoil2,

because the diameter of pick-up coil was 20 mm (see Fig. 6.3), the Acoil2 would be

0.314×10−3 m2. In relation to α, as the whole pick-up was immersed in the excitation

field, its α could be regarded as 1. Hence, according to these information, a |Vbaseline|

of 95.300 V was expected to be induced in the pick-up coil at the first measurement

stage.

At the second stage of the measurement, in the presence of a sample, the calcu-

lation would be slightly more complicated. Although the values of A and ω remained

the same as those at the first stage, both the values of α and B0 at this stage were

sample-specific values.

Taking the Sample A1 in Table 5.2 as an example, the α of which could be de-

composed into α = asamplemMNP/ρAcoil2V (see Section 5.1.3). The mMNP in Sample

A1 was 15.5 mg, and the density ρ of which2 was 5.18 gFe/cm3. The Acoil2 could be

easily attained based on the dimensions in Fig. 6.3. The Acoil2 is 0.31× 10−3 m2. The

asample was dependent on the 2 ml glass vial. The diameter of which is 11 mm, which

led to the asample of 0.095× 10−3 (m2). The V of Sample A1 was 0.47 ml or 470 mm3

(see Table 5.2.) Consequently, α at the second stage for calculating |VC180916
15.5mg | was

0.0020.

Afterwards, the last value to be determined was the B0 caused by the magnetisation

of Sample A1. Although this was a time-varying magnetisation, one may still predict

its value to some extent based on the static measurement.

The main material of C180916 (Sample A1) is magnetite. The static mass suscepti-

bility χmass of magnetite is 11×10−4m3 ·kg−1 [119]. By multiply χmass with its density

ρ = 5.18 gFe/cm3, one would attain its volumetric susceptibility χ, of which the value is

2The specification of C180916 did not provide the information of particle density. The density

was assumed to be the same as magnetite, i.e., 5.18 gFe/cm3. This values was also used in other

study that applied similar MNPs from Chemicell [118].
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5.7. This value was also used in another study, in which MNP suspension from Chemi-

cell was used [118]. The flux density, BC180916
0 , associated with the magnetisation of

Sample A1 would then become: BC180916
0 = χB0 = 5.7×6.27×10−3T = 35.74×10−3T

Until this step, all the parameters required for |VC180916
15.5mg | have been obtained. These

parameters are listed in the table below.

10x Oscilloscope Probe

An issue should be addressed here. The estimated values of |Vbaseline| was 95.30 V. The

high value of which brought a practical issue during the measurement. The maximum

voltage range of digital oscilloscope (Picoscope 4227) was ± 20 V, but |Vbaseline| was

approximately 5 times beyond the range. Thus, to properly read the value of |Vbaseline|,

a 10x oscilloscope probe was used in the measurement setup (see Fig. 6.2). A 10x

probe acts as a voltage divider, of which the measured value is one-tenth of the actual

value. As a result, the measured |Vbaseline| at 5 kA/m and 963 kHz was expected to

be 9.53 V.

Although this step allowed us to read the baseline signal, it also led to a conse-

quence that the measured |VC180916
15.5mg | was weaken from 1.18 V to be 0.12 V.

To be more specific, the measured voltage caused by 1 mg of C180916 is: |VC180916
1mg | =

0.12/15.5 = 0.008V or 8 mV (at 300 K). The theoretical measurement sensitivity can

be described as: 0.027 mV ·◦ K−1 ·mg−1.
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Stage Label α B0(T ) A(m2) ω(rad/s) Coil Turns est. |emf |(V )

I |Vbaseline| 1 6.27×10−3 0.31×10−3 6050707 8 95.30

II |VC180916
15.5mg | 0.0020 35.74×10−3 0.31×10−3 6050707 8 1.18

Table 6.1: Parameters used to theoretically estimate the induced voltage in the 8-turn pick-up coil. The Vbaseline was the induced voltage at

the first stage of the measurement, i.e., the coil was in absence of a sample. The VC180916,15.5mg was the estimated voltage that induced by the

magnetisation of Sample A1 at the second stage.
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6.2 Experiments

The purpose of experiments presented in this chapter was to validate the fundamental

assumption of the MPT proposed in Chapter 5. To fulfil this purpose, a simplified

susceptometer was devised. The details of which has been explained in previous sec-

tions. The data handling has been elaborated. Both the |Vbaseline| and |VC180916
15.5mg | have

been theoretically derived (see Table 6.1).

To validate the MPT with susceptometer, it is necessary to validate the suscep-

tometer first (a discuss on the measurement sensitivity of susceptometer is given in

Section 6.2.1). After the validation, the susceptibility measured by susceptometer

could then be compared with the frequency variation in MPT. Both the validation

and the comparison will be discussed below.

6.2.1 Measurement Sensitivity and Resolution

Sensitivity of Susceptometer

To attain the noise level of susceptometer, the measured |VC180916
15.5mg | versus the temper-

ature of MNPs is plotted as shown in Fig. 6.4 (the upper figure). The amplitude of

VC180916,15.5mg is expressed as V C180916
15.5mg in the figure. A linear regression has been per-

formed. As expected, the V C180916
15.5mg was linearly correlated with TMNP . The R2 of the

correlation is 0.88. The noise level is obtained by subtracting the measured V C180916
15.5mg

by those values derived from the fitted equation, i.e., V C180916
15.5mg = 0.23TMNP + 48.6.

The result is shown at the bottom of Fig. 6.4. Thus, the temperature sensitivity per

mg of C180916 would be 0.23(mV/K)/15.5(mg) = 0.015 mV ·K−1 ·mg−1.
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Figure 6.4: The upper figure is the relationship V C180916
15.5mg and TMNP . The R2 value

of the linear regression is 0.88. The figure at the bottom is the difference between

the induced voltage and the fitted line. The difference is regarded as the noise of

V C180916
15.5mg . The noise level of which is 1.12 mV. The noise level is attained by the

standard deviation of the scattering. The noise level here represents the uncertainty

of the measurement.

Sensitivity of MPT

In the same measurement, the resonant frequency was also measured. The ∆fC180916
15.5mg

was compared with TMNP in Fig. 6.5. Their correlation was high (R2 = 0.9988).

The detected signal in MPT, i.e., ∆fC180916
15.5mg , ranged from -931 Hz to -1053 when

along with the temperature varying from 30◦C to 80◦C. The bottom figure (see Fig.

6.5) indicates the amplitude of noise was around 1.14 Hz (i.e. 0.11 %). As to the mea-

surement sensitivity, based on the fitted equation in the figure above, i.e., ∆fC180916
15.5mg =

−2.44TMNP −858, the measurement sensitivity of MPT was 2.44(Hz/K)/15.5(mg) =

0.157 Hz ·K−1 ·mg−1.
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Figure 6.5: The upper figure is the relationship ∆fC180916
15.5mg and TMNP . The R2 value

of the linear regression was close to 1 (0.9988). The figure at the bottom is the noise

in ∆fC180916
15.5mg .

Resolution

The noise levels of Susceptometer and MPT were 1.12 mV and 1.14 Hz respectively.

Thus, their resolutions can be estimated by dividing their noise levels with their sen-

sitivities. As a result, the resolution of susceptometer and MPT were 75 K ·mgFe and

7 K ·mgFe. The measurement resolution of MPT was about 10 times higher than that

of the susceptometer presented here.

The Table 6.2 below concludes both the sensitivities and resolutions of MPT and

susceptometer.

Device Sample Sensitivity( mV
K·mgmg ) Resolution (K ·mgFe)

Susceptometer C180916 0.015 75

MPT C180916 0.157 7

Table 6.2: The measurement resolution of MPT and simplified susceptometer.
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6.2.2 Validating the Simplified Susceptometer

The focus of this section is the question: whether the signal measured by the suscep-

tometer is the susceptibility of a sample? To address this, the following discussion

focuses on the comparison of empirical and theoretical values of induced voltage.

Comparison of Empirical and Theoretical Voltages

In Section 6.1, the induced voltage has been theoretically estimated. The values of

which are compared with the empirically measured voltages presented in Table 6.3.

Firstly, let us look at the |VC180916
15.5mg |. The measured value (10.01 V) was close to

the estimated value (9.53 V). For the convenience of discussion, a factor termed as

empirical factor γ was defined. It was defined to be the ratio of measured value to the

estimated value. That is, the γ1 at the first stage was 10.01/9.53 = 1.06. This implies

that there was a 6% difference between estimation and the actual measurement. The

value attained in the actual measurement was straightforward and thus not adjustable.

As for the theoretical estimation, parameters in Eq. 6.18 include α, B0, Acoil2 and

ω. At the first stage, both B0 and ω were determined by the excitation field. And

both values were measured by the Rogowski coil. Also, as mentioned, because the

whole pickup coil was immersed in the excitation field, α = 1 should be a reasonable

assumption.

Therefore, the only factor that would cause this 6% difference would be A. If this

is the case, the actual Acoil2 should be 0.314×103×γ1. This suggests that the diameter

of pick-up coil may be 20.59 mm instead of 20.00 mm that described in Fig. 6.3. This

little difference validated the calculation used for estimating the baseline signal.

Stage Label est. |emf |
10

(V ) measured |emf |
10

(V ) γ = measured|emf |
est.|emf |

I |Vbaseline| 9.53 10.01 1.06

II |VC180916
15.5mg | 0.12 0.05 0.42

Table 6.3: Theoretically estimated value and empirical value of Vbaseline and

VC180916,15.5mg. An empirical parameter γ is attained by dividing the empirical value

with the theoretical value.

Secondly, the γ2 at the second stage was 0.42, which indicates the fact that the

empirical data was 58% lower than the estimated one. Because the Acoil2 was the
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same at both stages, the γ1 should have the same effect at Stage II. In addition, the ω

was measured and used in the theoretical estimation; that is, ω itself was an empirical

value and would not affect γ2.

The rest two parameters that could affect γ2 were α and BC180916
0 . In relation to

α, although error might be introduced during the calculation, it was unlikely that the

error was as large as 58%. Hence, one can confidently say that the main cause of this

low empirical factor was related to BC180916
0 .

To be more specific, the difference in BC180916
0 between estimation and the actual

value should be the main cause that resulted in the difference of γ2/γ1 = 42%. That

is, in the actual measurement, the BC180916
0 could be only 42% of the estimated value.

The Frequency Dependence of Susceptibility

The 58% difference in BC180916
0 might be associated with the frequency dependence of

χ. The frequency dependence has been mathematically described in Eq. 9a and Eq. 9b

in [48]. Based on these equations, a simulated frequency dependence of susceptibility

is plotted in the figure below. Parameters’ details and the simulation’s script can be

found in Appendix L.

In the figure, the black line indicates the amplitude of susceptibility. The green

and red respectively represent the real and imaginary susceptibility. Overall, as the

applied frequency was as high as 963 kHz, the decrease in susceptibility could be

evident. According to the demonstrative simulation, the AC susceptibility became 42

% of the static value was possible.

To briefly conclude, the empirical data did either fit the theoretical predications

or could be theoretically explained. Based on which, the author believes that the

presented susceptometer and the data handling method were both validated.
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Figure 6.6: The decrease in dynamic susceptibility as a function of applied frequency

relative to its static value. The simulation is based on [48]. The Sigma is the standard

deviation of normal distribution of particle size. The value of which was assumed to

be 0.3. The core radius of an MNP was assumed to be 6.5 nm. The field intensity and

temperature were relatively assumed as 5 kA/m and 300 K (Note that the simulated

result here aims at demonstrating the frequency dependence of the amplitude of sus-

ceptibility. The parameters used in the simulation were not necessarily the same as

those in the experiment presented in this section. The detail of which can be found

in Appendix L).

Convert the Measured Voltage in Susceptometer to χ

Since the susceptometer was validated, we can now covert the measured voltage to the

form that we are actually interested in, i.e., the susceptibility. The conversion could

be done by rearranging Eq. 6.18 to make it become:

BC180916
0 =

V C180916
15.5mg

8αAω
(6.19)

Then, the unit conversion is shown as below:

MC180916 =
V C180916

15.5mg

8µ0αAcoil2ω
(unit : A/m) (6.20)
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By dividing the MC180916 with H (in the unit of A/m), one obtains the χC180916:

χC180916 =
MC180916

H
(unit : dimensionless) (6.21)

To validate the assumption used in MPT, this susceptibility measured by the sus-

ceptometer χC180916 was then compared with the susceptibility derived from the fre-

quency variation in MACH. The detail of which is described below.

6.2.3 Validating the Magnetic Particle Thermometry

The experiment presented here aimed at measuring the same parameter with two

different devices. The parameter was the magnetic susceptibility of a material. To

avoid confusion, the author would like to emphasise that, although previous discussions

focused much on temperature and quantity measurements, the key function of both

devices is to obtain the susceptibility of sample.

And it is because of the quantity dependence of filling factor, e.g., α or ε, as well as

the temperature dependence of susceptibility that made those measurements possible.

Since signals measured by both devices were associated with the same parameter, no

matter what the material is, the measured results from them should be equivalent.

Thus, the next section will focus on the discussion of this equivalence. This will

be followed by another section that describes an experiment conducted for validating

the concept of filling factor.

Comparison between Susceptibility and Resonant Frequency Variation

As mentioned, the signals of both MPT and susceptometer are determined by the

susceptibility of a material. The χ derived from Eq. 5.13 would be the same as that

derived from Eq. 6.20 and Eq. 6.21. The derivations of both are described as below:

χ derived from MPT: χmpt = −2

ε

∆f

f0

(unit : dimensionless); (6.22)

χ derived from Susceptometer: χsus =
VSample

8µ0αAωH
(unit : dimensionless) (6.23)

The chief purpose of the following experiment was to examine the equivalence of

χmpt and χsus. Once the equivalence is proved, the fundamental assumption of MPT
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is validated. For better visualisation of experimental, the above two equations are

re-expressed as below:

− ∆f

f0

=
1

2
εχsus (6.24)

The above equation implies that the slope of −∆f
f0

and χsus equals to 1
2
ε. The filling

factor ε can be attained through:
asamplemMNP

Acoil1ρV
. According to the dimension mentioned

in Fig. 5.4, Acoil1 is 0.68 × 10−3m2. Because the ε is dependent on mMNP , the slope

should increase along with mMNP . To demonstrate the effect, three sample applied in

Chapter 5 were used again in this experiment. They were Sample A0, Sample A1

and Sample A2. The three samples contained the same MNP, i.e., C180916, but its

mMNP ranged from 7.7 mg to 31.6 mg.

On the one hand, the ρ of C180916 is known to be 5.18 g/cm3, so the theoretical

slope of each measurement can be calculated. They were respectively 2.1 × 10−4,

4.2×10−4 and 8.6×10−4. On the other hand, the empirical slope of each measurement

can be attained through comparing the measured susceptibility χsus and the measured

frequency variation ∆f
f0

, as illustrated in the upper picture in Fig. 6.7.

Figure 6.7: Measurement results of C180916 at 5 kA/m and 969 kHz. The quantity

of them were at three different levels, i.e., 7.7 mg, 15.5 mg, 31.6 mg.
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Sample mMNP (mg) Theoretical Slope Empirical Slope Error

C180916 7.7 2.1×10−4 1.2×10−4 -43%

C180916 15.5 4.2×10−4 5.2×10−4 26 %

C180916 31.6 8.6×10−4 15.4×10−4 80 %

Table 6.4: The empirical and theoretical slopes of ∆f/f0 versus χ for measurement of

C180916 at three difference quantities.

Both the theoretical and empirical slopes are listed in Table 6.4. These two sets

of values were not consistent. The errors of them was up to 80%. A possible reason

behind this inconsistency is the low measurement resolution of susceptometer.

As discussed in Table 6.2, the susceptometer’s resolution for measuring C180916

was 75 (K · mgFe). That is, for 7.7 mgFe, 15.5 mgFe and 31.6 mgFe of C180916,

the detectable temperature variations were 9.7 K, 4.8 K and 2.4 K, respectively.

The temperature elevations in MNPs were ca. 50 K. Therefore, some temperature

variations were not detectable by the susceptometer. This might be the main reason

that the empirical slopes were different from the theoretical ones.

A Larger Range of χsus If the signal generated by the temperature change in a

sample was not reliable enough, one could probably enlarge the range of signal

through varying mMNP or using different types of MNPs. To achieve this, the

author included a variety of MNPs in the another measurement presented below.

The various types of samples ensured a large range of χ. Overall, 27 MNP suspen-

sions and 2 powder samples were included; measurements were performed 119 times

at a variety of field strengths, the field strengths, frequencies and the sample details

of each measurement are listed in Appendix M.

Unlike the previous experiment described in Fig. 6.7, the diversity of samples

in this experiment ensured a large range of χsus; nevertheless, there was an issue

when calculating χsus. To attain χsus, it was necessary to know the sample-specific

parameter ρ for attaining α, but not all suppliers provided this information. In order

to bypass this uncertain parameter, the Eq. 6.24 is re-expressed as below:

− ∆f

f0

=
1

2

ε

α
αχsus (6.25)

In which, the mMNP/ρ in both ε and α was cancelled through the division ε/α.
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This ratio equals to Acoil2/Acoil1. Thus, in theory, the slope of −∆f
f0

and αχsus would

be a constant, i.e., 1
2
0.46 = 0.23. Besides, considering the fact that αχsus equals

to
Vsample

8µ0Acoil2ωH
, the parameters in which were all measurable and there was no need

for considering the sample-specific filling factor α. As a result, the correlation of

susceptibility and frequency variation is as shown in Fig. 6.8.

Figure 6.8: The correlation of susceptibility and frequency variation. The sample

details are stated in Appendix M.

The figure shows a clear linearity between −∆f
f0

and αχ. The R2 of the linear

regression was as high as 0.949. This linear correlation well supports the Eq. 6.25.

The empirical slope of their correlation (0.22) was less than 5 % different from the

estimated slope (0.23).

Apart from the linear correlation, it is worth describing the experimental data in

Fig. 6.8 from another perspective. By dividing both sides of the Eq. 6.24 by mMNP ,

one obtains the equation below:

− ∆f

f0mMNP

=
1

2

asample
ρAcoil1V

χ (6.26)

In this equation, the parameters on the right hand side are sample-specific. In
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other words, if the equation is correct, the − ∆f
f0mMNP

would be a sample-specific value.

This effect is shown in Fig. 6.9. In this figure, four types of MNP suspensions from

Fig. 6.8 were selected. Each type possessed different particle diameters. Every type

had more than one sample be measured. Each sample either had different mMNP or

it was produced in different batches.

The figure shows that the correlation of susceptibility and frequency variation was,

as described, linear. Its slope was identical to the previous value 0.22. Interestingly,

once the y axis −∆f
f0

was divided by the mMNP , the result − ∆f
f0mMNP

could be classified

into 4 levels as expected.

Each level should represent the value of
asampleχ

2ρAcoil1V
. Because the coil and the sample

were not changed during the measurement, Acoil1, asample and V was a constant. As

to χ
ρ
, this was the characteristics of each type of MNP. This empirical result met the

prediction of Eq. 6.24 and hence it could also be regarded as an evidence of the MPT

theory.
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Figure 6.9: The upper graph is the correlation of susceptibility and frequency variation

for four types of samples when exposing to a 10 kA/m and 970 kHz field. The bottom

graph shows the fact that each type of sample has a specific value of −∆f/f0mMNP .

The particle diameter of each type of MNP is also stated.

High Filling Coil

The smaller the coil, the higher the filling factor. To further confirm the theory, a coil

with higher filling factor was built. Another MPT measurement was performed based

on this high filling coil. Say the filling factor of this new coil was termed as β, and the

area of this coil was termed as Acoil3. The aim of this experiment was to see if α/β

equalled to Acoil3/Acoil1.
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Figure 6.10: (a) A higher filling factor. The diameter and the height of the coil are 16.0 mm and 9.1 mm. The volume of coil is denoted as

Acoil3, of which the value is 0.2× 10−3m2. (B) The calculated field distribution of this high filling coil, the field intensity at the centre is 5 kA/m

when the coil current is 20 A (see the script in Appendix A).
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The configuration of the high filling coil and its field distribution are presented

in Fig. 6.10a. Based on the geometry of the high filling coil and Biot-Savart Law,

the field distribution is calculated. If the resonant current was 20 A, then the field

strength at the centre is 5 kA/m, as shown in Fig. 6.10b.

The MPT measurement of Sample A0, Sample A1 and Sample A2 were per-

formed. The experimental result were then compared with the aforementioned results

measured by MACH coil. The comparison is presented in Fig. 6.11. In which, the

experimental results are displayed with the term of − ∆f
f0mMNP

(see Eq. 6.26).

The advantage of expressing the results with this form was that − ∆f
f0mMNP

depends

only on the characteristics of MNP, i.e.,
asample
ρV

, and the geometrical feature of the coil,

i.e., 1
Acoil3

.

Since the same sample was applied in both measurement, the value of
asample
ρV

should

remain the same in measurements of both MPT coils. Thus, the ratio of − ∆f
f0mMNP

obtained in MACH coil and that attained in high filling coil would only be associated

with Acoil13/Acoil1. That is, theoretically, the ratio α/β would be 0.2/0.68 = 0.29.

As indicated in Fig. 6.11, the value of − ∆f
f0mMNP

of C180916 suspensions measured

in MACH coil was 0.000066. Its counterpart measured in high filling coil was 0.000222.

As a result, the empirical ratio of filling faction α/β was 0.30.
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Figure 6.11: The values of the term −∆f/f0mMNP that respectively measured in MACH coil and high filling coil. Three samples, i.e., Sample

A0, Sample A1 and Sample A2, were applied in both coils. The main difference in both measurements was the filling factor. This difference

resulted in two levels of −∆f/f0mMNP . And the ratio of ε/β was 0.30.
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Coil Filling Factor Coil

Symbol Area (m2)

MACH ε 0.68× 10−3

Susceptometer α 0.31× 10−3

High Filling β 0.20× 10−3

Table 6.5: The filling factors, coil volume and coil area of each device.

Theoretical Ratio Empirical Ratio Error

ε/α = 0.46 ε/α = 0.44 4%

ε/β = 0.29 ε/β = 0.30 3%

Table 6.6: Ratios of filling factor and the ratio of coil area.

To have a more clear picture of filling factor, Table 6.5 and Table 6.6 summarise

the coil areas and the ratio of filling factors. The results indicate that the difference

between the empirical and theoretical values was lower than 5%. This is strong ev-

idence that the fundamental assumption of MPT, i.e., the change in resonant

frequency is caused by the variation in χ, is correct.

6.3 Discussion

The main purpose of above discussions is to validate the proposed MPT. In Chapter 5,

the linear correlation between the change in resonant frequency ∆f and the temper-

ature of MNPs TMNP has been clearly stated. For an engineering-oriented study,

the linear correlation itself would probably be enough. The correlation allows one

to easily convert ∆f to TMNP through characterisation. As a result, monitoring the

temperature at a distance becomes possible. This may be the completion phase of an

engineering task, but this could be a new chapter of a science-related task. The former

tends to apply, while the latter tends to explain. Hence, unlike the discussion in the

previous chapter, which focused on the possible applications of MPT, this chapter

made efforts to explain and validate the causal relationship of parameters in MPT

To achieve this, a simplified susceptometer has been built and embedded in the

field applicator of MPT. This configuration allows one to measure the same parameter
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χ with two devices, i.e., MPT and susceptometer. The first section described the prin-

ciple of the susceptometer. The measurement sensitivity of which were theoretically

discussed. Then, the following section, compared the empirical data collected by the

susceptometer with the deduced values. By doing so, the susceptometer was validated.

Afterwards, the data measured by both MPT and susceptometer were compared.

A strong linear correlation has been found between them, the slope of the correlation

was closed to the theoretical value. Another coil with high filling factor was built for

further confirming the correctness of the finding.

Overall, the fundamental assumption of MPT has been validated through a series

of empirical studies presented in this chapter. This MPT is proposed as a way to

improve the thermal management in magnetic hyperthermia, also with the potential

to benefit other applications.
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Conclusion

A simple yet influential idea - magnetic hyperthermia. Since the idea was proposed

six decades ago, the key idea of magnetic hyperthermia does not vary much. Re-

searchers are still trying to cure cancer by heating, a strategy that dates back more

than two thousand years. While some utilises the heat as a monotherapy, others rely on

it to enhance the performance of alternatives, e.g., chemo-therapy and radio-therapy.

Although the key idea remains unchanged, our knowledge of magnetic hyperther-

mia has been much improved in different aspects. Biologists have gained more insight

into the thermal response of cells. Quantitative metrics such as thermal dose has been

proposed based on empirical in-vivo studies. Biological studies on bio-distribution of

MNPs have provided valuable information for researches in this field. Engineers have

built more energy efficient field applicator. Field applicators have been shrunk from

devices occupying the entire operating room to desktop-sized devices. Physicists have

theorised the mechanism of magnetic heating. The quantification of magnetic heating

provides key metrics for chemists to evaluate those MNPs they designed and man-

ufactured. When it comes to chemists, it has to mention the nanotechnology boom

that began at the start of this century. The emerging researches in nanotechnology

has fuelled researches in magnetic hyperthermia. As indicated in Fig. 7.1, the number

of associated papers published in the first decade of this century was about 25 times

of that in the previous decade. Advances in nanotechnology have greatly enhanced

the heating ability and stability of MNPs. Improvements in different aspects have

made this 60-year-old idea popular again. Until 2019, there have been more than 10

thousands reports on magnetic hyperthermia being published in the past decade.

225
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Figure 7.1: The number of research publications published in each decade between

1980 and 2019. The number of papers is attained through the search of magnetic

hyperthermia in Google Scholar

Practical Challenge. Despite of much effort made by outstanding researchers, mag-

netic hyperthermia is still a step away from clinical use. To understanding the difficul-

ties, the author immersed himself in the scenario of performing magnetic hyperthermia

and gained first-hand experience through an ex-vivo study of porcine prostate tissues

(see Chapter 1). Based on which as well as related literatures, the author summarised

magnetic hyperthermia with a framework. The procedures of magnetic hyperthermia

are categorised into three actions. Each action has its own associated elements. The

framework of three actions and five elements was illustrated in Fig. 1.9. A framework

is particularly important to a multidisciplinary subject like magnetic hyperthermia.

As indicated earlier, biologists, engineers, physicists and chemists are contributing to

this field in their own perspectives. A framework or a map to visualise positions of

our researches is beneficial. It is beneficial either for the purpose of cross-disciplinary

collaboration or simply for conveying our own findings to the public.

The ex-vivo study illustrated a practical challenge associated with the last ele-

ment in the framework, i.e., thermometry. The current gold standard of temperature

sensing is to place thermal probes in the target. However, tissues are deformable;

thus, accurate placement is challenging. Inadvertent misplacement of probes can lead

to treatment failure or even serious complications. In this case, false information is

worse than no information. Follow up on this discussion, the study aimed at improving

the thermal management of magnetic hyperthermia. This topic is still very board. The
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thermal management can be related to the control or imaging of particles, the heating

performance of particles. Some achieve the thermal management through limiting the

its heating ability the target temperature. Moreover, some focus on seeking for alter-

native methods for sensing temperature. This study is particularly interested in the

latter, especially in remote sensing techniques. Rather than spot measurement, remote

sensing techniques tend to have ability to either perform multipoint measurement or

attain a representative temperature across the whole treated region. In this thesis, the

remote sensing of the temperature during magnetic hyperthermia has been carefully

discussed in this context, with the discussion based on both theoretical derivation and

empirical experiments.

The discussion could be broadly divided into two themes. One was an investigation

in a currently available thermometry, while another was an attempt to go beyond the

knowledge base and seek for an alternative. To be more specific, the former is related

to infra-red thermography and the latter is in relation to a novel magnetic particle

thermometry.

Giants Sir Isaac Newton (1642 - 1726) once said that one sees further by standing

upon the shoulders of giants. Everything comes from something. The same is true of

a research. The fundamental concepts of magnetic hyperthermia has been reviewed

in Chapter 2. It includes topics of biological effects of heat, mechanisms of magnetic

heating, concerns of safety and a review of current methods for remote monitoring

temperature. The discussions of these topics formed the theoretical lens of the study.

Those theories were main tools that the author used to explore and interpret the

empirical results of this study.

For instance, the concepts of CEM43 and ILP have been utilised in Chapter 3. The

dose limitation descried in the section of Safety Concerns has been considered at the

beginning of Chapter 4. In which chapter, the biological effect of heat was regarded

as an indicator of hyperthermia. Furthermore, the review of magnetism in Section 2.2

did not only facilitate the theory derivation in Chapter 5 but also provide the author

with a way to explain the difference between theoretical and empirical values (see

Table 6.5).

Infra-red thermometry. A thermometry is one of the five elements of the magnetic

hyperthermia framework (see Fig. 1.9). Discussion on the widely used infra-red ther-
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mography without considering other elements would not be as interesting. The utili-

sation of infra-red thermography would be better evaluated in the context of magnetic

hyperthermia. Thus, Chapter 3 and Chapter 4 individually described in-vitro and in-

vivo hyperthermia experiments, in which temperatures of targets were monitored by

infra-red thermography. While experimental conditions in in-vitro experiments were

controllable, conditions in in-vivo environment were specific to each murine model.

On the one hand, the controllable conditions in the former provided a chance to

evaluate the experimental setup. On the other hand, the experiments in the latter

demonstrated the practical issues in the in-vivo environment during the procedure of

magnetic hyperthermia. More detailed conclusion are individually described as below.

In-vitro magnetic hyperthermia on phantoms. The procedure of making a phantom

has been proposed in Chapter 3. Taking the advantage of controllability of phantom,

the effect of particle distribution on the temperature distribution was studied. It

was demonstrated that not only the dose of MNPs but also the pattern of particle

distribution would affect the temperature variation during the hyperthermia. This

result emphasises the importance of an element in the hyperthermia framework, i.e.,

the in-vivo imaging of particle distribution.

Although prostate phantoms were built in this study, the procedure of phantom

construction allows one to easily create phantoms with other anatomical shapes. Phan-

tom studies can benefit the magnetic hyperthermia research in some ways. One of

those is that it is able to evaluate the experimental setup. As the heating ability of

MNPs is often known from the manufacturers, when exposing to a known field, the

temperature variation can be predicted or simulated. By comparing the simulated

temperature variation with the measured one, the experiment setup can be validated.

Despite of the simplicity of simulating method presented in this study, measured

empirical temperature distributions were similar to those estimated through simula-

tion (see Fig. 3.19). In other words, if one can attain the particle distribution through

the third element, i.e., in-vivo imaging, then it is possible to simulate the three di-

mensional temperature distribution in the context of clinical scenario. Afterwards, the

temperature distribution can be converted to the distribution of CEM43. The latter

is regarded as a predictive indicator of hyperthermia. To be more specific, CEM43 is a

parameter derived from the average temperature and heating duration, and the value

of which can predict the severity of cell damage. Visualisation of CEM43 distribution
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(see Fig. 3.17) can potentially facilitate the process of determining the intensity of

hyperthermia.

Generally speaking, in-vitro experiments described in Chapter 3 was related to

the last action in the hyperthermia framework. Two elements were covered, which

were the temperature distribution prediction and the thermometry. The infra-red

thermography has been validated through in-vitro studies. The same thermometry

was then applied in the in-vivo studies.

In-vivo magnetic hyperthermia on murine models The framework illustrated in

Fig. 1.9 is for the treatment of hyperthermia. However, at the pre-clinical stage,

it is unlikely that every information is known. For instance, the first two elements,

i.e., the dosage determination and field adjustment, would depend on the character-

istics of MNP suspension. Thus, these two elements need to be evaluated before the

actual treatment. At the research stage, the framework of an experiment should be

adjusted according to its purpose.

Overall, there were four in-vivo experiments presented in Chapter 4. The frame-

work of each experiment is as shown in Fig. 4.24. Each experiment had its own

purpose. Experiments A and B aimed at determining the injection protocol and the

applied field intensity respectively. For the dosage determination, the experiment in-

dicated that Eq. 2.21 provided a good guidance. On the other hand, Experiment C

aimed at validating the thermal dose CEM43 with the empirical indicator of cell

damage HSP70 level. A trend of correlation between CEM43 and HSP70 level was

observed. Nevertheless, to make this statement more solid, it requires more empirical

evidences. As to the Experiment D, CT images were used to interpret the unexpected

temperature distribution. Due to the difference in retention rate of MNPs in each

murine model, injecting high dose did not guarantee a high dose of MNPs deposited

in the target. Consequently, the in-vivo imaging of particle distribution plays a cru-

cial role in magnetic hyperthermia. The author took a step forward, quantified the

deposited MNPs within target tumours with CT numbers of each scan. The experi-

ment indicated that, for subcutaneous tumours, the quantification of MNPs based CT

images is possible.

In conclusion, both the CT imaging and the infra-red thermography are good tools

for assessing pre-clinical magnetic hyperthermia, of which the targets are subcutaneous

tumours. However, for deep-seated tumours, because the CT number of bones is at the
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similar level as that of MNPs, the quantification in which is less likely to succeed. In

addition, the infra-red thermography would also not be able to sense the temperature

of a deep-seated target. Therefore, an alternative thermometry is required for clinical

scenarios.

Novel magnetic particle thermometry. A novel MPT based on the resonant effect

of an LC oscillator has been proposed in Chapter 5. The theoretical basis is that the

resonant frequency is a function of magnetic susceptibility. Because of the temperature

dependence of susceptibility, the frequency also depends on the temperature of MNPs.

Thus, theoretically speaking, the shift in frequency would be related to the average

temperature of MNPs. The linear correlation of the variation in frequency and the

temperature of MNPs has been illustrated in Fig. 5.6. A method for characterising

MNPs was stated and discussed in the same chapter. Moreover, depending on the

scenario, the MPT can be either performed as a temperature measurement or quantity

measurement of MNPs. The empirical estimations of both temperature and quantity

of MNPs were presented in Fig. 5.8 and Table 5.3. Both estimation showed a good fit

with measured values. It is worth noting that the temperature estimation is sensitive

to the quantity of MNPs. Hence, the temperature estimations in Fig. 5.8 were different

from the values measured by the optic fibre thermal probe. This inconsistency was

not caused by the principle of MPT but by the inaccurate dilution. Because the

quantity of MNPs in those samples applied in this study was small, it was difficult

to perform accurate dilution. Furthermore, the temperature measurement of optic

fibre was invasive, it could result in decreases in quantities of MNPs. Fortunately,

as long as the initial temperature of an MNP suspension is known and the MNP has

been properly characterised, then the estimated quantity can be attained based on

the initial drop in the resonant frequency. By modifying the quantity to the estimated

quantity, the temperature estimation showed a good fit with the values of the thermal

probe.

While Chapter 5 focused on the application, Chapter 6 aimed at interpreting and

validating the principle of MPT. To achieve this, a simplified susceptometer has been

built and embedded in the device of MPT. As a result, it was possible to measure the

susceptibility and the frequency shift at the same time. Through a series of exper-

iments, the theory of MPT has been validated. In which, an additional experiment

was performed to support the theoretical interpretation. Overall, the theory of the
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proposed MPT has been validated.

In summary, with the aim of improving the thermal management of magnetic hy-

perthermia, this study has assessed two temperature sensing techniques in the context

of magnetic hyperthermia. While one was the widely used infra-red thermography, the

other was the MPT newly proposed by this study. The assessment indicated that both

technique are useful for magnetic hyperthermia researches. For pre-clinical studies,

the multipoint measurement of infra-red thermography showed its advantages. The

MPT, on the other hand, has the potential to be used in a clinical scenario because

of its simplicity.

To translate the proposed MPT to a clinical setting, more future work is still re-

quired. One of the foreseen difficulties lies in the sensitivity of the MPT measurement.

As discussed in Chapter 6, the sensitivity of presented MPT very much depends on

the ratio of sample area and coil area (see Eq.6.26). It suggests that the larger the

coil, the lower the sensitivity. An intuitive way to mitigate this issue is to increase

the amount of MNP being injected into the target; this however may increase the

concern of toxicity. Therefore, how to scale up the coil but at the same time to keep

the measurement being acceptable will be of the most importance for the future work.

There is one more thing, the author would like to add here. Although the magnetic

materials used in this study were MNP suspensions, the application of the proposed

MPT should not be constrained. An investigation in using MPT with other magnetic

materials will be another interesting field to explore.
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Appendix A

The Simulation of Coil Field Distribution

This Python script is used to calculate the field distribution of the coils used in this

thesis. The script is based on a Python package called magpylib [6]. The fundamental

equations of magpylib can be found in [120].

The presented geometrical parameters in the script are associated with the MACH

pre-clinical coil (Chapter 1, Chapter 3 and Chapter 4). The simulated result is pre-

sented in Fig. 1.2. This script has also been used to simulate the field distribu-

tion of the MACH in-vitro coil (Chapter 5 and Chapter 6) and the High filling coil

(Chapter 6), and their geometrical parameters were adjusted accordingly. The simu-

lated results of MACH in-vitro coil and High filling coil are presented in Fig. 5.5 and

Fig. 6.10, respectively.
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Field Distribution of Coil.txt
import magpylib as magpy
import numpy as np
import matplotlib.pyplot as plt
from magpylib.source.current import Circular

# windings of two parts of a coil
Current = 113 #unit: A
# The thickness of coil is 5 mm.
coil1a = [Circular(curr=Current,dim=52.0,pos=[0,0,z]) for z in np.linspace( 
-17.5,17.5,2)]
coil1b = [Circular(curr=Current,dim=57.0,pos=[0,0,z]) for z in np.linspace( 
-17.5,17.5,2)]

col = magpy.Collection(coil1a,coil1b)

# create positions (x-z graph for visualising the field distribution)
xs = np.linspace(-40,40,100)
zs = np.linspace(-40,40,100)
posis = [[x,0,z] for z in zs for x in xs]
print(len(posis))

# calculate field and amplitude
B = [col.getB(pos) for pos in posis]
Bs = np.array(B).reshape([100,100,3]) #reshape
Bamp = np.linalg.norm(Bs,axis=2)*0.7977 #convert the unit to be kA/m

#plot
plt.pcolor(xs,zs,Bamp,cmap='hsv',vmin = 2, vmax = 8)
plt.colorbar().set_label('Field Intensity (kA/m)')
cs=plt.contour(xs,zs, Bamp, linewidths=0.5, levels=np.linspace(0,10,21))
plt.clabel(cs, inline=True, fontsize=8)
plt.xlabel('X (mm)')
plt.ylabel('Z (mm)')
plt.axis('image')
plt.show()

print(col.getB([0,0,0])*0.7977) # the unit of B in magpy is mT.

Page 1



Appendix B

The Measurement of ILP

The measurement of ILP can be divided into two parts. The first is to attain the

heating curve of the MNP suspension when exposing to an AMF with known field

intensity and frequency. The second is to derive ILP from the heating curve.

Figure B.1: The heating curve of an MNP suspension, e.g., Perimag R©-COOH

Firstly, the magnetic heating curves of MNP suspensions presented in this study

were all measured by the MACH in-vitro coil. The dimension and the field distribution

of coil can respectively be found in Fig. 5.4 and Fig. 5.5. Take Perimag R©-COOH as

an example (see Appendix C), the concentration was diluted from 50 mgFe/ml to 20.2
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mgFe/ml. The heating curve of which is presented in Fig. B.1.

Secondly, the algorithm of ILP calculation is based on the corrected slope method

proposed in [121]. The corrected slope method consists of two concepts. The first

concept is that the slope of heating curve indicates the heating power (the heating

power is the production of (1) the initial slope of heating curve and (2) the heat

capacity of the medium). The second concept is this method is related to the adjective

corrected.

Figure B.2: Illustration of corrected slope method. The heating curve is divided into

3 regions. The slope of each region is denoted as Slope 1, 2 and 3. The average

temperature at each region is denoted as T1, T2 and T3.

As illustrated in Fig. B.2, a heating curve can be divided into different regions.

The slope of each region decreases with time. It is because the heat loss rate L increase

with the temperature difference. Say the average temperature of each region is denoted

as T1, T2 and T3, then it suggests that:

C × Slope1 + T1× L = C × Slope2 + T2× L = C × Slope3 + T3× L (B.1)

In which, the C means the heat capacity of the medium.
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Once the heat loss rate is attained, the Eq. B.1 suggests that the slope at each

region can be corrected by adding the product of its average temperature, e.g., T1,

and the heat loss rate L. As a result, the initial slope is calculated. Afterwards, based

on Eq. 2.18 and Eq. 2.19, the ILP of an MNP suspension at each region can be

calculated, as shown in Fig. B.3. The average and the standard deviation of all the

ILP are regarded as its ILP value and its uncertainty. For instance, the ILP of an

MNP would be expressed as 5.71 ± 0.3 nHm2kg−1.

Figure B.3: The corrected ILP of Perimag R©-COOH at each second during the mea-

surement.
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Parameters of Magnetic Nanoparticles
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Label Name Composition Surface Size (nm) Neat Concentration (mgFe/ml) Manufacturer

MNP used in Chapter 1

Nanomag R© Magnetite plain 100 73.00 micromod

Sienna+ R© Magnetite/maghemite [122] plain 60 28.00 Endomagnetics

MNP used in Chapter 3

Perimag R© Magnetite plain 130 20.00 micromod

MNP used in Chapter 4

Perimag R©COOH Magnetite COOH 130 50.00 micromod

MNP used in Chapter 5

A0 fluidMAG/C11-D Magnetite plain 100 60.00 Chemicell

Lot:180916

(denoted as C180916)

B0 RCL-01 Magnetite plain 130 11.26 Resonant Circuit Ltd

B1 Perimag R© Magnetite plain 130 20.20 micromod

B2 RCL-01 Magnetite plain 130 10.00 Resonant Circuit Ltd

Table C.1: Parameters of main MNPs used in this thesis.



Appendix D

The Concept of Permeability - Darcy’s

Law

Darcy’s law is a fundamental equation in hydrodynamics. This equation analyses the

phenomenon that a fluid flows through a porous medium (e.g. sand), which is depicted

in Fig. D.1. The symbols of L and A in the figure represent the length and the cross

section area of the porous medium, respectively. Q is a quantity which indicates how

much volume of the fluid passes through the hydrodynamic system per second, and

thereby Q is termed as the discharge rate, or Darcy velocity, of flow.

Figure D.1: Fluid flows through a porous medium. L (m) is the length of the medium;

A (m2) is the cross section area of the medium; Q (unit volume per time; m3/sec) is

discharge rate or flux of flow.

Intuitively, the larger difference between the fluid pressure at the point a (denoted

as Pa) and the pressure at the point b (denoted as Pb), the faster the Darcy velocity

(Q) would be. On the other hand, high viscosity, µ, of the fluid would increase the
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resistant to flow and thereby decrease the Darcy velocity, Q. In addition to the pressure

and viscosity of fluid, the geometrical properties of the medium, e.g. A and L, also

affect Q. The relationship can be described by Eq. D.1.

Q =
−κA
µ

(Pb − Pa)
L

(D.1)

In this equation, there is another parameter, κ, the permeability of the porous

medium. The high permeability of a medium implies that the medium has strong

porosity, which facilitate the fluid flows through it. By rearranging the Eq. D.1,

another more neat equation, Eq. D.2 , is obtained.

q =
−κ
µ
∇P (D.2)

In this equation, ∇P is the pressure gradient of flow, and q is the flux of fluid as

defined in the Eq. D.3, which is:

q =
Q

A
(D.3)

This concept of flux does not only simplify the calculation in hydrodynamics, but

also help to interpret the principle of magnetic field.
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# Author: Fang-Yu Lin
# This script is used to simulation the Langevin equation.
# The Langevin equation describes the temperature dependence of magnetic
magentisation. 
# It was initially proposed to described the MH curve of paramagnet.
# It has also been used to describe the MH curve of superparamagnetic materials. 
# More discussion can be found in Weaver et. al.'s article:
# J. B. Weaver, A. M. Rauwerdink, and E. W. Hansen, “Magnetic nanoparticle
temperature estimation,” Med. Phys., vol. 36, no. 5, pp. 1822–1829, 2009.

rm(list=ls()) 
library(stats)
library(svDialogs) # pop out box for user input
library("tcltk")

EnterPara <- T

while (EnterPara == T){
  biasedB<- as.numeric(dlgInput("What is the bias magnetic field (unit: A/m) ?",
0)$res) 
  appliedB <- as.numeric(dlgInput("What is the strength of the AMF (unit: A/m)
?",2000)$res)
  appliedfreq <- as.numeric(dlgInput("What is the frequency of the AMF (unit: Hz)
?",1)$res)
  initialT <- as.numeric(dlgInput("What is the initial temperature of the MNPs
(unit: K) ?",50)$res)
  finalT <- as.numeric(dlgInput("What is the final temperature of the MNPs (unit:
K) ?",50)$res)
  dTemp <-  as.numeric(dlgInput("what is the incremental temperature (unit: K)
?",100)$res)
 
  Description <- paste0("Alternating Magnetic Field : ", appliedB, " A/m and ",
appliedfreq," Hz", "; ",
                           "Temperature Range: between ", initialT, " (K)
and",finalT," (K)", "; ",
                           "Incremental Temperature: ", dTemp, " (K)")
 
  Answer <- tkmessageBox(message =Description,
                         icon = "question", type = "yesno", default = "yes")
  GoodPara <- (tclvalue(Answer) == "yes")
  EnterPara <-!GoodPara
}
##########################
######functions()#########
##########################
coth = function(X){
  new <- {}
  for (i in 1:length(X)){
    if (X[i] <= 710 & X[i] >= -710){
      new[i] <- cosh(X[i])/sinh(X[i])}
    else if (X[i] > 710){
      new[i] <- 1}
    else if (X[i] < -710){
      new[i] <- -1}
    else{}
  }
  return(new)}



B0.all <- 10e3 # The range of the MH plot. Unit: A/m.
B.all <- B0.all*sin(2*pi*freq*t) # for MH curve.
 
#CREATE OUR FREQUENCY ARRAY
f <- 1:length(t)/T

#Parameters initialisation
i<-1
All.T <- seq(initialT,finalT,dTemp)
ratio.H3.H5 <- 0
H3<-0
H5<-0
chi.T <-0
 
#########################
# pre-assumed parameters:
#########################
   # diameter of an individual core: 130 nm 
   # (Tay, Zhi Wei et al. “In vivo tracking and quantification of 
   # inhaled aerosol using magnetic particle imaging towards inhaled 
   # therapeutic monitoring.” Theranostics vol. 8,13 3676-3687. 8 Jun. 2018, 
   # doi:10.7150/thno.26608), then
   # the volume of a particle v would be:
   v <- (4/3)*((130e-9/2)^3) # unit: m3
 
   # assume the concentration of MNP suspension is 20 mg/ml
   # assume the particle density is 1.4 g/cm3
   # assume the volume of MNP suspension is 0.5 ml
   # then, the number of particle n can be estimate
 
   ###unit conversion:###
     #particle density rho:
     rho = (1.4/1000)/((1/100)^3) # unit: kg/m3
     #the weithg of all particles:
     mass_sample <- 0.5*20/1000000 # unit: kg
     #the overall volume of particles nV:
     nv <- mass_sample/rho #unit: m3
     n<- nv/v
 
   # The amplitude of Langevin Function (AL is the ratio of the magnetic energy
and thermal energy):
   # To calculate the magnetic energy loss, it is important that the unit of M
and H is correct so that
   # their product would have an unit of J. 
     H_tesla <- B*4*pi*1e-7 # convert the unit of A/m to T

 
   # The coil volume (coil diameter: 29.33 mm; height; 33.32 mm):
   # V_sample = (pi*(29.33e-3/2)^2)*33.32e-3 #unit: m3
   V_sample = 0.5e-6 # unit: m3
 
   # assume the Saturation magnetisation to be: 90 (A·m2/kg)
   # Convert the mass magnetisation to volume magnetisation
   M_0_mass <- 90 #unit: A·m2/kg
   M_0 <- M_0_mass*rho # unit: A/m
 
   # Boltzmann constant:



par(mfrow=c(2,2)) # 2x2 plots 

############################### 1st figure - MH curve
##############################
col<-0
for (Temp in All.T ){
  #index k:
  k<-Temp
  AL<- (v*M_0*H_tesla)/(4*pi*kB*Temp)    # unitless 
  M <- (nv/V_sample)*M_0*(coth(AL)-(1/AL))  # A/m 
  M <- M[2:length(M)]
  t_M <- t[2:length(t)] 
 
  H_tesla.all <- B.all*4*pi*1e-7
  AL.all<- (v*M_0*H_tesla.all)/(4*pi*kB*Temp)
  M.all <- (nv/V_sample)*M_0*(coth(AL.all)-(1/AL.all))
  M.all <- M.all[2:length(M.all)] # for MH curve 
  M.all[is.na(M.all)] <- 0
 
     #PLOTTING
  col<-col+1
  if (col ==1){
     plot(B.all[2:length(B)],M.all, type="l",lty = col,lwd=2, col = col) 
     grid() 
 
  }else{
    lines(B.all[2:length(B)],M.all, type="l",lty = col,lwd=1, col = col) 
    grid()
 
  }
     grid()
     Sys.sleep(0.1) 
     print(Temp)
}

############################### 2nd figure - M output
##############################
col<-0
for (Temp in All.T ){
  k<-Temp
  AL<- (v*M_0*H_tesla)/(4*pi*kB*Temp)    # unitless 
  M <- (nv/V_sample)*M_0*(coth(AL)-(1/AL))  # A/m 
  M <- M[2:length(M)]
  t_M <- t[2:length(t)] 
 
  H_tesla.all <- B.all*4*pi*1e-7
  AL.all<- (v*M_0*H_tesla.all)/(4*pi*kB*Temp)
  M.all <- (nv/V_sample)*M_0*(coth(AL.all)-(1/AL.all))
  M.all <- M.all[2:length(M.all)] # for MH curve 
  M.all[is.na(M.all)] <- 0
 
  #PLOTTING
  col<-col+1
  if (col ==1){
    plot(t_M,M,  type="l",lty = col,lwd=2, col = col+3,
         ylim = c(-max(M.all),max(M.all))) 
    grid()



  grid()
  Sys.sleep(0.1) 
  print(Temp)
}
############################### 3rd figure - H input
##############################
col<-0
for (Temp in All.T ){
  k<-Temp
  AL<- (v*M_0*H_tesla)/(4*pi*kB*Temp)    # unitless 
  M <- (nv/V_sample)*M_0*(coth(AL)-(1/AL))  # A/m 
  M <- M[2:length(M)]
  t_M <- t[2:length(t)] 
 
  H_tesla.all <- B.all*4*pi*1e-7
  AL.all<- (v*M_0*H_tesla.all)/(4*pi*kB*Temp)
  M.all <- (nv/V_sample)*M_0*(coth(AL.all)-(1/AL.all))
  M.all <- M.all[2:length(M.all)] # for MH curve 
  M.all[is.na(M.all)] <- 0
 
 
  #PLOTTING
  col<-col+1
  if (col ==1){
    plot(B,t,  type="l",lty = col,lwd=2, col = col+1, ####
         xlim = c(-B0.all,B0.all)) 
    grid()
  }else{
    lines(B,t,  type="l",lty = col,lwd=1, col = col,
          xlim = c(-B0.all,B0.all)) 
    grid()
  }
  grid()
  Sys.sleep(0.1) 
  print(Temp)
 
}
############################### 4th figure - M Harmonics
##############################
col<-0
for (Temp in All.T ){
  k<-Temp
  AL<- (v*M_0*H_tesla)/(4*pi*kB*Temp)    # unitless 
  M <- (nv/V_sample)*M_0*(coth(AL)-(1/AL))  # A/m 
  M <- M[2:length(M)]
  t_M <- t[2:length(t)] 
 
  H_tesla.all <- B.all*4*pi*1e-7
  AL.all<- (v*M_0*H_tesla.all)/(4*pi*kB*Temp)
  M.all <- (nv/V_sample)*M_0*(coth(AL.all)-(1/AL.all))
  M.all <- M.all[2:length(M.all)] # for MH curve 
  M.all[is.na(M.all)] <- 0
  #FOURIER TRANSFORM WORK
  fftM <- fft(M)
  mag <- abs(fftM)*(2/length(M))

  #PLOTTING



         xlim = c(0,6*freq),ylim = c(0,2100)) #### 
  }else{

    lines(f[1:(fft_data_length)],mag[2:(fft_data_length+1)], type="l",lty =
col,lwd=1, col = col,
          xlim = c(0,6*freq)) 
  }
 
  grid()
  Sys.sleep(0.1) 
  print(Temp)
 
  H3[col] <- sort(mag, decreasing = TRUE)[3]
  H5[col] <- sort(mag, decreasing = TRUE)[5]
  ratio.H3.H5[col] <- sort(mag, decreasing = TRUE)[5]/ sort(mag, decreasing =
TRUE)[3] 
 
}

############################### 5th figure - Ration of H3 and H5
##############################
plot(All.T, ratio.H3.H5,type = "o")
grid()



Appendix F

Estimation of the Volume of MNP

suspension

The volume of an MNP suspension is estimated based on three assumptions:

1. The labelled concentrations on the product of MNP suspensions are correct and

uniform.

2. The volume of MNP suspension is independent of the mass of MNPs. i.e. the

volume of the suspension is only decided by the volume of water.

3. Based on (1) and (2), the volume of MNP suspension, VMNP (ml), is calculated

by:

VMNPsuspension =
MMNPsuspension

1 + (Concentration/1000)
(F.1)

In which, the mass and concentration of MNP suspension (i.e., MMNPsuspension

and VMNPsuspension) have units of g and mg/ml, respectively.

For instance, if the concentration of an MNP suspension is 10 mg/ml, then it

suggests that for 1 ml of the MNP suspension, there is 1 g of water and 10/1000 g of

MNP particles. Then, provided that there is 0.35 g of MNP suspension being poured

into a mould, the volume of MNP suspension can be estimated base on Eq. F.1. The

estimated volume of MNP suspension would be 0.347 ml. That is, because of the

low concentrations of those MNP suspensions used in Table 3.13, the weight of MNP

suspension (unit: g) can indicate its volume (unit: ml).
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Appendix G

The Measurement of Phase Shift in AC

Susceptometer

There are two ways to measure the phase shift of a susceptometer. The first is to use

a reference sample. The second is to generate a reference signal.

G.1 Reference Sample

If there is a reference sample that could be magnetised and its induced magnetisa-

tion is always in phase with the excitation field, then the phase difference between

the magnetisation and shifted excitation field can be derived. Because the reference

sample’s magnetisation is in phase with the excitation field, the measured phase shift

would only be associated with the Rogowski coil.

In literature, a paramagnetic material, dysprosium oxide Dy2O3, is commonly used

as a reference material for the calibration of a susceptometer [123]. Nevertheless, the

susceptibility of Dy2O3 is much weaker than that of MNPs.

For instance, according to [123], the DC susceptibility of Dy2O3 at 300K is

0.000206 (emu/Oe · g), while the DC susceptibility of the aforementioned C180916

(see Section 5.3.1) at 300K is 0.24 (emu/Oe ·g)1. The latter has over a thousand times

stronger susceptibility than the former. For the simplified susceptometer presented in

this study, the intensity of excitation field ranged only between 25 Oe and 125 Oe.

This was not strong enough for inducing a detectable magnetic moment in Dy2O3.

In short, because of the not-strong-enough excitation field and the small capacity

1The value of which was measured by Quantum Design SQUID-VSM Magnetometer (MPMS

SQUID VSM-7T, Quantum Design, California) at 50 Oe.
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of sample holder, i.e., 2 ml glass vial, to contain samples, the Dy2O3 cannot be used

as a reference material in this experimental setup.

G.2 Reference Signal

Take a step back, the fundamental concept of phase correction is to have a detectable

signal in the detection coil2 and the phase of which follows the excitation field. Instead

of using a reference material, one could use a coil to generate such a signal. As shown

in Fig. 6.1B, if the detection coil only consists of a pick-up coil, when exposing to

an excitation field, a periodic voltage would be induced in the pick-up coil even if no

sample is present in the coil.

More importantly, the associated magnetic field would be in phase with the ex-

citation field. By comparing this induced field with the shifted excitation field that

was detected by the Rogowski coil, the unwanted phase shift could be determined and

thus corrected.

2Either a pair of balancing coil or a pick-up coil only.



Appendix H

Phasor and Correlation

H.1 Why Phasor?

We have described the periodic voltage that induced in the pickup coil as V0cos(ωt),

which was a cosine wave without a phase shift. It was reasonable to assume that the

phase shift of such a signal was zero because a phase shift is a relative value. That is,

a phase shift is only meaningful when more than one signal is considered.

In the experiment in Chapter 6, two signals were measured (see Fig 6.2). Although

one could found the phase difference between those two signals, the phase difference

between the induced voltage and the shifted excitation field had no clear physical

meaning; hence, knowing the phase difference between them could not facilitate the

calculation of susceptibility.

Alternatively, to facilitate the calculation, one may compare each detected signal

with a reference signal. Provided that the reference signal had the same angular

frequency with the excitation field, i.e., ω, and its magnitude peaked at 1, then the

reference signal uref could be written as cos(ωt).

For the convenience of explanation, the phase difference between the induced volt-

age and uref was termed as θpickup, and that between the shifted excitation field and

uref was termed as θshiftedH . The maximum magnitudes of the former and the latter

were respectively denoted as V0 and H0.

Overall, the induced voltage Vpickup and the shifted excitation field Hshifted could

be written as Vpickup = V0cos(ωt + θpickup) and Hshifted = H0cos(ωt + θshiftedH), re-

spectively. The aforementioned signals, Vpickup, Hshifted and uref were all periodic

scalar signals. For manipulating signals that involve phase shifts, the mathematical

manipulation of scalars can be complicated.
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H.2 What is Phasor?

To simplify the calculation of such signals, C. P. Steinmetz (1865-1923) introduced

a notion called phasor, which allows one to express a periodic scalar signal with its

amplitude and its phase relative to a reference signal.

A phasor can be stated in any of the three equivalent forms, i.e., the rectangular

form, the polar form and the exponential form. Furthermore, the expression of phasor

can be easily visualised on such a diagram in Fig. H.1A.

To avoid possible confusion, the phasors of Vpickup, Hshifted and uref are denoted as

Vpickup, Hshifted and Uref , respectively. In Fig. H.1A, the reference signal Uref sits on

the x-axis, its phase is zero as its phase is regarded as the reference. The phase shift

of another signal could then be defined to be the phase difference between the signal

and Uref .

For a signal with a non-zero phase like Vpickup, the orientation of which on the phase

diagram would be rotated accordingly. Similarly, Fig. H.1B depicts both the Uref and

Hshifted. If we regard the x-axis as the real axis and the y-axis as the imaginary axis,

we can further decompose a phasor into the real part and imaginary part of a complex

number, which often refers to a phasor’s rectangular form. Consequently, the phasors

can now be re-expressed as Vpickup = V ′pickup+iV
′′
pickup and Hshifted = H ′shifted+iH

′′
shifted.

More discussions on the advantages of Phasor is given in Appendix H.

Figure H.1: (A) Phasor diagram of Vpickup relative to uref . (B) Phasor diagram of

Hshifted relative to uref .
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Figure H.2: A phasor can be decomposed into a real part and an imaginary part,

which is termed as the rectangular form of a phasor. (A) The rectangular form of

Vpickup. (B) The rectangular form of Hshifted.
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H.3 Advantages of a Phasor

Expressing a signal by the rectangular form of its phasor is beneficial. The expression

of complex number facilitates the analysis of signal. For instance, it could be prac-

tically difficult to attain the phase difference between two signals through the scalar

manipulation of sequential data that collected from the oscilloscope.

However, if the sequential data is periodic and can be expressed as a complex

number, one could then easily attain the phase through manipulations such as dot

product and division. In fact, the core of discussion presented here is to elaborate a

method for converting a periodic sequential data, e.g., Vpickup, to a phasor in the form

of complex number, e.g. V ′pickup + iV ′′pickup.

From one perspective, if the rectangular form of the phasor is known, to obtain

the real part of the phasor, i.e., V ′pickup, one could simply calculate the dot product of

Vpickup and Uref (see Fig. H.1A). The result of the dot product is the value of V ′pickup,

because the amplitude of Uref has been defined to be 1. Or it can be mathematically

described as below:

V ′pickup = Vpickup · Uref = |Vpickup||Uref |cos(θpickup) (H.1)

Because |Uref | is 1, and thus:

V ′pickup = |Vpickup|cos(θpickup) (H.2)

From another perspective, as the recorded signals, i.e., Vpickup and Hshifted, were

sequential scalars, one cannot perform the dot product as described above. Fortu-

nately, there is another equation for evaluating the correlation between two sets of

variables, and the correlation between two sets of data is equivalent to the notion of

dot product.

H.4 Correlation of Two Signals

The notion of correlation has been widely used in statistics. To be more clear, the

correlation of two periodic signals, f(t) and g(t), is stated as below:

corr(f(t), g(t)) =

∫ T
0

(f(t)− f)(g(t)− g)dt√
(
∫ T

0
(f(t)− f)2dt)

√
(
∫ T

0
(g(t)− g)2dt)

(H.3)
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In which, the t and T represent the time and the period of signal. The f and g

are the average of each signal over a whole period. The result of corr(f(t), g(t)) is

equivalent to cos(θ) in which the θ is the phase difference between f(t) and g(t). The

proof of the equivalence is stated in Appendix I.

H.5 Convert Measured Signals to Phasors by Correla-

tion Equation

In the case presented in Fig. H.1A, the correlation of Vpickup and uref , denoted as

corr(Vpickup, uref ), is equivalent to cos(θpickup). In addition, as there was no DC offset

signal involved, the average of a sinusoidal signal, e.g., Vpickup or uref , over a full period

would be 0. That is, both f and g were 0. Therefore, by comparing Eq.H.2 and Eq.

H.3, one attains:

V ′pickup
|Vpickup|

=

∫ T
0
Vpickupurefdt√∫ T

0
(Vpickup)2dt)

√∫ T
0

(uref )2dt
(H.4)

By expanding both Vpickup and uref , the Eq. H.4 becomes:

V ′pickup
|Vpickup|

=

∫ T
0
Vpickupcos(ωt)dt√∫ T

0
V 2

0 cos
2(ωt+ θpickup)dt

√∫ T
0
cos2(ωt)dt

(H.5)

Because the integral of cos2(ωt) equals to the integral of sin2(ωt) over a full period

and the sum of cos2(ωt) and sin2(ωt) is 1, the integral of cos2(ωt) over a period would

then equal to T
2
. Similarly,

∫ T
0
cos2(ωt + θ)dt would also be T

2
. In addition, in our

case, the amplitude of phasor |Vpickup| is V0. As a result, the Eq. H.5 becomes:

V ′pickup =
2
∫ T

0
Vpickupcos(ωt)dt

T
(H.6)

Similarly, to obtain the imaginary part of Vpickup, i.e., V ′′pickup, one can simply rotate

the phase of uref with 90◦ and make the reference signal to be sin(ωt). Repeat the

above calculation, one can then obtain:

V ′′pickup =
2
∫ T

0
Vpickupsin(ωt)dt

T
(H.7)

To conclude, a periodic signal can be converted to the rectangular form of its

phasor as long as the frequency of which is known1. In our case, the ω was measured

1A simulated example of converting a periodic signal to a phasor is presented in Appendix J
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by Rogowski coil, so both sin(ωt) and cos(ωt) could be generated when handling the

data. Through Eq. H.6 or Eq. H.7, the real and imaginary parts of both Vpickup and

Hshifted can be derived. Once these periodic signals were re-expressed with complex

numbers, the calculation of susceptibility could be more easily handled. More details

on the calculation will be further described in the next section.



Appendix I

The Equivalence of Correlation and Dot

Product

In Section 6.1.3, the equivalence of correlation and dot product has been described.

This paragraph below provides a proof of the equivalence.

From the qualitative perspective, the cosine of phase difference between two pha-

sors can be used to describe their correlation. To be more specific, if two signals

overlap, the phase difference θ between them would be 0◦, which leads to cos(θ) = 1.

Then, one can describe that there is high correlation between those two signals, or

one can quantitatively describe the correlation between them is 1. To be more clear,

let us describe this equivalence in equations.

Assume that there are two periodic signals, X(t) and Y (t); the phasors of which

are denoted as X and Y. Then, by definition, the cos(θ) can be derived from their dot

product (see Eq.I.1).

cos(θ) =
X · Y
|X||Y|

(I.1)

Here the question to be answered is that whether or not corr(X(t), Y (t)) equals to

cos(θ). To answer this, one can assume X(t) and Y (t) to be X0sin(ωt) and Y0sin(ωt+

θ). Substituting these two signals into Eq. H.3, then one would obtain:

corr(X(t), Y (t)) =

∫ T
0

(X0sin(ωt))(Y0sin(ωt+ θ))dt√
(
∫ T

0
X2

0sin
2(ωt)dt)

√
(
∫ T

0
Y 2

0 sin
2(ωt+ θ)dt

(I.2)

Because of the fundamental trigonometric formula:

sin(θ1)sin(θ2) =
1

2
(cos(θ1 − θ2)− cos(θ1 + θ2)) (I.3)
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The numerator of Eq. I.2 becomes:∫ T

0

X0Y0

2
(cos(θ)− cos(2ωt+ θ))dt =

X0Y0T

2
cos(θ) (I.4)

Also, the integral of sin2(θ) equals to the integral of cos2(θ) over a whole period;

hence:

∫ T

0

X2
0sin

2(ωt)dt =

∫ T

0

X2
0

(sin2(ωt) + cos2(ωt))

2
dt =

TX2
0

2
(I.5)

Similarly: ∫ T

0

Y 2
0 sin

2(ωt+ θ)dt =
TY 2

0

2
(I.6)

Substituting Eq. I.4, Eq. I.5 and Eq. I.6 into Eq. I.2, then the equation below is

attained, which proves the aforementioned equivalence.

corr(X(t), Y (t)) = cos(θ) (I.7)



Appendix J

The Simulation of Periodic Signals

Correlation

The Matlab script below was for demonstrating the Eq. H.6 and Eq. H.7, which were

used to convert a scalar periodic signal to the rectangular form of a phasor. Through

correlating the signal with cosine and sine waves individually, one could obtain the real

and imaginary components of the phasor of the signal. In the picture below, an signal

M , which peaks at M0 with an phase shift θM relative to a cosine wave is presented

for the demonstration. The Matlab script of which is presented in the following pages.
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Figure J.1: The top graph is the correlation of a periodic signal M (denoted with blue

colour) with a cosine wave (denoted with red colour) that has the identical frequency

to M . The grey curve represents M0cos(ωt + θM)cos(ωt), and the dashed line is the

correlation coefficient, which also is the real part of the phasor of M . Similarly, the

bottom graph is the correlation of M with a sine wave (denoted with green colour).

Both the M0cos(ωt + θM)sin(ωt) and the correlation coefficient are illustrated with

grey colour.



Simulation
% Technique: Correlation Purpose: Expressing a waveform on a phasor
% diagram.
% 
% Scenario: A waveform was captured in Labview. We want to compare
% its phase with other waveforms. The phasor diagram makes the phase
% tracking easier since the phase of a waveform is fixed.
% 
% Condition: We need to know the frequency of the waveform. Let's say the
% frequency of which is w. 
% 
% Principle: While the average level of
% Waveform*cos(wt) can represent real part of the complex, the average
% level of Waveform*sin(wt) represents the imaginary part of the complex.

%%
clear all;clc;

%% Define a wave
    index= 1:200;

for angle = 0:5:360
    clf('reset')
    theta = (angle/180)*pi();
    f = 500;
        samplingRate = 100*f; % 100Xfrequency
        samplingPeriod = 1/samplingRate;
    t = index.*samplingPeriod;
        w = 2*pi()*f;

    M0 = 100;
    M = M0*cos(w*t-theta)
%% 1.0 Plot Input and Cos 
subplot(2,1,1);
    plot(t,M);hold on;
    plot(t,M0.*cos(w*t));

%% 1.1 Correlation, i.e. Converting a wave to a complex

    w = 1*w;
%   Real Part of the Complex Number
    plot(t,M.*cos(w*t),'Color',[169/256,169/256,169/256])
    rm_M = 2*(sum(M.*cos(w*t))./length(t));
    plot(t, rm_M*ones(length(t)), '.','Color',[169/256,169/256,169/256]);
    text(0.6*max(t),rm_M+0.05*M0, sprintf('The real part of M is 
%0.2f.',round((rm_M),2)));
    title('Real Part of the Signal.')
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Simulation
%% 1.2 Calculate the Complex number based on theta
    
    text(0.02*max(t),-0.8*M0, sprintf('The Complex of M is %0.2f + %0.2f i.',...
    round(M0*cos(theta),2),round(M0*sin(theta),2)));

%% 2.0 Correlation, i.e. Converting a wave to a complex
%   Imaginary Part of Complex Number
subplot(2,1,2);
    plot(t,M);hold on;
    plot(t,M0.*sin(w*t),'g');  
%% 2.1 Correlation, i.e. Converting a wave to a complex
%   Real Part of the Complex Number
    plot(t,M.*sin(w*t),'Color',[169/256,169/256,169/256])
    Im_M = 2*(sum(M.*sin(w*t))./length(t));
    plot(t, Im_M*ones(length(t)), '.','Color',[169/256,169/256,169/256]);
    text(0.6*max(t),Im_M+0.05*M0, sprintf('The real part of M is 
%0.2f.',round((Im_M),2)));
    title('Imaginary Part of the Signal.')
%% 2.2 Calculate the Complex number based on theta
    
    text(0.02*max(t),-0.8*M0, sprintf('The Complex of M is %0.2f + %0.2f i.',...
    round(M0*cos(theta),2),round(M0*sin(theta),2)));

    pause(0.1)
end
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Features of Simplified Susceptometer

To better utilise the susceptometer, it is important to understand its features. Discus-

sions on the intrinsic limitations of simplified susceptometer will be presented below.

With the limitations in mind, meaningful signals could be more easily distinguished

from other interferences when performing data analysis.

The limitations of the simplified susceptometer lies on two aspects. One is related

to the correlation calculation used for converting a signal to a phasor, while the

other is in relation to the accuracy. Each limitation will be be individually

described in detail below.

K.1 The issue in Calculation of Correlation

It would not be an issue if the assumption made at the beginning of Section 6.1.3 is

true for the measurement. In the section, the author assumed that either Vpickup or

Hshifted is a pure sinusoidal signal, e.g., cos(ωt); that is, there are no harmonics in

them.

This is usually true for the excitation field, as it is designed to be like that. How-

ever, very often, the magnetisation of a material is non-linear to the excitation field;

in other words, harmonics exist in the magnetisation. An issue here is that, during

the calculation of correction (calculation of complex number), those harmonics would

be discarded, or to be more precisely, they would not be seen. To explain this, it may

be helpful to describe the notion of correlation qualitatively.
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K.1.1 Missing Information during the Phasor Calculation.

Take Eq. H.6 as an example, what the correlation equation tries to do is to define

how many portions of Vpickup are identical to cos(ωt). Only those portions have the

same frequency and phase as those of cos(ωt), those portions would be detected.

Thus, cos(ωt) is sometimes termed as a detector in the literature. Similarly, the

Eq. H.7 withdraws a part of Vpickup that is identical to another detector, i.e., sin(ωt),

in terms of frequency and phase. For other portions in Vpickup that are not at the same

frequency as those detectors, i.e., harmonics of Vpickup, they cannot be detected and

will be discarded after the correlation.

Fortunately, this limitation would not affect the experiment presented here, which

aimed at validating the proposed MPT. The author points out this issue here is mainly

because a susceptometer is sometimes used for visualising the hysteresis loop of a

material [80]. The simplified susceptometer presented in this chapter is however not

able to assess this effect. It was designed mainly for measuring the AC susceptibility

in the same conditions of proposed MPT.



Appendix L

The Simulation of Frequency

Dependency of Susceptibility

The R script for the simulation of frequency dependence of susceptibility is presented

in the following pages. The script is based on the Eq. 9a and Eq. 9b in Rosensweig’s

work in [48]. The script was first built by the author’s colleague, Francesca Brero,

then later modified by the author for the purpose of explaining the difference between

the empirical and theoretical data in Section 6.2.2.
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RScript_for_FrequencyDependence_Chi_05March_2020.txt
## Simulation of Susceptibility based on the paper given by Rosensweig 2002
## Initial Script on particle distribution written by Francesca Brero
## Modified by FY Lin on 22/Apr/2019
## Modified by FY Lin on 08/Sept/2019

rm(list=ls())

############################################
##########function of chi.rosencalc  #######
############################################  
"chi.rosencalc"<-function(k.eff=14000,Md=446e3,
                          nu=1e-3,tau0=1e-9,temp=300,
                          phi=0.5,H=5000,sig=0.15,R0=6e-9,
                          delta=2e-9,radius=seq(1e-9,100e-9,0.1e-9),
                          frequency=seq(1,1e+8,500),verbose=F){
  i<-0
  kb<-1.38e-23
  mu0<-4*pi*1e-7
  chi.p<-double(length(frequency))
  chi.pp<-double(length(frequency))
  power<-double(length(frequency))
  
  
  R<-radius
  ### Gaussian Distribution ###
  #create the distribution gR and step dr 
  if(sig==0){
    g.R<-rep(0,length(radius)) #Gaussian Function, when sigma == 0.
    index_median <- median(1:length(radius))
    g.R[index_median] <- R0
    dr<-1/R0#mean(diff(radius)) # interval between two data
  }else{
    g.R<-1/(sqrt(2*pi)*sig*R)*exp((-(log(R/R0))^2)/(2*sig^2) ) # number of cases 
per interval
    dr<-mean(diff(radius)) # the interval
  }
  
  ### 
  Anorm<-sum(g.R*dr) # check both g.R and dr. The Anorm should be 1.
  if(round(Anorm,2) != 1){
    print("Error!!! Anorm does not equal to 1.")
  } 
  
  
  
  ### Values when R is a serial of number ### 
  vol.m<-(4/3)*pi*((R)^3)#*g.R*dr #particle volume  
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  #example of using Gaussian equation, e.g., V_effective <- sum(vol.m*g.R*dr)
  vol.h<-((4/3)*pi*((R)^3)*(1+delta/(R))^3)#*g.R*dr #hydrodynamic volume
  
  
  vol.m.eff <-vol.m #sum(vol.m)
  vol.h.eff <-vol.h #sum(vol.h)
  ###  
  epsilon<-mu0*Md*H*vol.m.eff/(kb*temp) #Langevin term
  chi.i<-mu0*phi*Md^2*vol.m.eff/(3*kb*temp) #Initial Susceptibility
  chi.0<-3*chi.i*(1/tanh(epsilon)-1/epsilon)/epsilon #static Susceptibility
  ## relaxation time when R = R0 ###
  gamma<-k.eff*vol.m.eff/(kb*temp)
  tau.b<-3*nu*vol.h.eff/(kb*temp)
  tau.n<-(sqrt(pi)/2)*tau0*exp(gamma)/sqrt(gamma)
  tau.eff<-1/(1/tau.b+1/tau.n)
  #####################
  
  for (freq in frequency){
    i<-i+1
    w<-2*pi*freq # angular frequency
    chi.p[i]<- sum(chi.0/(1+(w*tau.eff)^2)*g.R)*dr # Real Susceptibility 
    chi.pp[i]<- sum(chi.0*w*tau.eff/(1+(w*tau.eff)^2)*g.R)*dr #Imaginary 
susceptibility
    
power[i]<-sum(pi*mu0*chi.0*H^2*freq*(2*pi*freq*tau.eff/(1+(2*pi*freq*tau.eff)^2))*g
.R)*dr # Effective Power
  }
  
  
  return( data.frame(frequency, chi.p, chi.pp, power, 
tau.eff,tau.b,tau.n,radius,g.R,dr))
}

############################################
############################################
############################################

## Independent variable
radius<-seq(0.1e-9,20e-9, length.out = 100)
R0<-6.5e-9
temp <- 300

## Animation of plots with a verity of Sigma# 
for(sig in 0.3)
  print(sig)
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RScript_for_FrequencyDependence_Chi_05March_2020.txt
tmp.sig0<-chi.rosencalc(sig=sig,R0=R0,H=5000,nu=8.9e-4,
                        frequency=seq(1,1e+6,length.out = 500),
                        verbose=F,radius=radius,temp=temp )

frequency <- tmp.sig0$frequency/1000
chi.p <- tmp.sig0$chi.p
chi.pp <- tmp.sig0$chi.pp
chi.amp <- sqrt(chi.p^2 + chi.pp^2)  

radius <- tmp.sig0$radius
g.R <- tmp.sig0$g.R
dr<-tmp.sig0$dr
R_particle <- radius*g.R*dr

##################################################
### Plot Result ############
###########################

plot(frequency,chi.p/chi.amp[1],
     xlab = "Frequency (kHz)",
     ylab = expression(paste('|',chi,'/',chi['0'],'|')),
     log='x',
     col = "green",
     lty=5,
     ylim 
=c(min(range(chi.p/chi.amp[1]),range(chi.pp/chi.amp[1])),max(range(chi.p/chi.amp[1]
),range(chi.pp/chi.amp[1]))),
     type="l",lwd= 5, cex.lab=1.5, cex.axis=1.5)

lines(frequency,chi.pp/chi.amp[1], col = "red",lwd= 5, lty=5)
lines(frequency,chi.amp/chi.amp[1], col = "black",lwd= 2,lty=1)

grid()
legend(0.001,0.9, c( "Real Susceptibility, X'",
                   "Imaginary Susceptibility, X''",
                   'Amplitude of Susceptibility' ),
       lty=c(5,5,1),
       lwd=c(2.5,2.5,2.5),col=c("green","red",'black'))

text(0.01,0.3, paste0("Core Radius: ", 
                     round(R0*1e9,2),
                     " nm \n Sigma: ",
                     round(sig,2),
                     " \n Temperature: ",
                     round(temp,2), " K",
                     " \n H: ", 5, "kA/m"))
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Appendix M

The Details of Samples Applied in

Figure 6.8

Figure M.1: The ID of each measurement.
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Figure M.2: The field strength and frequency applied in each measurement.



Name Surface Size (nm) Fe Concentration (mgFe/ml)

Perimag P1.2 plain 130 74
Perimag P1.2 plain 130 7.4
CSIC-DTU01-1 Coating Nature:Citric acid 10.2 8.6
CSIC-DTU01-2 Coating Nature:Citric acid 11.3 7.03
R-MM-CSIC12-1 19 1.19
R-MM-CSIC12-2 19 4.09
Perimag 20.2 130 20.2
MM-DTU01-1 ~10 3.58
MM-DTU01-2 ~10 3.59
CSIC-MM0801-1 Coating Nature:Citric acid 27 6.2
CSIC-MM0801-2 Coating Nature:Citric acid 25 6.95
Perimag COOH COOH 130 50
C180916 100 60
C180916 100 30
C180916 100 15
RCL1 after G plain 130 14.65
RCL1 before G plain 130 11.28
synomag plain 30 5.5
synomagD plain 50 5.5
Nanomag-D plain 250 5.6
Perimag(new) plain 130 5.5
BNF-starch plain 100 5.2
Nanomag plain 100 73
Nanomag plain 100 36.5
Nanomag plain 100 18.25

Name Surface Size (nm) Weight (mgFe)

NanoPowder(Fe3O4) 20-50 72.2
Dy2O3 Powder 895.7
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