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English summary

Cancer remains one of the world’s most overwhelming diseases, with more than
10 million diagnoses every year. Due to the improved diagnostic devices and ther-
apies, mortality has although decreased in the past two years. Traditional curative
options for malignant tumors are surgery, chemotherapy, and radiotherapy. Among
these cancer treatments, hyperthermia is used as an adjunctive therapy, in conjunc-
tion with radio- or chemotherapy to increase their effect or as a seperate therapeutic
modality. Hyperthermia consists in heating the tumor tissue which causes cancer
cells damage. Cancer cells are susceptible to temperature and can be killed by heat
over a period of time. The primary effect starts with the thermal de-activation of
the mitochondrial energy conversion within the cell and in a next stage dissociates
and degrades the cellular membranes. Secondary, delayed thermal effects appear
as pathologic responses to cell and tissue injury.

The principle of administering heat to treat cancer has been around for quite some
time. However, the use of external heat sources, to obtain the desired tempera-
ture increase in hyperthermia, dates from mid 20th century. A recent and promis-
ing application of hyperthermia is based on the principle of exposing magnetic
nanoparticles, which are injected in the patient, to an external alternating magnetic
field (AMF). The interaction between the magnetic nanoparticles and the AMF
results in the local heating of the particles, necessary for the treatment. Magnetic
hyperthermia can be used to treat bone metastases where the vertebral body is in-
vaded and weakened by pathological tissue. At the moment, there are methods
which allow to either stabilize the spinal column or oncologically treat the metas-
tases within the spinal column. Vertebral body augmentation by the injection of
’cement’ by means of polymethylmetacrylate, PMMA, so-called vertebroplasty
where PMMA is directly injected using a high pressure device; or kyphoplasty
where a cavity is made in the vertebral body with a balloon before filling it with
PMMA at relatively low pressure. These methods readily stabilize the spine but
do not stop tumor progression. In this dissertation we propose an innovative multi-
disciplinary treatment modality where PMMA is mixed with magnetic nanoparti-
cles and that is subsequently injected in the tumor cavity where the PMMA+MNP
is thermally activated by the AMF. The temperature elevations due to this power
source can damage adjacent cancer cells.

The main challenge in bone metastases hyperthermia treatment is associated to
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having an appropriate AMF able to sufficiently increase the temperature in the tu-
mor area while minimizing the heating of healthy tissues. Since the magnetic hy-
perthermia device needs to be placed outside the patient, it is paramount to achieve
a certain level of magnetic field at a distance from the AMF generator. The AMF
can be generated by a resonant inductor-capacitor circuit. The geometrical prop-
erties of the inductor give rise to the characteristic inductance of the inductor and
together with the capacitance they determine the resonance frequency at which the
AMF varies. The magnetic field strengths were mapped at a certain distance from
the coils to the self-inductance values for the various coil topologies. The pancake
coil design is selected over the cylindrical, helical and butterfly coil topology as
being the most suitable topology for generating a maximal magnetic field strength
at a certain distance from the coil. After the performed optimizations we analyzed
the effect that the electrically conducting human body has on the attenuation of the
magnetic field inside the human body and to what eddy current losses this leads.
Results furthermore show that the magnetic field at the position of the spinal cord
is hardly affected by the shielding effect of the human tissue. We concluded that
having normal magnetic fields incident to the human body is preferred compared
to tangential magnetic fields as this leads to lower eddy current losses.

The AMF can interact with materials resulting in heating power and a second chal-
lenge in this dissertation was to inspect the heating power depending on the ma-
terial characteristics. As a matter of fact, the type and properties of the particles,
such as its size, its magnetic and non-magnetic properties, affect the heating power.
The mechanisms related to the heat generation are described based on the energies
and losses of each type of material. Heating efficiency produced by the parti-
cles exposed to AMF is expressed using the specific loss power (SLP). SLP is
traditionally measured using the calorimetric method where the change in heat-
ing power is related to the measured temperature increase. This method however
contains uncertainties since it is difficult to achieve adiabatic conditions that are
required for having accurate measurement.

Non-magnetic conducting materials subject to alternating magnetic fields generate
heat due to eddy current losses. These losses are estimated for different conducting
materials such as carbon and titanium. We experimentally evaluate the heating
efficacy of particles experimentally using the calorimetric method. We furthermore
check whether the prerequisite of maintaining mechanical stability of the PMMA -
particles material, as well as its MRI compatibility, since these can be infringed
by having too high concentrations of particles. We observed experimentally, in
accordance to the theory of eddy current loss, that the temperature increase with
samples consisting of a mixture of PMMA with non-magnetic particles remains
limited and not sufficient for bone metastases hyperthermia treatment. Moreover,
the performed analyses of the effect of these particles on the quality of magnetic
resonance images shows that the non-magnetic particles’ concentration needs to
be low to have limited artifacts.

In magnetic materials, the specific loss mechanisms are related to hysteresis loss,
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eddy current loss, and Néel and Brownian relaxation loss mechanisms in magnetic
nanoparticles. We omit the particles to realize heating by Brownian motion since
they are fixed in a PMMA matrix. State of the art considers the linear response
theory for estimating the power loss of magnetic nanoparticles and we propose a
correction of the linear response theory with respect to the size of the magnetic
nanoparticles by considering their lognormal distribution. We conclude that using
magnetorelaxometry measurement data it is possible to recover this characteris-
tic length of time and include this together with the correction factor to predict the
specific loss power due to Néel and Brownian relaxation. Specific loss power mea-
surements were performed using the calorimetric method. We demonstrated that
temperature increase can be achieved with PMMA+MNP and compared this when
having ferrofluids. Since PMMA+MNP only has Néel relaxation the specific loss
power was relatively lower but nevertheless we could achieve even with relatively
low concentration of MNP a temperature increase of at least 6 °C that is needed
for hyperthermia treatment. We also investigated the effect of MNP on the quality
of magnetic resonance images. Both the concentration and type of MNP affect the
MRI compatibility of PMMA mixed with MNP. Single core clustered powder re-
sulted, for similar concentrations, in higher artifacts compared to multicore MNP.
We showed that having multicore powder having an iron oxide concentration of
0.07 wt% in the PMMA+MNP, resulted in artifacts that are less than 2 mm and
that gave rise to a temperature increase of 7°C which is sufficient for hyperthermia
treatment of bone metastases. This resulted in a proper protocol for the material
preparation PMMA+MNP of magnetic hyperthermia.

Based on the heating power that PMMA-+MNP can generate when interacting with
a given AMF, we follow a model based approach where the heat transfer within the
vertebra is assessed. Based on Pennes’ bioheat equation we calculate temperature
distributions in space and time within biological tissues. A simplified geometrical
model of the vertebra is used to perform extensive thermal analyses on the effect
of the heating power of particles in PMMA and biological tissue properties on the
temperature. We also appraise whether and when we satisfy the prerequisite of not
thermally stimulating the spine and to not reach too high levels of temperatures in
healthy tissues. Damage models are included to provide a means to measure the
extent of inflicting damage to biological tissues. We assess the effect of the dam-
age models and evaluate the possibility of performing hyperthermia for treating
spinal metastases. Results of a computational study of temperature distributions
and the tumor tissue damage release profiles due to an applied alternative magnetic
fields through a PMMA-MNP implant for bone metastases therapy reveal that it is
possible to define a switching On/Off strategy in order to increase the temperature
in tumor region up to the required level of 43-45°C. We also observed the effect
of the tumor volume on the required power. Results show that depending on the
dimensions and the position of the tumor relative to the spinal cord, the applied
power should be limited in order to avoid the damage in the spinal cord.
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Finally, we integrate all above aspects to experimentally realize and validate ex-
vivo the heating of PMMA+MNP in beef vertebra that is subject to AMF originat-
ing from an inductor-capacitor ciruit located at a certain distance from the vertebra.
We demonstrate heating in an ex-vivo experiment for an inductor-capacitor circuit
located at a certain distance from magnetic particles in a PMMA matrix. A coil
was designed so to enable future animal and clinical tests; that satisfy technolog-
ical constraints, i.e. the minimally allowed capacitance of the capacitors in the
resonant inductor-capacitor circuit of the AMF generator; and that generates max-
imum alternating magnetic fields at a distance of 10 cm above the inductor. We
demonstrate the feasibility of having hyperthermia on the basis of PMMA-MNP
samples containing 22 wt.% iron oxide nanoparticles. The ex-vivo experiments
show that the PMMA-MNP sample, which is in clinical application in the vicin-
ity of the metastatic bone tumors, heats up to 7 °C with a negligible temperature
increase in the spinal cord. We moreover experimentally verified the temperate
rise in the PMMA-MNP sample and in the spine when applying On-Off switched
AMF, mimicking a clinical procedure that enables the control of temperature ele-
vations in healthy tissue as well as in the spine. The temperature rise in the spine
was limited to 2 °C whereas in the PMMA-MNP a temperature rise was in the
range of 6-8 °C.



Nederlandse samenvatting
—Summary in Dutch—

Kanker is nog steeds een van ’s werelds meest overweldigende ziekten, met elk
jaar meer dan 10 miljoen diagnoses. Verbeterde therapieén en apparaten die meer
accuraat diagnoses kunnen stellen hebben ervoor gezorgd dat de mortaliteit in de
afgelopen twee jaar weliswaar is afgenomen. Traditionele opties om kwaadaardige
tumoren tegen te gaan zijn chirurgie, chemotherapie en radiotherapie. Onder deze
kankerbehandelingen wordt hyperthermie gebruikt als een aanvullende therapie, in
combinatie met radio- of chemotherapie om hun effect te vergroten of als een af-
zonderlijke therapeutische modaliteit. Hyperthermie is een therapie die bestaat uit
het opwarmen van het tumorweefsel dat op die manier kankercellen beschadigt.
Kankercellen zijn immers gevoelig voor temperatuur waarbij zij worden gedood
door warmte via verschillende processen. Het primaire effect begint met de ther-
mische de-activering van de mitochondriale energieconversie in de cel en in een
volgende fase dissocieert en degradeert de celmembranen. Secundaire, vertraagde
thermische effecten verschijnen als pathologische reacties op cel- en weefselbe-
schadiging.

Het gebruik van warmte om kanker te behandelen bestaat al geruime tijd. Het ge-
bruik van externe warmtebronnen om de gewenste temperatuurstijging bij hyper-
thermie te bereiken, dateert van het midden van de 20e eeuw. Een recente en veel-
belovende toepassing van hyperthermie is gebaseerd op magnetische nanodeeltjes,
die in de patiént worden geinjecteerd, en die onderhevig zijn aan een extern wis-
selend magnetisch veld. De interactie tussen de magnetische nanodeeltjes en het
extern magnetisch veld resulteert in de lokale opwarming van de deeltjes, noodza-
kelijk voor de behandeling. Magnetische hyperthermie kan worden gebruikt voor
de behandeling van botmetastasen. Deze botmetastasen kunnen actief zijn in de
wervels van de ruggengraat en deze structureel verzwakken. Het stabiliseren van
de wervelkolom is klinisch mogelijk via volgende methoden. Vertebroplasty is
het injecteren van ~cement“door middel van polymethylmetacrylaat, PMMA, met
behulp van een hogedrukapparaat; of kyphoplastie waarbij een holte wordt ge-
maakt in het wervellichaam met een ballon voordat deze wordt gevuld met PMMA
bij relatief lage druk. Deze methoden stabiliseren de wervelkolom gemakkelijk,
maar stoppen de tumorprogressie echter niet. In dit proefschrift stellen we een in-
novatieve multidisciplinaire behandelingsmethode voor waarbij PMMA gemengd
wordt met magnetische nanodeeltjes en die vervolgens wordt geinjecteerd in de
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tumorholte waarbij het PMMA samen met magnetische nanodeeltjes thermisch
wordt geactiveerd door een extern magnetisch veld. De temperatuurverhogingen
als gevolg van deze stroombron kunnen aangrenzende kankercellen beschadigen.

De belangrijkste uitdaging bij hyperthermiebehandeling van botmetastasen is het
bekomen van een geschikt extern magnetisch veld dat in staat is om de tempera-
tuur in het tumorgebied voldoende te verhogen terwijl het gezonde weefsels mi-
nimaal wordt opgewarmd. Aangezien het magnetisch veld extern aan de patiént
moet worden geéxciteerd, is het van het grootste belang om een bepaald niveau
van magnetisch veld op afstand van de magnetische veld generator te bereiken.
Het extern magnetisch veld kan worden gegenereerd door een resonante inductor-
condensatorschakeling. De geometrische eigenschappen van de inductor resulte-
ren in een karakteristieke inductantie van de inductor en bepalen samen met de ca-
paciteit de resonantiefrequentie waarmee het magnetische veld varieert. De mag-
netische veldsterkten werden op een bepaalde afstand van de spoelen in kaart ge-
bracht alsook de zelfinductiewaarden voor de verschillende spoeltopologieén. Het
zogenaamde pannenkoekspoelontwerp, een ontwerp waarbij de windingen van de
spoelen in een vlak liggen, wordt gekozen als meest geschikte topologie boven de
cilindrische, spiraalvormige en vlinderspiraal-topologie. Deze topologie geeft een
maximale magnetische veldsterkte op een bepaalde afstand van de spoel. Na de
uitgevoerde optimalisaties hebben we het effect geanalyseerd dat het elektrisch ge-
leidende menselijke lichaam heeft op de verzwakking van het magnetische veld in
het menselijk lichaam en de daaraan gekoppelde wervelstroomverliezen. Resulta-
ten geven aan dat het magnetische veld ter hoogte van het ruggenmerg nauwelijks
wordt beinvloed door het afschermende effect van het menselijke weefsel. We con-
cludeerden dat het hebben van magnetische velden met een normale component ten
opzichte van het menselijk lichaam de voorkeur geniet boven magnetische velden
met een tangenti€le component. Dit omdat magnetische velden die een normale
component hebben tot lagere wervelstroomverliezen leiden.

Een tweede uitdaging was om het opwarmingsvermogen van nanodeeltjes, die in-
terageren met het extern magnetisch veld, in te schatten. Het opwarmingsvermo-
gen is afhankelijk van de materiaaleigenschappen van de nanodeeltjes, zoals het
type van deeltjes, hun grootte, en hun magnetische en niet-magnetische eigen-
schappen. De mechanismen die aanleiding geven tot warmteontwikkeling worden
beschreven op basis van de energieén en verliezen van elk type materiaal. De
opwarmingsefficiéntie geproduceerd door de deeltjes blootgesteld aan het extern
magnetisch veld wordt uitgedrukt als het specifieke verliesvermogen. Het specifiek
verliesvermogen wordt traditioneel opgemeten met behulp van de calorimetrische
methode waarbij de verandering in verwarmingsvermogen gerelateerd is aan de
gemeten temperatuurstijging. Deze methode bevat echter onzekerheden omdat het
moeilijk is om adiabatische condities te bereiken die vereist zijn voor een nauw-
keurige meting.

Niet-magnetische materialen onderhevig aan wisselende magnetische velden ge-
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nereren warmte als gevolg van wervelstroomverliezen. Verliezen van verschillende
geleidende materialen zoals koolstof en titanium zijn geschat. Verder evalueren
we experimenteel de warmte-efficiéntie van deze deeltjes met behulp van de calo-
rimetrische methode. We controleren bovendien of de vereiste van het handhaven
van de mechanische stabiliteit van de deeltjes samengevoegd met PMMA is gega-
randeerd, alsmede de MRI-compatibiliteit ervan. Deze vereisten kunnen immers
geschonden worden indien te hoge concentraties van deeltjes worden gebruikt.
Experimentele analyses toonden aan dat de temperatuurstijging met monsters be-
staande uit een mengsel van PMMA met niet-magnetische deeltjes beperkt blijft
en niet voldoende is voor hyperthermiebehandelingen van botmetastasen, wat in
overeenstemming is met de theorie van wervelstroomverlies. Bovendien dient de
concentratie van niet-magnetische deeltjes relatief laag blijven om artefacten in
magnetische resonantiebeeldvorming te beperken.

De specifieke verliesmechanismen in magnetische materialen zijn gerelateerd aan
hysteresisverlies, wervelstroomverlies en Néel en Browniaanse relaxatieverlies-
mechanismen. Aangezien de deeltjes vastzitten in een PMMA-matrix, kan er
geen opwarming via Browniaanse beweging gerealiseerd worden. De huidige li-
teratuur beschouwt de lineaire-responstheorie als een schatting voor het vermo-
gensverlies van magnetische nanodeeltjes. We stellen een correctie voor van de
lineaire-responstheorie die corrigeert voor de grootte van de magnetische nano-
deeltjes die een lognormale verdeling volgt. We stellen dat experimentele mag-
netorelaxometrie metingen gebruikt moeten worden om de karakteristieke tijds-
duur te extraheren en dit samen met de correctiefactor te gebruiken om het spe-
cifieke verliesvermogen als gevolg van Néel en Browniaanse relaxatieverliesme-
chanismen te voorspellen. Specifieke verliesvermogensmetingen werden uitge-
voerd met behulp van de calorimetrische methode. De temperatuurstijgingen van
een mengsel van PMMA met magnetische nanodeeltjes werd vergeleken met fer-
rofluids. Het mengsel PMMA met magnetische nanodeeltjes heeft enkel Néel-
relaxatieverliesmechanismen waardoor het specifieke verliesvermogen relatief la-
ger ligt dan bij ferrofluids, maar toch konden we zelfs met een relatief lage MNP-
concentratie een temperatuurstijging van ten minste 6°C bereiken die nodig is voor
behandeling met hyperthermie. We onderzochten ook het effect van de mag-
netische nanodeeltjes op de kwaliteit van magnetische resonantiebeelden. Zo-
wel de concentratie als het type magnetische nanodeeltjes beinvloeden de MRI-
compatibiliteit van PMMA gemengd met magnetische nanodeeltjes. Nanodeeltjes
met een enkelvoudige magnetische kern in poedervorm resulteerde, voor verge-
lijkbare concentraties, in hogere artefacten in vergelijking met magnetische nano-
deeltjes die een meervoudige magnetische kern hebben. We toonden aan dat deze
laatste met een ijzeroxide-concentratie van 0.07 gew.% in het mengsel PMMA
met magnetische nanodeeltjes resulteerde in artefacten die minder dan 2 mm wa-
ren. Dit mengsel gaf bovendien een temperatuurtoename van 7°C die voldoende is
voor hyperthermiebehandeling van botmetastasen. Dit resulteerde in een adequaat
protocol voor de materiaalbereiding van het mengsel PMMA met magnetische na-
nodeeltjes voor magnetische hyperthermie.
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Op basis van het bestudeerde opwarmingsvermogen dat het mengsel PMMA met
magnetische nanodeeltjes kan genereren bij interactie met een extern magnetisch
veld, volgen we een modelgebaseerde benadering waarbij de warmteoverdracht
binnen de wervel wordt nagegaan. We berekenen de temperatuursverdelingen in
een wervel gebaseerd op de zogenaamde warmtevergelijking in biologisch weef-
sel van Pennes. Een vereenvoudigd geometrisch model van de wervel wordt ge-
bruikt om de temperatuur te analyseren als gevolg van het verliesvermogen van
het mengsel PMMA met magnetische nanodeeltjes in de wervel alsook het effect
van de biologische weefseleigenschappen op de temperatuursdistributie is geana-
lyseerd. We beoordelen ook of en wanneer we voldoen aan de voorwaarde om de
wervelkolom niet thermisch te stimuleren en dat niet te hoge temperaturen worden
bereikt in het gezonde weefsel. In de analyses wordt gebruik gemaakt van scha-
demodellen om de mate van het toebrengen van schade aan biologische weefsels
door warmte te meten. We beoordelen het effect van de schademodellen en eva-
lueren via numerieke berekeningen de vooropgestelde magnetische hyperthermie
voor de behandeling van spinale metastasen. Resultaten van dit computationeel
onderzoek onthullen dat het mogelijk is om een aan / uit-strategie te definiéren van
het extern magnetisch veld om de temperatuur in het tumorgebied tot het vereiste
niveau van 43-45 °C te laten toenemen. We hebben ook het effect van het tumor-
volume op het vereiste vermogen waargenomen. Het vermogen, die athankelijk is
van de afmetingen en de positie van de tumor ten opzichte van het ruggenmerg,
dient beperkt te zijn om schade via thermische stimulatie van de ruggenmerg te
voorkomen.

Ten slotte integreren we alle bovengenoemde aspecten om experimenteel de op-
warming van een mengsel van PMMA met magnetische nanodeeltjes te realiseren
en voeren een ex-vivo validatie uit van de vooropgestelde modaliteit van PMMA
met magnetische nanodeeltjes in een rundswervel waarbij het extern magnetisch
veld afkomstig is van een op een bepaalde afstand van de wervel gelegen inductor-
condensator circuit. Een spoel is ontworpen om toekomstige (pre-) klinische testen
mogelijk te maken waarbij deze een maximaal extern magnetisch veld genereert
op een aftand van 10 cm boven de inductor. We demonstreren de haalbaarheid van
magnetische hyperthermie op basis van monsters met een mengsel PMMA met
magnetische nanodeeltjes die 22 gew.% ijzeroxidenanodeeltjes bevatten. De ex-
vivo experimenten tonen aan dat het PMMA met magnetische nanodeeltjes mon-
ster tot 7 °C opwarmt met een verwaarloosbare temperatuurstijging in het ruggen-
merg. De aan / uit-strategie van het extern magnetische veld werd hier gevolgd
waarbij een klinische procedure werd nagebootst die de regeling van temperatuur-
verhogingen in gezond weefsel beperkt houdt en opwarming van metastasen in de
wervelkolom mogelijk maakt. De temperatuurstijging in de ruggenmerg was be-
perkt tot 2 °C, terwijl in de nabijheid van het mengsel PMMA met magnetische
nanodeeltjes in het bereik van 6-8 °C was.



General introduction

’Nothing in life is to be feared, it is only to be
understood. Now is the time to understand
more, so that we may fear less’

Marie Curie

1.1 Introduction

This general introduction chapter 1 introduces the magnetic hyperthermia treat-
ment for spinal metastases. Hyperthermia is a modality that inflicts heat to bio-
logical tissues and that needs to be tailored for enabling the treatment of spinal
metastases. Since spinal metastases weaken the spinal cord, polymethylmetacry-
late (PMMA) is used to stabilize the spinal cord. This dissertation explores the use
of magnetic nanoparticles loaded in PMMA enabling magnetic hyperthermia of
metastastatic bone tumors in the spinal cord. This interdiscplinary approach is ex-
tensively studied in this dissertation to come to an engineered treatment modality
for neurosurgery. In Section 1.1 the biological aspects of cancer are shortly intro-
duced together with possible treatment modalities of cancer. Section 1.2 presents
the current hyperthermia techniques in oncology. Specifically the magnetic hy-
perthermia treatment modality is introduced in Section 1.3 for the treatment of
spinal metastases. In Section 1.4 the challenges associated to engineering a spinal
metastases hyperthermia treatment modality are presented.
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1.2 Biological fundamentals of cancer

1.2.1 Cell cycle

Cell is the smallest functional unit within a living organism which can function
independently. Similar cells from the same origin are grouped together and com-
bined with their intercellular materials to form organs. Most tissues of the body
grow by increasing their cell number, but this growth is highly regulated to main-
tain a balance between different tissues. An exception to this is the genetic material
of cell, the deoxyribonucleic acid or DNA. The DNA is duplicated during the cell-
division cycle, also known as DNA replication, leading to two daugther cells with
the same genetic component as the parent cell [11]. Cell division consists of two
stages: mitosis (M) and interphase. The cell division cycle is sketched in Fig.1.1.
Mitosis is the process of nuclear division and includes prophase, metaphase, anaphase
and telophase. Interphase is the interlude between two M phases and comprises
G1, S and G phases, see Fig.1.1. Replication of DNA occurs in a specific part
of the interphase called S phase. S phase is preceded by a gap called G; during
which the cell is preparing for DNA synthesis and is followed by a gap called G»
where the cell prepares for mitosis. G1, S, G2 and M phases are the traditional
subdivisions of the standard cell cycle. Cells in G can, before commitment to
DNA replication, enter a resting state called Gy. Cells in GG account for the major
part of the non-proliferating cells in the human body. The transition from one cell
cycle phase to another is regulated by different cellular proteins [12].
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Figure 1.1: Cell division cycle: Interphase comprises the GG1, S and G2 phases. DNA is
synthesized in S. During G2 the cell is prepared for the mitotic (M) phase,
when the genetic material is duplicated and the cell divides. Nondividing cells
exit the normal cycle, entering the quiescent G state
[http://ricochetscience.com/].

The cell cycle ends by the cell death. A cell is considered dead when it has lost
the integrity of its plasma (cell membrane holding the integrity of the cell mate-
rial) or its body has been engulfed by an adjacent cell [13]. Cell death comes in
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two distinct types: apoptosis and necrosis. Apoptosis is a normal physiological
process eliminating DNA-damaged or unwanted cell. It is a genetically directed
process of cell self-destruction while necrosis is a premature death of cells caused
by external factors such as infection, toxins, or trauma. These two processes oc-
cur concurrently to the cell division cycle. This guarantees the renewal of healthy
tissue. However, imbalance in the above processes can ensue leading to new tis-
sue growing. When a mass of new tissue grows independently of its surrounding
structures and has no physiological function it is commonly called tumor. A tumor
can be benign or malignant. The benign tumor cannot spread and mostly do not
return afer being removed. Malignant tumors are cancerous tumors characterized
by a fast growth of abnormal cells, as illustrated in Fig.1.2. The fast growth of
cancer cells is due to cell cycle deregulation. It develops through mutations in
the genes controlling the cell proliferation. Each cancer type is associated to a
certain mutational signature [14]. For instance, the gene for the signaling protein
RAS, are among those most commonly mutated in cancer cells. RAS proteins
control cellular signaling pathways responsible for growth, migration, adhesion,
cytoskeletal integrity, survival and differentiation. In cancer cells, RAS proteins
become super-active and produce cells that are too strongly stimulated by growth
receptors. Other cancer-related mutations inactivate the genes that suppress cell
proliferation or those that signal the need for apoptosis. These genes, known as
tumor suppressor genes, normally brake cell proliferation [15].
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Figure 1.2: Normal cells division in comparison with cancer cells [SNS Web-November 2,
2016].

1.2.2 Types of cancer

There are more than 100 types of cancer based on their location in the body or
the type of cell that formed them [16]. Primary cancer concerns the uncontrolled
growth in a particular organ. The cancer cells have the same origin as the or-
gan cells wherein they grow. In metastases, cancer cells spread to other parts
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of the body through the blood or lymphatic systems. Thus, metastases have not
the same type of cells in the site where they are located [17]. Carcinoma is the
most common type of cancer. They are formed by epithelial cells, which are the
cells that cover the inside and outside surfaces of the body [18]. Many types of
carcinoma occur among older adults in prostate, breast, lung, liver and colon. Car-
cinoma are responsible for more than 80% of deaths associated to cancer. Sarcoma
start in connective tissues, which are the supporting tissues of the body formed of
mesenchymal cells. They mainly develop in the bone, cartilage and soft tissues
including muscle, fat, blood and lymph vessels, and fibrous tissue e.g. tendons
and ligaments tissues. Cancers that begin in the blood-forming tissue of the bone
marrow are called leukemias. The bone marrow overproduce white cells which
cause the dysfunction of blood cells. These cancers are the most common type
in children [19]. Lymphomas and myeloma are cancers of the lymphatic system.
Lymphoma is cancer that begins in lymphocytes (T cells or B cells). The abnormal
lymphocytes start to collect in the lymph nodes or other places such as the bone
marrow or spleen. They can then grow into tumors. Multiple myeloma is a cancer
that begins in plasma cells, another type of immune cell [20]. Melanoma is cancer
that begins in cells that become melanocytes, which are specialized cells that make
melanin (the pigment that gives skin its color). Most melanomas form on the skin,
but they can also form in other pigmented tissues, such as the eye [21].

1.2.3 Treatments of cancer

The objective of cancer thearapy is to provoke the death of cancer cells. There-
fore, the conventional anti-cancer treatments aim to induce apoptosis where cells
effectively get ordered to destroy themselves via proteins called caspases [22]
[23]. Depending on the type and stage of cancer, specific treatments are recom-
mended. Surgery, chemotherapy and radiotherapy are the most clinically available
cancer treatments [24]. Moreover, recent applications based on the increase of
temperature are heavily investigated to treat various types of cancer. The most
common treatment modalities of cancer are surgery, radiation and chemotherapy.
These techniques are common in clinical oncology and have undergone different
phases of preclinical research before first-in-man studies and ultimately as com-
mon treatment modality. Preclinical research may vary from assessing the efficacy
of surgery techniques on in-vivo small animals to drug development in chemother-
apy. A fourth treatment modality is hyperthermia and which is central in this
dissertation. Opposed to the previously mentioned cancer treatment modalities,
hyperthermia is still much in the phase of preclinical research.
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1.2.3.1 Surgery

Surgery has been the first curative option for cancer patients. It consists in remov-
ing all malignant cells located in the tumor area. The surgeon might take out all
or part of the organ affected by the cancer such as for prostate cancer where the
prostate gland might be removed. Unfortunately, only a small proportion of pa-
tients who have cancer can benefit from surgical therapy because of unfavorable
tumor location or high operative risk [25]. Advancements in a series of minimally
invasive tumor ablation techniques have amongst others been developed in this
context [26]. These techniques aim at achieving necrosis of cancer cells by in-
flicting relatively high temperatures (order of 50-80°C) to the cancer cells. These
temperature ranges are much higher than the temperatures considered in hyper-
thermia (Section 1.2.3.4).

1.2.3.2 Radiation therapy

Radiation therapy uses waves of radiation to treat cancers and tumors. It works by
stopping or slowing the growth of cancer cells. The main objective of this theapy
is to provoke DNA damage of cancer cells [27]. This way the cell-division cycle
(i.e. the S phase in Fig.1.1) is altered. The treatment uses high doses of radiation
to kill cancer cells. The form of radiation used in cancer therapy is a high-energy
type known as ionizing radiation. Most side effects of radiation therapy are due
to the uncontrolled deposition of ionizing radiation in the treated region leading to
affecting healthy tissue near the tumor [28].

1.2.3.3 Chemotherapy

As radiation therapy, chemotherapy aims at killing or slowing the spread of cancer
cells. Chemotherapy drugs can be administered as a pill or directly injected into
a vein through a needle. Most chemotherapeutic agents interfere with replication,
either by damaging DNA or by acting as nucleoside analogues which often cause
S-phase arrest or prevent mitosis by stabilizing microtubules cells. By combining
different chemotherapy drugs, it becomes possible to damage cancer cells at vari-
ous stages in the process of cell division [29]. Chemotherapy has beneficial effects
to fight cancer that has spread because drugs travel to nearly all parts of the body.
For instance, leukemia are mainly treated with chemotherapy [30]. Nonetheless,
tumor cells are generally located in poorly vascularized areas where it is difficult
to have the adequate concentration of chemotherapy drugs. Consequently, high
drugs doses are used to have an efficient treatment which damage not only cancer
cells but also the healthy cells. This can cause side effects for the patient such as
fatigue, hair loss and nausea [31].
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1.2.3.4 Hyperthermia

Unlike the previous treatment modalities, hyperthermia is much less frequently
used for treating cancer. Only recently, hyperthermia has gained increased inter-
est, initiating a vast amount of preclinical research activities. In this subsection,
we introduce hyperthermia as treatment modality and how it can be combined with
other treatment modalities. In the subsequent section 1.3, we will detail hyperther-
mia and the different existing hyperthermia techniques. Hyperthermia is used to
raise the body or local tissue temperature to the range of 41-47°C. When using
higher temperatures eg. above 50°C, we talk about thermal ablation. It refers also
to the destruction of tissue by extreme hypothermia or cryoablation using tem-
peratures between -10°C and -75°C. The heating of the tissue induces a sequence
of biological processes leading to degradation of tumor cells. Previous research
demonstrated that malignant and normal cells have different response to heat [32].
The microenvironment of cells in solid tumors is particularly sensitive to heat. The
tumor environment is characterized as having a low pH, low oxygen tension and
lack of nutrients [33]. The combination of those parameters tends to make tumor
cells extremely responsive to elevated temperatures. Hyperthermia is most com-
monly used in combination with other treatment modalities such as radiotherapy
and/or chemotherapy to make the tumor cells more sensitive to radiation doses
or drugs administered to the patient [34]. It has been shown that the increase of
body temperature enhances the effect of radiation therapy [35]. In fact, cancer
cells under acidic and low oxygen conditions resist radiation therapy while there
are effectively sensitized by heat [36]. Hyperthermia is particularly advantageous
when used in conjunction with highly effective radiotherapy modalities such as
proton therapy and brachytherapy [37] [38]. On the other hand, the use of hy-
perthermia increases the uptake of specific group of chemotherapeutic drugs since
it increases the blood flow. This group includes doxorubicin, cyclophosphamide
and ifosphamide [39]. The last type shows a distinct sensitization at tempera-
ture ranges of 41 to 43 °C. These are drugs such as cisplatin, carboplatin and
bleomycin [40].However, there are drugs where hyperthermia does not have an
action, these include drugs like 5-fluorouracil, methotrexate and taxane [41]. In
this case, chemotherapy is combined to other anti-cancer techniques such as im-
munotherapy or radiation therapy [42]. Fig.1.3 shows the response percentage of
randomized clinical trials (RCT) with a significant enhancement in clinical out-
come when hyperthermia was added to radiotherapy and/or chemotherapy. The
highest improvement is observed in the case of bladder cancer where the response
rate increases from 15% to 53%. For breast, head, neck and thyroid cancers, the
combined treatment double the response percentage. Positive effect of hyperther-
mia on response rate is also noticed in cervical, esophageal, rectal, sarcoma and
pediatric cancers. A summation of the data from these studies (total 713 lesions)
shows an increase in complete response rate from 31% to 67%.
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Figure 1.3: The advantage on response rates of using chemotherapy and/or radiotherapy
with hyperthermia against the use of either chemotherapy or radiotherapy
alone in various cancers [1].

1.3 Hyperthermia in oncology

As highlighted in previous section, hyperthermia is a cancer therapy that can in-
duce cell damage and that can be used in conjunction with other cancer therapies.
In subsection 1.3.1 we elaborate on the effects of heat on cells and what the cel-
lular mechanisms are of hyperthermia. In the subsequent subsections we detailed
the different types of hyperthermia and the ways how heat can be induced in cells.

1.3.1 Effects of heat on cells

Protein damage, heat shock response and immune response are the most common
effects of heat on cells [43]. When subjected to high temperature, the hydrophobic
portions of the protein shield itself from the hydrophilic environment of the cell
by burying into the interior of the protein. This folding process induce the aggre-
gation of proteins and it is reversible in the presence of specific moleculs such as
heat shock proteins (HSP). HSP are activated through an upregulated process by
which a cell increases the quantity of a cellular component. They prevent protein
aggregation by allowing cell thermotolerance, i.e. cells become insensitive to the
effect of temperature. [39]. However, higher temperatures cause not only aggrega-
tion of proteins but also denaturation. Denaturation induces the arrest of cell cycle
and the inactivation of protein synthesis which normally balances the degradation
of proteins or their export to other destinations within the cell. Since the balance
becomes disrupted, protein damage occurs and this at different cell levels. In fact,
elevated temperatures cause the lowering of viscosity and permeability and ulti-
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mately damage of the cell membrane. As a result, the intracellular concentration
of Nat, HT and Ca?* increases, leading to toxic cell environment. Besides the
cell membrane, high temperatures cause also damage to the DNA. In fact, it pro-
vokes the inhibition of DNA synthesis (i.e. G1 phase in Fig.1.1), transcription and
blocks its reparation. Applying high temperatures to cells also cause other cellu-
lar effects such as immune response [44]. There are several different mechanisms
that activate both the adaptive and innate immune system. The initial innate im-
mune response uses germline genes to recognise foreign substances or damaged
tissue. The adaptive one utilises somatically rearranged genes to generate multiple
structural specificities that allow the induction of responses specific to individual
invading organisms and damaged cells. As always, these mechanisms depend on
the elevation of the applied temperature, and the amount of time to which the cells
are subjected to the temperatures, also called exposure time [43].

1.3.2 Modalities of hyperthermia

Hyperthermia can be classified into the extent of the treated region to which ele-
vated temperatures are applied. Three types of hyperthermia are commonly con-
sidered: whole body hyperthermia, partial or regional hyperthermia and local hy-
perthermia.

1.3.2.1 'Whole body hyperthermia

Whole body hyperthermia (WBH) is used to treat metastatic cancer that has spread
throughout the body. All tissues are heated up to 42°C using the following possible
approaches [45]:

* Thermal conduction (surface heating): Patients wear heated circulating wa-
ter suits that aim at fully heating the body. Sometimes heating blankets and
hot wax baths are used as well.

 Extra-corporeal induction: Blood is heated by extracorporeal circulation,
also referred to as venous perfusion WBH.

* Radiant heat or microwave radiation: By microwave radiation, a certain dose
of heat is deposited to the body. The initial power absorption is non-uniform
but the circulatory system leads to a redistribution of the thermal energy in
the whole body.

1.3.2.2 Regional hyperthermia

In regional hyperthermia a part of the body, such as an organ, limb, or body cavity
is heated. It is usually combined with chemotherapy or radiation therapy, cfr. the
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mechanisms mentioned in 1.3.1. In one approach, called regional perfusion or iso-
lation perfusion, the blood supply to a part of the body is isolated from the rest of
the circulation. The blood in that part of the body is pumped into a heating device
and then pumped back into the area. Chemotherapy can be injected at the same
time. This technique is currently being studied as treatment for certain cancers in
the arms or legs, such as sarcomas and melanomas. Another approach to regional
hyperthermia is deep tissue hyperthermia. This treatment uses devices that are
placed on the surface of the organ or body cavity and produce high energy waves
directed at a certain area. These devices give off radiofrequency or microwave
energy to heat the area that requires treatment [46].

1.3.2.3 Local hyperthermia

Contrary to a whole-body and regional approaches, local hyperthermia is used
to heat small scale tumors or small regions of tumors. The higher the temper-
ature and duration of exposure, the greater is the damage to the cancer tissues.
Diverse forms of energy can be used to heat the tumor area. Superficial tumors
can be heated by means of antennas or applicators emitting mostly microwaves
or radiowaves placed on their surfaces with a contacting medium. Several types
of applicators have been used, such as waveguide applicators, spiral and sheets
with high frequency electrical currents flowing in it [34]. The resulting heat distri-
butions result in therapeutic depths of only a few centimeters and is even further
limited in regions with an irregular surface, such as the head and neck area. For
other techniques, we refer to the next subsection.

1.3.3 Thermotherapy techniques

There are four hyperthermia techniques that are mainly used to produce heat ei-
ther regionally or locally: ultrasound, radiofrequency, microwave and magnetic
hyperthermia.

1.3.3.1 High intensity focused ultrasound

High intensity focused ultrasound (HIFU) is a hyperthermia technique that uses
waves at a frequency of 2-20 MHz. The absorption of ultrasound energy deposits
heat in the biological tissues. Ultrasound waves are able to attain deep sites and
to focus power into small size regions [47]. HIFU has been reported as being
benefical in provoking damage to cells and being able to focus to small regions for
local hyperthermia. Nevertheless, they also come with disadvantages such as that
the pressure waves are blocked by air and have difficulties in penetrating bone.
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1.3.3.2 Radiofrequency ablation

Radiofrequency ablation (RFA) deposits heat by means of electric fields at fre-
quencies of about 500 kHz. Electric energy then acts as heat source leading to
temperature increase of the biological tissue [48]. RFA is based on the adequate
conversion of electrical energy into thermal energy. During the RFA procedure, an
electrode is guided into the cancer tissue using ultrasound, MRI, or CT scans.This
can be done in a percutaneous manner. Radiofrequency current flows from the
generator through the non insulated tip of the electrode into the tissue and follows
the natural paths in the interstitium toward the dispersive electrode or grounding
pad to form an entire electric circuit [49]. Next to using a single electrode with
grounding pad, it is also possible to use multiple electrodes that can increase the
extent of the region to which heat is applied to the biological tissue. Note that RFA
is mostly used as thermotherapy to elevate temperature in the tumor to regions of
50-80°C, which is much higher than the temperature regions of hyperthermia [49].

1.3.3.3 Microwave hyperthermia

Microwave hyperthermia (MH) employs antennas working at 300 MHz to 300
GHz. These electromagnetic waves induces heat due to the rotation of polar
molecules such as water together with ionic displacements [50]. Contrary to ra-
diofrequency, microwaves can penetrate tissues containing air like lung tissues. It
is also commonly used for the treatment of prostate or breast cancer in conjunction
with other cancer therapies, such as radiation [51].

1.3.4 Magnetic nanoparticles hyperthermia
1.3.4.1 Magnetic nanoparticles

Magnetic nanoparticles (MNPs) have demonstrated many advantages in biomed-
ical applications especially in diagnostics and therapeutics such as improving the
quality of magnetic resonance imaging and hyperthermic treatment for malignant
cells [52]. They consist of a magnetic core (single or multicore), of well-defined
chemical composition, size and shape, a coating which ensures desired physico-
chemical properties and, possibly, a surface functionalization which gives them
specific biological properties.The first experiments on the medical application of
MNPs were performed by Gilchrist in 1957. In this study, iron oxides particles,
having diameters of 20-100 nm, were injected in the intestinal wall of dogs with
the expectation that the MNPs would end in regional lymph nodes. The regional
lymph-nodes were then dissected and exposed to an alternating magnetic field of
intensity 1.6-2 kA/m and frequency 1.2 MHz [53]. It was found that a concen-
tration of 5 mg of magnetite per gram of lymph-node tissue yielded a temperature
increase of 14°C in 3 min. Since then, there have been extensive and diverse works
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Figure 1.4: Scheme of single core and multicore magnetic nanoparticles with coating.

describing different alternating magnetic field (AMF) strengths and frequencies
and variety types of MNPs. Most of the MNPs used clinically are covered with bio-
compatible coating. The role of the biocompatible coating is to avoid risks related
to the toxicity of the magnetic core. For instance, although iron is largely present
in the human body (about 50-60 mg of Fe per kg of body weight, mostly bound to
transferrin), free iron is highly susceptible to oxidation. Consequently, in the cellu-
lar environment it reacts with water producing free radicals (in particular reactive
oxygen species (ROS)) which causes oxidative stress and consequent cell dam-
age. The most common coatings are derivatives of dextran, polyethylene glycol
(PEG), polyethylene oxide (PEO), poloxamers and polyoxamines. Large numbers
of biomedical studies focus on iron oxide nanoparticles as they have a more favor-
able toxicity profile compare to other MNP types containing manganese, nickel or
cobalt [54] [55].

1.3.4.2 Clinical application of magnetic nanoparticles hyperthermia

Magnetic nanoparticles hyperthermia (MNH) consists of introducing magnetic
nanoparticles (MNPs) inside the tumor and locally heating cancer tissue using an
external alternating magnetic field (AMF), commonly at frequencies of around 200
kHz [56]. Depending on the duration of treatment and the temperatures achieved
within the tumor tissue, the cancer cells are either irreparably damaged or sensi-
tized for additional chemo- or radiotherapy. By exciting a magnetic coil with a
time varying electrical current, the AMF can be generated. This coil can be placed
outside the body where the generated AMF inside the body can interact with mag-
netic nanoparticles. We refer to Chapter 2 for further details on MNH. Here we
shortly describe MNH currently used for clinical applications. The size of MNPs
used in MNH is generally between 10 and 100 nm which gives them the ability
to come in the vicinity of cancer cells. Dedicated magnetic nanoparticles with
specific magnetic properties need to be synthesized to allow MNH. The reason is
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that the repeated and selective heating of tumors requires the administration of a
significant dose of MNPs, which must be kept in the body for all the treatment
duration (typically more than one session scheduled at weekly intervals). The only
magnetic materials currently allowed for clinical use are iron oxides, like mag-
netite (F'e3O4) and maghemite (7 — Fe303), because of their chemical stability
against oxidation, low biological interaction and known pathways of metabolism.
Other magnetic materials, like iron, nickel or cobalt, although characterized by
better magnetic properties at nanoscale, cannot be used due to their strong reac-
tivity in contact with the cellular environment. The first clinical trials on patients
has been carried out by MagForce®. The approach includes the exposure sys-
tem, MFH300F (1.5a), the injected MNP suspension, NanoTherm (1.5b), and a
software, NanoPlan (1.5¢), for the treatment planning [57]. The MFH®300F gen-
erates AMF at 100 kHz with amplitude variable between 0 and 18 kA/m in a
cylindrical treatment volume of diameter of 20 cm and height of 30 cm. It can be
used for tumor up to 5 cm, in all parts of the body. The NanoTherm®is a mixture
of magnetite and maghemite particles having core size of 12-15 nm and coated
with aminosilane. The MNPs are suspended in water at a concentration of 112
mgFe/ml. The treatment is planned through a software NanoPlan®, based on the
Pennes bioheat transfer equation, which we will review in Chapter 4. The soft-
ware receives the distribution of the injected MNPs in the tumor (as input data
from CT scan) and the measured specific absorption rate (SAR) of the employed
MNPs. Then, NanoPlan returns an estimation of the temperature distribution and
the AMF amplitude required to achieve therapeutic heating of the tumor [58] [59].
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Figure 1.5: MNH system developed by MagForce (a) MFH®300F applicator (b)
NanoTherm®ferrofluid (c) Nanoplan®software (images available on line at
www.MagForce.de

1.4 Hyperthermia for bone metastases

Bone is the most common site of cancer metastases [60]. It is a result of the
spread of cancer cells from their initial site to the bone. Most types of cancers
metastasize in advanced stage. Particulary, breast and prostate cancer are likely
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to spread to bone making the spine and pelvis common sites of bone metastases
[61]. In spinal metastatic cancer, the vertebral body is invaded and weakened
by pathological tissue, which can lead to the collapse of the vertebral body and
a progressive compression of the spinal cord. This in turn may lead to a severe
neurological function deficit [62].

1.4.1 Spinal metastases
1.4.1.1 Spinal anatomy

The anatomy of the spine is depicted in Fig.1.6. The spinal cord is located near
the vertebra where spinal metastases can occur. In between vertebrae, the inter
vertebral disc is situated, making slight movements of the vertebra possible but
also acting as a ligament, holding the vertebrae together. The descending aorta,
in which blood flows at a flow rate of 3 to 7 liter/minute, runs rather close to the
vertebrae. Also the inferior vena cava (IVC) is located near the vertebra. Via the
IVC, deoxygenated blood returns to the heart.
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Figure 1.6: Anatomy of the spine including the spinal cord, the vertebrae and the inter
vertebral discs. The aorta and the different arteries can be seen in left of the
vertebral column [2].

In the cross-sectional view of Fig.1.7, the vertebral body can be seen as well as the
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spinal cord. Starting at the brainstem, the spinal cord extends down to the region
between the first and second lumbar vertebrae (L1 and L2 in Fig.1.6). Because the
spinal cord is located in the direct vicinity of the vertebrae, the MNP hyperthermia
treatment can heat it up, potentially harming the patient.
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Figure 1.7: Cross section of vertebra region (www.sci-recovery.org).

1.4.1.2 Metastatic spinal tumor

As mentioned before, cancer cells can spread from an initial location and travel
via blood or lymph system to a secondary location. In many cases, this metastatic
location is the spinal region, where tumors can be formed in vertebrae. About
30% of patients with various neoplastic conditions develop symptomatic spinal
metastases during the course of their illness, although it is hard to put an exact
number to it [63].
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A tumor can be formed in the anterior part of vertebrae (vertebral body). This
can cause compression and fracture of the vertebrae and also compression on the
spinal cord, which results in severe neurological function deficit [64]. The patient
can experience pain in the spinal area caused by the tumor or due to mechani-
cal pain of a collapsed/fractured vertebra. Operative and non-operative treatments
can be applied for metastatic spinal tumors. Non-operative treatments consist of
radiotherapy, hormone therapy and medication. The operative treatments involve
reconstruction of the vertebrae via injection of PMMA or with use of a spine proth-
esis and stabilization with pedicle screws. The operative solution is associated with
significant postoperative recovery and is seldom applied for patients with multifo-
cal spinal disease.

1.4.1.3 Current treatments for bone metastasis

Current treatments of bone metastasis allow either stabilization or oncological
treatment of the spinal column. Vertebral body augmentation by the injection of
”bone cement”, eg. polymethylmetacrylate, PMMA, so-called vertebroplasty, i.e.
the direct injection of PMMA with high pressure device or kyphoplasty, i.e. mak-
ing a cavity in the vertebral body with a balloon before filling it with PMMA at
relatively low pressure, readily stabilizes the spine, but does not stop tumor pro-
gression [65]. Current spinal metastatic disease treatments, such as the standard
and most common neurosurgery, radiofrequency ablation and laser induced ther-
motherapy techniques are performed before the injection of the cement and can
thus be realized only once. Surgical procedures are possible for 10-15% of the
patients, but because of the frequent progression of spinal metastases, the surgery
needs to be repeated which is costly and unwanted for the patient. The treatment
should ideally be performed in a repetitive way, without additional invasive ma-
nipulations. Traditional bone cement can be clinically administered in a minimally
invasive way as it is being done in vertebroplasty or kyphoplasty, see Fig.1.9 and
1.10. Both techniques are well established in clinical use. In this dissertation we
will load particles in the PMMA that can be used both for vertebroplasty or kypho-
plasty. Fig.1.9 gives a view of the vertebroplasty procedure as can be seen with
use of fluoroscopic imaging.

Figure 1.10 gives a view of the kyphoplasty procedure. First, a hole is drilled in
the vertebra (3). Via the cannula (2), a biopsy needle (1) or the balloon is inserted
in the vertebra. After inflation, PMMA is injected in the created void (5).
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Figure 1.9: Vertebroplasty: view of vertebra before (left) and after (right) injection of
PMMA [3].

P Anterior
longitudinal
ligament

Cancellous bone
Figure 1.10: Five steps of kyphoplasty: 1 placement of a guide wire; 2 insertion of a
working cannulas; 3 reaming of working channels; 4 inflation of the
balloons, and 5 injection of polymethylmetacrylate [4].

The steps in the kyphoplasty surgery, as discussed above, can be visualised with
fluoroscopic imaging as well. The result is the following sequence of: insertion,
inflation of the balloon and eventually injection of PMMA.

1.4.2 Bone cement

Bone cement was for the first time used by the English surgeon, John Charnley,
for total hip arthroplasty in 1958 [66]. He realized that bone cement can be used
as a space filler and is easy to blend with the bone structure. Since 1970’s, bone
cement was approved by the U.S. Food and Drug Administration (FDA) for im-
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plant fixation. Polymethyl methacrylate (PMMA) is the most common type of
bone cement. It is widely used in diverse orthopaedic surgeries. Other types of
commercially available bone cement like calcium phosphate cements (CPC) and
Glass polyalkenoate (ionomer) cements (GPC) are successfully used in a variety of
orthopaedic and dental applications. CPC and GPC are bioresorbable and biocom-
patible, but are mainly used in cranial and maxillo-facial surgeries because of their
low mechanical strength. Thereby, PMMA is preferable for vertabrae surgeries.

1.4.2.1 Bone cement preparation

PMMA bone cements are made up of two components: a copolymer powder and a
monomer liquid methylmethacrylate (MMA). The blend of the copolymer powder
with the MMA monomer liquid forms the poly(methyl methacrylate) (PMMA) ce-
ment. These two components are mixed at an approximate ratio of 2:1 to start a
chemical reaction called polymerization. It is an exothermic reaction inducing a
temperature increase up to 80°C. The polymerization process can be divided into
four different phases: mixing, waiting, working, and setting.

* Mixing Phase: The mixing phase represents the time taken to fully integrate
the powder and liquid. As the monomer starts to dissolve the polymer pow-
der, the benzoyl peroxide is released into the mixture. This release of the
initiator benzoyl peroxide and the accelerator DMPT (N,Ndimethyl-para-
toluidine) is actually what causes the cement to begin the polymerization
process. It is important for the cement to be mixed homogeneously to mini-
mize the number of pores.

* Waiting Phase: The cement takes several minutes to achieve a suitable vis-
cosity for handling. Dough time is the time measured from the beginning
of mixing to the point when the cement no longer sticks to hands. Under
typical conditions (23°C-25°C, 65% relative humidity), dough time is about
2 to 3 minutes after beginning of mixing for most bone cements. Before this
time, after the components are well mixed, the bone cement may be loaded
into a syringe, cartridge, or injection gun for assisted application.

* Working Phase/Working Time: The working phase is the period during
which the cement can be manipulated and inserted in the bone of the patient.
The working phase results in an increase in viscosity and the generation of
heat from the cement. The working time is the interval between the dough
and setting times, typically 5-8 minutes.

* Setting Phase: During this phase, the cement hardens and sets completely,
and the temperature reaches its peak. The cement continues to undergo both
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volumetric and thermal shrinkage as it cools to body temperature. Setting
time is the time measured from the beginning of mixing until the time at
which the exothermic reaction heats the cement to a temperature that is
exactly halfway between the ambient and maximum temperature, usually
about 8-10 minutes. The temperature increase is due to conversion of chem-
ical to thermal energy as polymerization takes place.

The dough, working, and setting times may be affected by different factors such
as the mixing process, the ambient temperature and humidity. For instance, a
fast mixing can accelerate dough time which is not desirable since the resulting
bone cement may be porous. Furthermore, a high humidity accelerates setting
time whereas low humidity retards it. Despite the fact that basic PMMA bone
cement materials are the same, the behavior of various cement products can be
significantly different when they are mixed under similar conditions. In fact, the
size, shape and weight of the polymer molecules can vary considerably. Also, the
manufacturing and sterilisation methods may differ from one company to another.

1.4.2.2 Mechanical properties of bone cement

Cement properties are critical during clinical use. Key properties are the porosity,
viscosity and mechanical strength of the cement and are determined during the four
polymerization phases explained in section 1.4.2.1. These properties will influence
cement handling, penetration, and interaction with the bone.

Cement Porosity: Porosity is the ratio of the volume of all the pores in a
material to the total volume. High bone cement porosity compromises the cement’s
mechanical strength and decreases its fatigue life. Trapped air in the cement during
mixing and the transfer from mixing container to application device are the main
sources of porosity. Hand mixing bone cement in an open bowl may introduce
the greatest possibility of these occurrences, which is why hand-mixed cement can
contain a substantial number of pores. Centrifugation and vacuum mixing methods
can reduce the porosity of bone cement [67].

Cement Viscosity: Cement viscosity determines the handling and working
properties of the cement. Mixing together the powder and the liquid components
marks the start of the polymerization process. During the reaction, the cement vis-
cosity increases, slowly at first, then later more rapidly. During the working phase,
there are two requirements for bone cement viscosity — it must be sufficiently low
to facilitate the delivery of the cement dough to the bone site, and it must penetrate
into the interstices of the bone [68]. On the other hand, the viscosity of the bone
cement should be sufficiently high to withstand the back-bleeding pressure, thus
avoiding the risk of inclusion of blood into the cement because this could signif-
icantly reduce the stability of the bone cement. It is important that the cement
retains an optimized viscosity for an adequate duration to allow a “comfortable”
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working time.

Mechanical Properties: The aim of a good cement mixture is to produce bone
cement that has the best mechanical properties possible so that it can carry out its
load transfer role successfully over the lifetime. Once positioned within the bone
the cement is subjected to a series of physical forces that will have an effect on the
lifespan of the cement. These physical forces subject the cement to fatigue, creep
and high stresses [69]. The mechanical properties of the cement (eg. resistance to
fatigue and strength) should be enhanced as much as possible.

1.4.2.3 Bone cement loaded with magnetic particles

From the previous section 1.4.1.3 on vertebro- and kyphoplasty, it is clear that both
procedures aim to stabilize/restore a fractured or compressed vertebra. Tumour
progression on the other hand is not stopped. The treatment of the metastatic
spinal tumor is thus performed once, before the vertebra is restored with PMMA
[70]. However, spinal metastases often progresses, resulting in the necessity to
repeat the surgical procedure, which is costly and unwanted for patients. This is
where the principle of loading the PMMA with magnetic nanoparticles comes in
to play. In this way, both the vertebra is restored mechanically, with use of the
PMMA, and tumor treatment can be continued with the presence of the magnetic
nanoparticles and application of an alternating magnetic field. MNPs can be mixed
with the PMMA powder with a restricted concentration of MNPs to not alter the
mechanical properties of the PMMA, see also the former section 1.4.2.2. The
polymerization of the PMMA-MNP can be achieved directly in the core vertebra
using the same delivery system as in vertebroplasty. A cavity can be created in the
vertebra by removing the tumor area. The cement mixed with the nanoparticles
is placed in the center of the cavity using a needle in the pedicles. Then MNPs
are activated through the externally generated AMF so that they heat the PMMA
and thus the surrounding biological tissue [71]. This procedure enables on the one
hand the stabilization of the bone and on the other hand the hyperthermia of the
spinal metastatic tumors. The effectiveness of hyperthermia largely depends on the
precision of having temperature increase in the tumor and minimizing the heating
of normal tissue elsewhere.

1.5 Research objectives, prerequisites and challenges

In this section we elaborate on the main research objectives of this dissertation and
highlight the prerequisites of the work. To attain the objectives and to comply with
the requirements, several challenges are faced in a multi-/interdisciplinary context.
This work considers aspects of:
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* Electrical energy engineering based on low frequency electromagnetic prin-
ciples, we aim at manufacturing a dedicated AMF source.

* Material engineering the AMF source interacts with magnetic nanopar-
ticles that are loaded in PMMA where dedicated material models provide
insights on the heat source that particles produce under an AMF.

* Biomedical engineering these heat sources result in elevated temperatures
in biological tissues that can be assessed using numerical modelling incorpo-
rating geometrical and tissue properties and that ultimately leads to damage
of spinal metastases.

1.5.1 Research objectives

The combination of the above disciplines were crucial to tackle the main over-
all objective of this dissertation: find solutions that enable hyperthermia of spinal
metastases ultimately providing a novel hyperthermia modality as therapy for spinal
metastases that goes beyond the state of the art. PMMA is used in clinical practice
to stabilize the spine whereas in this work we load the PMMA with particles that in
presence of an AMF become heat sources so that we can establish both mechanical
stabilization of the spine and hyperthermia in the vicinity of spinal metastases. To
reach the above mentioned overall objective we need to comply with basic prereq-
uisites:

* To attain higher magnitudes of heat sources and thus elevated temperatures
one can aim at increasing the AMF magnitude and frequency which how-
ever faces difficulties in the electrical circuits and power supply to meet this
requirement. An introduction to the associated challenges is provided in
subsection 1.5.2.1.

* On the other hand, AMF induces eddy currents in the biological tissue and
can become painful for the patient leading to the local heating of the healthy
biological tissue and can moreover at certain levels of frequencies and mag-
netic fields result in nerve and cardiac stimulation. Challenges associated to
this requirement is sketched in subsection 1.5.2.4.

* Another way of increasing the heat source is to increase the concentration
of particles in the PMMA-particles mixture. Having too high concentration
of particles may however result in the weakening of the mechanical stability
of the PMMA -particles mixture. Challenges associated to this requirement
are introduced in subsection 1.5.2.2.
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* Next to mechanical weakening, inserting particles in the body need to be
biocompatible but also MRI compatible so that it remains possible to ade-
quately image the tumor region after treatment. See subsection 1.5.2.3.

* Finally, the temperature distribution in the spine needs to be controlled to
not have too high temperature increases to the spinal cord. See also subsec-
tion 1.5.2.4 for an introduction on the challenges to limit the effects on the
environment.

Satisfying these requirements to meet the overall objective led to the following
focused innovation goals: (1) Engineer an adequate AMF source (2) Load the
PMMA with suitable particles that result in sufficient heat source and that satisfy
the above mentioned requirements (3) Assess the temperature distribution in the
spine and specifically the cell damage in the spinal metastases. These three innova-
tion goals are detailed in chapters 2, 3 and 4. Achieving these three goals leads to
enabling magnetic hyperthermia of spinal metastases by loading the PMMA-based
bone cements with magnetic particles.

1.5.2 Basic prerequisites for hyperthermia of spinal metastases
1.5.2.1 Technical challenges for generating the alternating magnetic field

A first technical challenge is to engineer a device capable to produce sufficient
heat at a predefined distance from the AMF source. The AMF can be produced by
means of a resonant inductor-capacitor circuit that is characterized by the induc-
tance (L) and the capacitance values of the circuit (C'). The inductance is generally
a magnetic coil consisting of a number of windings that determine L. A capaci-
tance C can be realized by means of e.g. two conducting plates with a distance be-
tween each other and where a dielectric material is inserted. The circuit is a closed
circuit where the inductor and the capacitor are connected in series or parallel.
Since the circuit is a closed circuit, resonance may occur where energy is stored in
two ways; electric energy as electric field due to the charging of the capacitor and
magnetic energy as magnetic field due to the electrical current flowing through the
inductor. Energy is transferred from the electrical to the magnetic domain within
the circuit and vice versa. Note that the inductor as well as the capacitor have a
certain resistance (R) so that in fact we have a RLC resonance circuit. The re-
sistance does not affect the resonance frequency at which the circuit operates but
does affect the resonance peak of the electric current magnitudes flowing in the
circuit. Increasing resistor values lead to increasing decay of these oscillations,
i.e. damping. The resonance frequency of the RLC circuit is f, = m The
capacitors used in the capacitors bank of the circuit have a restricted value which
define the theoretical maximum current I allowed to flow through these capaci-
tors. The heating station is composed of a coil with a variable number of turns.
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By increasing the number of turns in order to obtain a higher AMF, the induc-
tance coefficient L rises whereas the resonance frequency decreases. Therefore,
smaller capacitance C should be used to keep the resonance frequency at the same
level. A first alternative to obtain a higher AMF is to increase the current flowing
through the coil. A second option for the enhancement of the generated heat is
to increase the MNPs concentration. Here again, there are mechanical constraints
further discussed in Chapter 3.

1.5.2.2 Mechanical stability of PMMA -particles mixture

Next to increasing the AMEF, the second alternative to have an efficient temperature
increase during MNH treatment is the use of high concentration of MNPs. Increas-
ing the particles concentration has however an impact on the mechanical stability
of the PMMA-MNP mixture. Various aspects of the mechanical properties of bone
cements and particularly PMMA mixtures have been investigated in earlier studies
such as in [69] [72]. In these studies, MNPs were dispersed in the cement matrix
and it has been shown that the maximum particles content was around 60 wt.%
vs. the total weight of the PMMA-MNP mixture in order to ensure mechanical
stability. In this work, we considered this limit as prerequisite in the development
of a hyperthermia modality with PMMA-MNP mixtures.

1.5.2.3 MRI and particles biocompatibility

The issue of biocompatibility in magnetic nanoparticle based hyperthermia can
be seen from various perspectives. In typical MNH procedure, biocompatibility
concerns the ability of the MNPs to be metabolized by the human body with no
or tolerable adverse effects. This depends on several factors such as the chemi-
cal nature of the magnetic core, type of coating, aggregation and concentration of
MNPs. In the case of MNH for bone metastases, the effects of MNPs degradation
may be neglected as the MNPs are trapped in the PMMA matrix and unable to
spread throughout the body. However, the MNPs concentration and the type of
core are essential requirements for the magnetic resonance imaging (MRI) diag-
nosis and the follow-up of bone metastasis [73]. In fact, the presence of metal core
such as MNPs causes artefacts on MRI which leads to misinterpretation of imaging
results and the inability to conclude a diagnosis [74] [75]. MRI artefacts depend
on the concentration of MNPs and the size and orientation of the magnetic core
with regard to the direction of the AMF. It is for instance conventionally known
that ferromagnetic implants produce more artefacts than the titanium ones. Con-
sequently, an appropriate choice of the magnetic core and the concentration of the
MNPs need to be adjusted to the limits of the MRI procedure. In order to keep an
effective concentration of MNPs, alterations to the MRI protocol can help reduce
artefacts, such as the choice of pulse sequence and the direction of the magnetic
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field. For instance, the artefact size increases proportionally with an increase in
the angle between the long axis of the magnetic implant and the main magnetic
field direction [76].

1.5.2.4 Limitations related to the biological environment

Heat effects on the spinal cord and thermotolerance: When the particles act
as heat sources because of their presence in the AMF, the temperature diffuse
throughout the biological tissue. It is of paramount importance to assess how the
temperature distribution evolves spatially and temporally since we may damage
healthy tissue. Furthermore, in bone metastases, exposing the spine to high tem-
peratures due to an uncontrolled heat process may subsequently cause neuronal
damage and lead to paraplegia, i.e. paralysis of the lower half of the body. An-
imal experiments indicate that the effect of the MINH on the spinal cord depends
on the exposure time and how fast the maximum temperature is reached. In [77],
the maximum temperature tolerated for the spinal cord is situated in the range of
42-42.5°C for exposure times of 40-60 min. In case temperatures in the order of
43°C are applied, the exposure time needs to be reduced to 10-30 min [78] [77].
Another study was done in the epidural space where the spinal cord was heated to
a maximum of 47°C instantly and for 30 minutes. The heat effect was appraised
by measuring the spinal cord evoked potential (SCEP), i.e. an electrical potential
recorded from the nervous system following presentation of a stimulus. The heat
caused instantly the SCEP to increase inversely proportional to the increase in the
temperature. Maintaining heating for 30 minutes and for temperatures lower than
44°C, the SCEP amplitudes decreased by 25% to 75% of the control value in the
first 5 minutes and recovered to over 75% of the control value in 30 minutes. The
amplitudes returned approximately to their control value after bringing back the
spinal cord temperatures to their normal temperatures. Nevertheless, at 45°C and
above, the amplitudes were reduced or disappeared in the first 5 min and never
returned to the initial values. These results indicate that in the epidural space 44°C
is the highest tolerable temperature for normal spinal cord function [79].

On the other hand, transient exposure of cells to temperatures between 43 and
45°C during short periods of time, ranging from 10 to 30 minutes increased heat
resistance known as thermotolerance. In this phenomenon, cells become more re-
sistant to such high temperature [80] [81]. The effect of heat on cells were already
introduced in section 1.3.1.

Skin burn due to eddy currents: When an AMF is applied to a conductive
medium, like the human body, it generates eddy currents in the medium, whose
intensity increases as the magnetic field amplitude H and frequency f of the AMF
increases. Therefore, increasing the magnetic field also increases the unwanted
heating produced in the healthy tissue. In clinical magnetic hyperthermia, this is-
sue has been addressed by requiring that the product Hxf does not exceed the
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safety threshold of 4.85 x 108 % This constraint dates back to 1984 when Atkin-
son et al. [56] performed some clinical tests on the tolerability of the effects of
eddy currents induced by the application of radiofrequent AMF with different H
and f values. In this study, a single-turn coil was placed around the chest of
healthy volunteers. Atkinson et al. found that field intensities up to 35.8 A turn-
s/m, at a frequency of 13.56 MHz, can be thermally tolerated for extended periods
of time. Afterwards, Brezovich et al. used Atkinson’s results to establish the afore-
mentioned safety threshold as upper bound for the product Hx f assuring minimal
patient’s discomfort and that is tolerable when having treatment durations of 1
h [82]. This is an empirical rule as it relies on the patient’s discomfort and not on
the actual heating produced by the eddy currents. Moreover, it does not take into
account the extent and the anatomy of the region to be exposed and the magnetic
field spatial pattern within the exposed tissue, both influencing the amplitude of
the induced eddy currents. For instance, as the eddy currents intensity decreases
by reducing the extent of the exposed region, it is reasonable to expect that the
above threshold in most cases underestimates the employable values of H and f,
especially in cases where the extent of the region exposed to the field is smaller
than that of the chest. For this reason in many experiments this quite stringent up-
per bound is often arbitrary increased, up to 30—40 times, leading to the opposite
problem, i.e. to an overestimation of the allowed Hx f for a safe treatment. In this
thesis the Hx f limit is a prerequisite towards developing a hyperthermia modality
for spinal metastases so that we do not end up with a modality that is unrealistic
for clinical usage.

1.6 Outline of the dissertation

In order to achieve the goals set forward in this dissertation, we detail the aspects
considered in the upcoming chapters. Fig.1.11 schematically depicts the different
mechanisms that are considered in this dissertation.

In Chapter 2 we provide an introduction to magnetic hyperthermia where a mag-
netic heating device consisting of an inductor-capacitor circuit gives rise to a cer-
tain alternating magnetic field (AMF). This is represented by the function famr in
Fig.1.11. A time-varying electric current flowing through an inductor, i.e. a tube
wound into a coil, generates a magnetic field. How the tube is wound affects the
magnetic field amplitude (H) and specifically the magnetic field decay at a certain
distance from the inductor. Since the magnetic hyperthermia device needs to be
placed outside the patient, it is paramount to achieve a certain level of magnetic
field at a distance from the inductor. The geometrical properties of the inductor
give rise to the characteristic inductance (L) of the inductor and together with the
capacitance (C) they determine the resonance frequency (f,) at which the AMF
varies. A magnetic analysis on the effect of the inductor-capacitor parameters on
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Figure 1.11: Schematic presentation of the key mechanisms for realizing hyperthermia on
the basis of particles. Having a certain AMF is function ( famr) of the
inductor-capacitor parameters (Chapter 2); the heat power of particles is
function ( fugar) of the AMF and particles properties (Chapter 3); the
temperature/damge distribution in biological tissue is function
(fremp/ foamace) of the heat power and the thermal/damage biological tissue
properties (Chapter 4). In Chapter 5 all mechanisms are integrated to realize
hyperthermia of spinal metastases based on the heating of particles loaded in
PMMA.

the AMF is provided in this chapter. We also study the technological limits related
to the hyperthermia device for attaining high levels of AMF at the site of the spine.
We evaluate whether and when the prerequisite of limiting the unwanted heating
by eddy current of healthy tissues is satisfied.

Chapter 3 details the heating power that particles can realize when subjected to an
AMEF. The influence of the type and properties of the particle such as their size,
magnetic and nonmagnetic properties on the heating power is studied. This is rep-
resented by the function fygar in Fig.1.11. We omit the particles to realize heating
by Brownian motion since they are fixed in a PMMA matrix. To assess the ef-
fect of magnetic particle properties in an AMF on the heating power, simulations
are performed. We also evaluate the heating efficacy of non-magnetic particles
where heating can occur due to eddy currents dissipated in the particles. We eval-
uate whether and when the prerequisite of maintaining mechanical stability of the
PMMA -particles material is maintained, as well as its MRI compatibility, since
these can be infringed by having too high concentrations of particles.

Chapter 4 provides a behavioral model based on Pennes’ bioheat equation that al-
lows to calculate temperature distributions in space and time within biological tis-
sues for given heating power, and geometrical and thermal properties of biological
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tissues. Based on a simplified model of the spine we perform thermal analyses on
the effect of the heating power of particles in PMMA and biological tissue proper-
ties on the temperature (function frgmp in Fig.1.11). We also appraise whether and
when we satisfy the prerequisite of not reaching too high levels of temperatures in
healthy tissues. We also include in this chapter damage models that provide a
means to measure the extent of inflicting damage to biological tissues. We assess
the effect of the damage model (function fpamace in Fig.1.11) and evaluate the
possibility of performing hyperthermia for treating spinal metastases.

In Chapter 5 we experimentally realize heating in an ex-vivo experiment for an
inductor-capacitor circuit located at a certain distance from magnetic particles in a
PMMA matrix.
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Figure 1.12: Overview of the technical parameters involved in magnetic hyperthermia



Alternating magnetic field generation

‘Divide each difficulty into as many parts as is
feasible and necessary to resolve it.’

Rene Descartes

2.1 Introduction

This Chapter considers the alternating magnetic field that is generated by the
inductor-capacitor circuit for hyperthermia. We start this chapter with providing
the fundamentals of the inductor-capacitor circuit (Section 2.2) that is in essence
a resonant electrical circuit with resonance frequency characterized by the self-
inductance (excitation coil) and capacitance (capacitor bank) values of the circuit.
In Section 2.3, the governing equations in low frequency electromagnetism are in-
troduced that are related to the magnetic field that the current carrying excitation
coil generates. We also introduce the self-inductance value of a coil as they are
primordial to take into account as this affects the resonance frequency. In the sub-
sequent section 2.4, analytical descriptions are provided to calculate the magnetic
field amplitudes and self-inductance values of three different coil topologies: short
cylindrical, helical, and pancake coil. We also assess their validity by comparing
the analytical results with finite element based simulations. Starting from the valid
models we analyze the possibilities and limitations of generating sufficient alter-
nating magnetic fields for large animals and human bodies that ultimately can be
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used for hyperthermia treatment purposes. We perform an in-depth analysis for
exploiting magnetic fields inside the coils (Section 2.5) and outside the coils (Sec-
tion 2.6). For the latter we analyze the proper coil topology to maximally generate
a magnetic field strength at a certain distance from the excitation coil. We further-
more perform a geometrical optimization of the coil that maximizes the magnetic
field for various self-inductance values. Finally, Section 2.7 analyzes whether and
how the electrically conducting human body attenuates the alternating magnetic
field because of shielding effect. We also assess the induced eddy currents in the
human body. We conclude this chapter by providing insights on the optimal exci-
tation coil for treating bone metastases.

2.2 Fundamentals of the inductor-capacitor circuit

A magnetic heating device typically consists of a high frequency power supply,
a magnetic excitation coil (inductor) and a capacitor bank. The high frequency
supply converts electrical power from the 50 Hz grid to a high frequency power,
having a frequency f in the range of 150-700 kHz. The high frequency power is
connected to a capacitor bank and the magnetic excitation coil. By means of this
high power resonant inductor-capacitor, a sufficiently high electrical AC current
is generated in the magnetic excitation coil, giving rise to an alternating magnetic
field (AMF).

Magnetic nanoparticles that are subject to this AMF will generate heat. The
amount of heat depends on the characteristics of the magnetic nanoparticles, the
design of the magnetic excitation coil (with inductance L) and the capacitance (de-
noted as C') of the capacitor bank connected to the power supply. Further details
on the heat generation mechanisms are provided in Chapter 3.

The inductor-capacitor LC circuit can be implemented into two configurations, as
schematically sketched in Fig. 2.1: as series resonant circuit (Fig. 2.1(a)) or as
parallel resonant circuit (Fig. 2.1(b)). The choice mainly affects the design of the
high frequency supply (with voltage V') which is out of scope of this dissertation.
The series resonant circuit is one of the most important elementary circuits and we
focus for simplicity on the series circuit. The total impedance in series seen by the
high frequency supply is given by

Z =R+ j(wL —1/wC) @2.1)

with j the imaginary unit and w = 27 f the angular frequency of the current flow-
ing through the magnetic excitation coil and capacitor bank. The impedance (2.1)
is a complex number. Multiplying a phasor current I by the impedance gives the
phasor voltage V. A phasor is in this dissertation denoted by - and is a complex
number representing a sinusoidal function whose amplitude, angular frequency
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and initial phase are time-invariant. The phasor current [ in the series resonant
circuit for a given voltage of the power supply V is

%4 %4
=== — 2.2
= Z R+jwL-1/wC) 22)
The current in the resonant circuit is maximal if
L 1 (2.3)
wl = — .
wC

when inspecting the denominator of (2.2). In other words, the current flowing
through the inductor capacitor is maximized when L and C are chosen in such a
way that the frequency of the power supply equals the resonance frequency:

1
= 2.4
4 27y LC @4

(a) (b)

Figure 2.1: Resonant electrical circuit in series (a) and parallel (b) of the magnetic
nanoparticle heating system

In order to control the amplitude of the current (2.2) flowing through the coil, there
are two possible ways: (i) modifying the amplitude of V_ at resonance frequency in
order to obtain the required amplitude of the current I; or (ii) with a fixed value of
the amplitude of V, modifying the frequency f, in such a way that the difference
with respect to the resonance frequency f,. results in the required amplitude of 1.
When operating the inductor-capacitor circuit at resonance frequency f,, the cur-
rent flowing in the circuit is = %. The voltage over the capacitor bank and the
excitation coil have, compared to the voltage of the power supply, a large ampli-
tude

Vel =Vl =wlI| = |L/wC] 2.5)
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They however compensate each other since the power supply voltage is V. = RI.
The capacitor bank is practically realized by N, parallel branches, each branch
consisting of [N, capacitors connected in series. When having identical capacitors
C1, the total capacitance of the capacitor bank then becomes

N,
C=0,-2 2.6
N, (2.6)
Each capacitor in the capacitor bank has limitations with respect to the maximal
current that may flow through the capacitor (I, max) as well the voltage over the
capacitor (Vo, max): [Lo, | < Ioymax and |V, | < Ve, max-

2.3 Magnetic fields generated by the coil

The electrical current flowing through the magnetic excitation coil in the inductor-
capacitor circuit at a certain amplitude and frequency gives rise to a certain alter-
nating magnetic field. Maxwell’s equations (Section 2.3.1) with the Biot-Savart
law (Section 2.3.2) allow to calculate the magnitude of the AMF. The self induc-
tance coefficient (L) of the magnetic excitation coil can be derived from the stored
magnetic energy in the coil, detailed in Section 2.3.3.

2.3.1 Maxwell’s equations

Maxwell’s equations are a set of fundamental equations that govern all macro-
scopic electromagnetic phenomena. The equations can be written in both differen-
tial and integral forms. The equations in differential form are given by:

V xE= —%—f (Faraday’s law) 2.7

Vx H= (?le +J (Maxwell-Ampere law) (2.8)
V-D=p (Gauss’s law - electric) 2.9)
V-B=0 (Gauss’s law - magnetic) (2.10)

where

E = electric field intensity [V/m]

D = electric flux density [C/m?]

H = magnetic field intensity [A/m]

B = magnetic flux density [Wb/m?]
J = electric current density [A/m?]
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p = electric charge density [C/m?]

Another fundamental equation, known as the equation of continuity, is given by

Ip
V.-J= 5 (2.11)
This equation, which can be derived from (2.8) and (2.9), is the mathematical form
of the law of the conservation of charge. Depending on the material characteristics
wherein the electromagnetic phenomena occur, the field quantities can be related
to each other via the constitutive relations. The constitutive relations describe the
macroscopic properties of the medium being considered. For an isotropic, linear

and homogeneous medium, the constitutive relations are

D=¢E (2.12)
B = uH (2.13)
J=0E (2.14)

where the constitutive parameters ¢, 1 and o denote, respectively, the permittivity
[F/m], permeability [H/m] and electrical conductivity [S/m] of the medium. In
case the media is anisotropic, these parameters need to be represented as tensors;
and in case of isotropic media as scalars. For inhomogeneous media, they are
functions of position, whereas for homogeneous media they are not. In this work,
we will only consider linear homogeneous media, except mentioned otherwise.

When field quantities in Maxwell’s equations are sinusoidal functions, the field is
referred to as as being time-harmonic. Using the complex phasor notation, (2.7)-
(2.10) can be written in a simplified form as

V xE = —jwB (2.15)
VxH=jwD+ J (2.16)
V-D=p 2.17)
V-B=0 (2.18)

when the time convention e/“? is used and w is the angular frequency. It is evident
that the static case is the limiting case of the harmonic fields as the frequency f =
w/2m approaches zero. The electromagnetic quantities calculated in this chapter
are based on the equations above. The equations can be calculated analytically
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when considering simplified geometries and numerically with the finite element
method when having more complex geometries.

2.3.2 Biot-Savart law

When the field quantities do not vary with time (static) or the time-dependent phe-
nomena can be neglected (quasi-static), Maxwell’s equations (2.7)-(2.10) reduces
to

VxE=0 (2.19)
VxH=] (2.20)
V-D=p (2.21)
V-B=0 2.22)

resulting in decoupled electric and magnetic phenomena. In case of considering air
coils where the electromagnetic fields are in a medium with absence of magnetic
materials or where the presence of magnetic materials may be neglected such as
magnetic nanoparticles having a sufficiently low concentration, the constitutive
law (2.9) is B = o H that holds in each point in space. o = 1.257107% H/m
is the permeability of free space and can be used as the permeability of biological
tissues.
Using this constitutive law, the solution of (2.16) and (2.18) is given by Biot-Savart
law. Here, the magnetic field H at a certain spatial coordinate r can be calculated
by integrating over the volume of the conductor V. where a current density J(s) is
flowing at coordinate s. This gives rise to the following expression:

dr Jy, Ir —s|
For any shape of the conductor within which an electric current flows (specified
by V.), this magnetic field H can be computed by e.g. a finite element method.
Notice that in the case the displacement current density jwD in (2.16) can not be
neglected, the following expression for the time harmonic magnetic field needs to
be considered:

H(r) = / (J(s) +jwD) x (r —s)dvy (2.24)

T 4r \r—s|3

Fig. 2.2 depicts relevant coil geometries that are considered in this thesis. We
distinguish between cylindrical coils (a), pancake coils (b), and butterfly type coils
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(c). The geometrical properties of these coils, i.e. the coordinates s where electrical
current is flowing through the conductor of the coil, affect the spatial distribution
of the magnetic field H as can be observed from equation (2.23) and (2.24).

2.3.3 Self inductance coefficient L of a coil

When a DC electric current I,,, is flowing in the inductor with a self inductance
coefficient L, there is energy w, stored in the magnetic field H. It is well known
that the stored magnetic energy is related to the self inductance coefficient L of the
coil as being:

Wy, = / (luon)dV = lLf;i (2.25)
V2 2

which allows to quantify the inductance coefficient starting from the field pattern
H in and around the coil (volume V).

Expression (2.25) is also valid for an instantaneous current i(¢). In the case of a
sinusoidal current i(¢t) = I,,, cos(wt), the instantaneous stored magnetic energy
becomes

wn(®) = [ (GroH*e)av

1 1 1
= §Li2(t) = §Llfn cos? (wt) = ZL[?,L

Note that the time varying magnetic field is here space (r) dependent, cfr. equations
(2.23) or (2.24). The relation between the flux linkage v (¢) of the coil and the
current i(t) flowing through the coil like in the resonant electrical circuit of Fig.2.1
is directly described by the self inductance coefficient L: 1)(t) = Li(t). For the
cylindrial coils, pancake coils and butterfly type coils, a certain magnetic field
distribution H(r) within the volume V' in and around the coil can be calculated
using Biot-Savart’s law where it is apparent that for each coil type this results in
different self inductance coefficients L.

(1 — cos(2wt)) (2.26)

2.4 Analytical description of magnetic fields gener-
ated by the coil

In the next subsections, we will assume a current flowing in a set of thin wires
or curves in order to simplify the quantification of the magnetic field. Thinking
in these terms will give rise to simplified models, however already resulting in
valuable conclusions with respect to the effect of coil topologies on their magnetic
properties, i.e. the spatial distribution of magnetic fields and their self inductance.
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Figure 2.2: Relevant geometries for the coils considered (a) cylindrical/helical coil (b)
pancake coil and (c) butterfly coil

2.4.1 Magnetic field due to a current in a one turn circular coil

As a first approximation, in order to simplify equations, one may introduce the
principle of basic current elements. The basic current element I dl; in point P; of
Fig. 2.3 is the source for a magnetic field dH in point P:

Idly x 1,
47r?
Here, 1, is the unit vector along the line connecting the point P and P;. The
orientation of this unit vector is from Pj, the source point of I dl;, to P, the
point in which we want to know the magnetic field dH. The symbol r denotes the

distance between the points P and P;.

The magnetic field in an arbitrary point P due to a current [ in a one turn circular
coil with radius R, as in Fig. 2.3, can be computed by considering the contribution
of each basic current element I dl;, of the one turn coil and integrating over the
conductor represented as a filament

o Idll X l,n
H= 7{ g (2.28)

For a point P5 at a distance z from the plane of the circular current filament and
on the axis through the center of the circle and perpendicular to the circle, the
amplitude of the AMF equals

dH = (2.27)

IR?
Hs(z) = R (2.29)
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Figure 2.3: Biot-Savart law describing the relation between the magnetic field strength H
and the current in an air coil

By applying superposition, this equation can be easily used to approximate the
magnetic field along the axis of coil geometries as shown in Fig.2.2 (a) and (b)
when these geometries are simplified as an assembly of thin of circular current
filaments (cross section of wire equals to zero). From (2.29) it is clear that the
magnetic field H3 in a point on the axis is the highest inside the coil (z = 0) and
decreases very fast at a distance outside the coil, which will be confirmed by finite
element calculations.

Notice that for a predefined distance hg from the coil and a given current I, the
magnetic field at that distance and on the z-axis may be maximized by an optimized
geometry, i.e. an optimized radius R = v/2hy.

2.4.2 Alternating magnetic field inside the coil

Fig.2.4 shows the cross section of a cylindrical coil with length [, radius R and
N number of turns. We assume a time varying electrical current i(t) is flowing
through the coil. The axis of the coil corresponds with the z-axis. The magnetic
field H in point P; (z = 0) is oriented along the axis of the coil. If the distance
from point P; to the end of the coil at the right is denoted by /1, the magnetic field
is expressed by:

R0 b, =
2 |VB+R JI-h)?+R?

In the middle of the cylindrical coil I; =1 — I3 =l/2 holds and consequently

H

(2.30)

NI

Hiddie = N (2.31)



36 ALTERNATING MAGNETIC FIELD GENERATION

At the right and left end of the coil we have [; = 0 and ls = [. Resulting in the

following magnetic field

NI
Hepa = ——e 2.32
T oET R (232

O6.... O]

R
P, z=0 B(2) z

A

Y

Figure 2.4: Cross section of a cylindrical/helical coil with length /, radius R and N,
number of turns

In the case the length [ of the coil is large in comparison to the radius R (long
cylindrical coil, [ >> R), the magnetic field on the axis, in the middle and at the
end of the air coil becomes

NI

Hnm',ddle = T (233)

NI Hmiddie

—_— = 2.34
21 2 (2.34)

For a coil for which [ >> R the magnetic field inside the coil will be, from

practical point of view, uniform except at the end of the coil. For a coil infinitely

long the magnetic field inside the coil becomes

Hend =

NI
H=—F

In that case, the magnetic field H is the same in all points of the axis of the cylin-
drical coil. For a short cylindrical coil, i.e. | << R, equation (2.23) and (2.24)
become:

NI

Hmi e — Hen = 5D
ddl d 2R
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Notice that the equations above are only valid along the axis of the coil. The
space dependence of the magnetic field inside the coil is more complex. See for
instance the non-homogeneous magnetic field pattern in Fig. 2.5 obtained from
finite element computations.

| /| /e

| [/ /o
oo~~~ E
B~~~ NN\ \

& 25
|

= /)
~— 1
N~———u—s/ T\ NN~
B 7 /L NS
e 27 4 4 LY NN S S seaas
Figure 2.5: Non-homogeneous magnetic field pattern of a helical coil. The magnetic field
amplitude H (A/m) (I,,,=100 A) is obtained from finite element computations

of 8-turns cylindrical coil. The color scale show the magnetic field strength
while the white arrows are normalized and indicate the magnetic field
directions.

2.4.3 Alternating magnetic field outside the coil

It will be shown in the next sections that for the application of hyperthermia on
larger animals or human bodies, the magnetic field outside the coil is crucial. Con-
sidering analytical expressions for the inductance coefficient as well as for the
magnetic field strength along the z-axis of the coil, we will deal with the short
cylindrical coil (denoted with subscript c), the helical coil (k) and the pancake (p)
type coil. These three different types are illustrated in Fig.2.6 together with their
basic characteristic parameters. Starting from (2.29), for these three types of coils
the magnetic field along the z-axis may be approximated by

S (Ri + (i — DAR)?
=2 N T G VAR T (Bt (AR

=1 1=1

R, — R; l
= — ; Ny = Ngr.N, .
AR NRf].?AZ lel t — IVR.1V] (235)
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38
Nt RQ
Hy(ho) = LAz=o &
QD D v v e i e
and
N
4 (Rl—l—(l—l)AR)Q R, — R;
H,(hy) = I,;AR= ——— 2.37
»(ho) Z2(h02+(Ri+(i—1)AR)2)3/2 Ny —1 @37

i=1
with V; total number of turns, Nz number of turn layers in R-direction, /N; number
of turn layers in z-direction and h the distance between the point on the z-axis for

which the field in evaluated and the nearest turn of the coil.

<l+ Ll) )
i ik I,
¢ Nt A ! [ ‘
AN e R
R vi R
__________ , ARETE S| (N, LY
(b) (c)

(a)

Figure 2.6: Basic characteristic parameters for the short cylindrical (a), the helical (b) and
the pancake type coil (c).

The inductance of the short cylindrical coil geometry (/V; turns) in Fig.2.6.(a) may

be well approximated by:
(2.38)

L, = 0,8 x 39.37TR?N? 10-6
6R + 91+ 10c
in the case the three terms in the denominator are close to each other [83]. For the
single helical coil of Fig.2.6.(b) the coil inductance becomes:
39.37TR?N?
Lp=""""1t107% >R
"7 T9R + 10l ’

(2.39)

or
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39.37R2N?
L, =222 "'t 196 2 2.4
h SR+ 11 07°,R>1>0.2R (2.40)

For the pancake type coil of Fig.2.6.(c), one may approximate the coil inductance
L, by

_ B93TRINE

= 2.41
P S8R+ 1lc ( )

Here, skin effects, proximity effects and capacity effects are neglected while spac-
ing between turns is assumed to be small. These effects may alter the coil induc-
tance to some extent. This is investigated in the next subsection.

In general, the coil inductance has the following form as can be observed when
inspecting (2.38)-(2.41):

_ ,UJOA’LLm]\/vt2

lm

I (2.42)

with A,, a characteristic surface for the magnetic flux coupled with the coil and
I, a characteristic magnetic path length for the region with a relevant magnetic
field strength. Notice that the field pattern of the air coil, as well as the inductance
value is hardly changed by the presence of magnetic nanoparticles.

2.4.4 Validity of the analytical expressions and static approach:
comparison with FEM

In this subsection we inspect the validity of working in a quasi-static manner,
i.e. use of Biot-Savart law that are based on the quasi-static Maxwell’s equa-
tions (2.15)-(2.18). For this we will first perform calculations based on quasi-
static Maxwell’s equations and time harmonic Maxwell’s equations that include
displacement currents when calculating the magnetic field (cfr. (2.12)). Secondly,
we investigate whether the use of filaments as geometrical approximation of the
coil are valid. We will perform magnetic field and self inductance calculations us-
ing the analytical expressions and finite element calculations. We analyze whether
a quasi-static approach is allowed where calculations are performed using the fi-
nite element method for the static case as well as for frequencies up to 1 MHz. We
will perform these calculations along the symmetry z-axis of the coils.

For the analysis we consider two short cylindrical coils having a small and large ra-
dius with geometrical details given in Table 2.1. The current amplitude is 7,,, =100
A and we assume that the conductivity of the coil is oo = 6 107 S/m.
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Table 2.1: Dimensions of the small coil and the large coil

Properties small coil large coil
radius coil (m) 0.05 0.2
length of coil (m) 0.096 0.384
axial pitch (m) 0.012 0.048
number of turns 8 8

Finite element calculations of the magnetic fields are performed on the basis of
(2.16) that includes next to the displacement current jwD the current density J
that consists of the enforced current density in the coil, denoted by J., and the
current density o E. The magnetic vector potential A, that is related to the magnetic
induction B = V X A, is used in the finite element calculations to find the current
density

J.+0E=J, — owA. (2.43)

where equation (2.15) is employed to relate the electric field to the magnetic vector
potential. The finite element calculations reconstruct the values of the magnetic
vector potential A from which the magnetic fields can be derived. Fig.2.7 and
2.8 depict the magnetic field amplitude for the small and large coil respectively.
Both static (0 Hz) and time harmonic calculations (250, 500, 750, 1000 kHz) that
include displacement currents are carried out using the finite element method (that
calculate the values of the magnetic vector potential). It is clear from these results
that for relevant dimensions and frequency range the effect of the displacement
current is negligible. It is clear from these results that below 1000 kHz the field
pattern along the axis of the coil is hardly affected by the frequency. This is also
observed when inspecting the inductance coefficient values L of the small and
large coil in Table 2.2 for varying frequencies. Thes values were calculated by
means of (2.25) and (2.26) for the static case and time harmonic case, respectively.
Similar observations were obtained for the pancake and butterfly type coils.

It is clear that below 1000 kHz, the field pattern along the axis of the coil is hardly
affected by the frequency, which is also observed for the inductance coefficient L
of the coil, see Table 2.2. Similar observations were obtained for the pancake and
the butterfly type coils.

The validity of the analytical expressions can be checked by comparing the analyti-
cal magnetic field and self inductance calculations with finite element calculations.
This is carried out for the small cylindrical coil with geometrical properties pro-
vided in Table 2.1 and analytical expression (2.35). We also perform calculations
for a helical coil with analytical expression (2.36) and pancake coil with analyt-
ical expression (2.37). The geometrical properties of the helical coil are radius
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Figure 2.7: Magnetic field along the z-axis of the small coil in static case (0 Hz) and in
the time harmonic case (250, 500, 750 and 1000 kHz). The calculations are all
performed for an excitation current with amplitude I,,=100A.
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Figure 2.8: Magnetic field along the z-axis of the large coil in the static case (0 Hz) and in
the time harmonic case (250, 500, 750 and 1000 kHz). The calculations are all
performed for an excitation current with amplitude I,,,=100A.

R = 0.05 m ; length [ = 0.096 m, N; = 8 and for the pancake coil: radius
R =0.05m, ¢c = 0.096 m, and V; = 8 turns. Fig.2.9 compares the magnetic field
strength H along the axis (z-axis) of the considerd helical and pancake coil. Only
a limited discrepancy between the analytical models and the FEM model results
can be observed. This discrepancy can be attributed to the assumed ideal stacking
of the turns in the analytical models while a more realistic positioning of these
turns is considered for the FEM models.

Based on the presented results we validate the use of the quasi-static approxima-
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Table 2.2: Magnetic energy stored and corresponding inductance coefficient as a function
of frequency for a current amplitude 7,,,=100 A; For the static computation
wrm=0.5L12, while for the computation in the frequency domain
wh,=0.25L12, according to (2.25) and (2.26). Calculations are performed
based on the geometrical properties mentioned in Table 2.1

freq [KHZ] w01 w0 L[uH]
Small cylindrical coil

0 (static) 0.025101 - 5.0202

250 - 0.012463  4.9852

500 - 0.012539  5.0156

750 - 0.012518  5.0072

1000 - 0.012546  5.0184
Large cylindrical coil

0 (static) 0.1004 - 20.0800

250 - 0.050183  20.0732

500 - 0.050200  20.0800

750 - 0.050199 20.0796

1000 - 0.050201  20.0804

tion and the analytical expressions with respect to the magnetic properties of the
hyperthermia excitation coil. Based on the above we further analyze the usage and
the design of the inductor-capacitor ciruit for hyperthermia.

----- cylindrical coil (analytical)
— pancake coil (analytical)

- - cylindrical coil (FEM)

—-- pancake coil (FEM) b

0 ] :
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
z (m)

Figure 2.9: Comparison of the analytical expressions and FEM for the small cylindrical
coil and a pancake type coil for a current of 100 A. Notice that the helical and
the pancake coil are positioned in such a way that z=0 m corresponds with the

middle of the coils, i.e. z=0 m and 2=0.048 m correspond with respectively
the right end of the pancake and helical coil.
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2.5 Exploitation of magnetic field inside solenoid coils:
limitations for large animals and human bodies

Cylindrical coils are the traditional inductor geometry used for performing hyper-
thermia on individual cell cultures and small animals. This is due to the fact that
these coils generate a uniform field in a limited volume within the coil. Samples
that are placed within the coil are exposed to an almost homogeneous magnetic
field, i.e. the 3D magnetic field amplitude is almost constant in the sample or small
animal that needs to be subjected to hyperthermia. See for instance the magnetic
field distribution within the coil in Fig. 2.5. However, rescaling these cylindri-
cal coils in order to treat deep-seated tumors in larger animals or human bodies
is not evident. Scaling laws on how the geometrical dimensions of the excitation
coil - defined by its number of turns V; or its coil dimensions (diameter of coil)
- affect the relevant quantities that characterize the magnetic nanoparticle heating
equipment need to be drawn. This can provide insights on how we can scale the
hyperthermia equipment and up to what limit this is possible specifically for bone
metastases hyperthermia. The scaling laws are such that the magnetic field ampli-
tude H and the resonance frequency f, remain the same when scaling up. Two
cases are here specifically considered: the number of turns N; are multiple with
the scaling factor k£ (Case 1); the number of turns IV, are kept constant but the
coil dimensions are multiplied with the scaling factor k£ (Case 2). Since we are
interested in the upscaling of the excitation coil, k > 1. Table 2.3 shows the scal-
ing laws for the two considered cases. The scale dependence of L can be derived
from the general formulation of coil inductance (2.42) that affects the scaling of C'
to have a constant resonance frequency (2.4). The current I flowing through the
connected coil with capacitor bank scales according to (2.30) for a given constant
magnetic field amplitude. The voltage over the coil (V) and over the capacitor
bank (V) are given by:

—ilc
Vo= ——2 2.44
¢ wC ( )
V, =jwLi; (2.45)

resulting in the scale dependence of V> and V7, as mentioned in Table 2.3. Equa-
tion (2.6) results in the proper scale dependence of N,/N,,. Taking into account
the voltage and current limits of the capacitors in Table 2.4 it is clear that for Case
1, the number N, of capacitors in series should be adapted in order to take into
account the voltage limit for each capacitor and keeping the number of parallel
branches [V, constant as the current is not influenced by the rescaling, while for
Case 2, the number of parallel branches N, in the capacitor bank becomes propor-
tional to the geometrical scaling factor k as I becomes proportional with k.



44 ALTERNATING MAGNETIC FIELD GENERATION

Table 2.3: Scaling laws of quantities in magnetic nanoparticle heating equipment when all
dimensions of the excitation coil as well as the number of turns /N; are
multiplied with &, (k > 1) (case 1) and when only the coil dimensions are
multiplied with k£ while the number of turns /V; remain constant (case 2)

L C 1 Ve Vi, NJN,
Casel k3 k=3 kK9 k3 k3 k3
Case2 k' k' Ek K2 K2 k!

Rescaling an inductor geometry used for individual cell cultures or small animals
to larger coils and having the same alternating magnetic field at the same resonance
frequency gives rise to unrealistic high voltages over the coil and over the capacitor
bank, as well as high voltages between neighboring coil turns and capacitor (high
values for IV, and Nj...).

Let us consider the following exemplary inductor: an 8-turns helical coil of Fig.2.2
of aradius R = 0.05 m, a length [ = 0.096 m and a diameter of the wire ¢ = 0.01
m. According to (2.39), the self inductance of this specific coil becomes: 4.0210~°
H. For a frequency of 200 kHz and a current of 100 A, the voltage of the coil and
the capacitor bank Vi and V7, becomes: 505 V. Using the previous coil in large
animals and human experiments means that the radius R of the coil should be
increased from R = 0.05 m to R = 1 m (which corresponds with a scaling factor
of k = 20), results in a voltage of the coil and the capacitor bank of 4.041 kV
(Case 1) and 202 kV (Case 2).

Table 2.4: Voltages and current limits of the capacitors

Capacitor C (uF)  Vipax (V) Imax(A)

1.5 500 750
1 700 750
0.5 700 600
0.25 1000 450

2.6 Exploitation of magnetic field outside coils

In this section we exploit the presence of the magnetic fields outside the excita-
tion coils, contrary to scaling up existing helical coils that are currently used for
magnetic hyperthermia of small animals or of culture cells. This is schematically
presented in Fig.2.10. This poses the question on what coil topology, cfr. Fig. 2.2
- cylindrical, helical, pancake, butterfly coil - is best suited to exploit the presence
of the magnetic fields outside the coils for performing magnetic hyperthermia. A
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Figure 2.10: Schematic representation of exploiting magnetic fields outside excitation
coils. At distance ho from the excitation coil a magnetic field with amplitude
H is generated. By optimizing the geometrical properties of the excitation
coil, the magnetic field at distance from the excitation coil is maximized.

subsequent question is whether the generated magnetic field amplitudes H are suf-
ficient and the required resonance frequency f;. is satisfied for achieving magnetic
hyperthermia at a certain distance h from the coil for a limited predefined maxi-
mum current I,,, flowing in the coil. To answer these questions we will explore for
the different coil topologies what the effect is of their geometrical properties on the
magnetic field amplitudes at a distance from the coil as well as on the associated
inductance values L (that also affects f,.). Based on these explorations we will per-
form an optimization of the coils by maximizing the magnetic field amplitude at
distance hg and by subsequently inspecting the corresponding coils’ geometrical
properties, each time for fixed excitation current I,,,.

To perform our study and optimization we make use of analytical and 3D finite
element method (FEM) based simulations of the coil topologies. On the symmetry
() axis of cylindrical, helical and pancake coils, the magnetic field is maximal.
Therefore, the analytical expressions for the generated magnetic fields presented
in (2.35) for cylindrical coils, (2.36) for helical coils, and (2.37) for pancake coils
can be used. The inductance values can, starting from the geometrical parameters,
be calculated via equations (2.38)-(2.41) with the general expression (2.42). Their
corresponding basic geometrical parameters are illustrated in Fig.2.6 that consti-
tute the design space, i.e. for the short cylindrical coil topology that design space
is characterized by R, ¢, [, Ny; helical coil topology that is R, I, N;; pancake
coil topology that is R, ¢, N;. For the butterfly coil, the design space is similar
to the pancake coil topology as this topology consists of two pancakes that are in
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series connected. As the butterfly coil topology has no symmetry axis, FEM based
simulations will be performed to inspect the generated magnetic field amplitudes
and the resonance frequency. The purpose of this section is to find the geometri-
cal parameters that maximize the magnetic field amplitude at a certain distance hy
from the coil and know its effect on the inductance as this influences the resonance
frequency.

A typical distance that is required is in the range of iy = 10 — 15 cm. The cal-
culations are performed for an arbitrary choosen unit current of I,,, = 1 A. The
magnetic field values are linear with the excitation current (see also (2.35)- (2.37))
and can thus be easily extended for different excitation currents 1, .

2.6.1 Analytical optimization short cylindrical, helical and pan-
cake coils

In this section, analytical expressions are used to optimize the short cylindrical,
helical and pancake coil topologies. A parameter sweep in the design space is
first performed to explore the effect of the various geometrical parameters on the
magnetic field amplitude. The following range of geometrical parameters are con-
sidered: 0.0lm < R < 0.40m, 0.0lm < [ < 0.40m, 0.0lm < ¢ < 0.40m and
2 < N; < 25. Each combination of these geometrical parameters is considered.
For each of these geometrical parameter values a magnetic field and inductance
value can be calculated analytically. Figure 2.11 shows the magnetic field and in-
ductance values that correspond to various design points within the above specified
range of a pancake coil topology (with geometrical design parameters R, c, Ny, see
also Fig. 2.6(c)). The calculations are based on (2.37) with magnetic field along
the symmetry (z) axis of the pancake coil at a distance hy = 10 cm from the ex-
citation coil that is excited with maximal excitation current I,,, = 1 A. This H-L
plot shows the important effect that the geometrical parameters can have on the
magnetic field and inductance values. Figure 2.11 also shows that for increasing
inductance values, the maximal magnetic field amplitude values correspondingly
increase. Since we are only interested in the designs that correspond to maxi-
mal magnetic field, we only keep record of the points that give rise to maximal
magnetic field Hy,,,. The optimized pancake coil topology is shown in Fig.2.12
and comparison is made with the optimized cylindrical and helical coil topologies.
These curves were generated for coils at a distance of hy = 10 cm and excitation
current I,,, = 1 A via a parameter sweep. This figure clearly shows the effect of
the chosen coil topology on the maximal magnetic field. From Fig.2.12 it can be
deduced that the pancake coil topology gives rise to the maximal magnetic field
values at a distance of hg = 10 cm for all inductance values.

We also inspected whether for an increasing distance of hy = 15 cm this conclu-
sion holds. Figure 2.13 shows for this distance (and same excitation current as in
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Figure 2.11: Magnetic field (H) and inductance (L) values at a distance of ho = 10 cm
from pancake coil excited with current /,,, = 1 A. The cloud of points are
generated via a parameter sweep on the geometrical parameters R, ¢, N;.
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Figure 2.12: Maximal magnetic field (Hmax) and corresponding inductance (L) values at a
distance of hp = 10 cm from optimal pancake coil, helical and pancake
coils; each excited with current I,,, = 1 A.

Fig.2.12) the maximal magnetic field values for the optimized pancake, helical and
cylindrical coils. As was readily observed from Fig. 2.9, the maximal magnetic
fields shown in Fig. 2.13 are also lowered compared to the ones of Fig. 2.12.
From this figure we conclude that — based on the analytical expressions - the pan-
cake is the preferred coil topology to generate a maximal magnetic field outside
the excitation coil.

The geometrical properties (I2, ¢, IN;) of the pancake coil topology that give rise to
the maximal magnetic field for varying inductance values at distance hy = 10 cm
and hg = 15 cm are depicted in Fig. 2.14 and 2.15 respectively. For increasing
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Figure 2.13: Maximal magnetic field (Hmax) and corresponding inductance (L) values at a
distance of ho = 15 cm from optimal pancake coil, helical and pancake
coils; each excited with current /,,, = 1 A.

inductance values we have an increase of the number of turns IV, of the pancake
coil. The important effect of Ny on L can also be observed from (2.42), but also
R and c affect the inductance value. The red line in Fig. 2.14 and 2.15 shows
that when NV, increases with 1 turn, this results in a corresponding decrease of
R and c; but that after the increase of the number of turns, R and c increase so
to maximize the magnetic field. From Fig. 2.14 and 2.15 it can observed that
depending on what distance we wish to achieve a maximal magnetic field, this
results in a different optimized coil geometry (i.e. different R, c and NV, values).
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Figure 2.14: Geometrical parameter values R, ¢, N; of the pancake coil topology that
maximize the magnetic field values at a distance of hg = 10 cm from the
coil, for varying inductance values L.
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Figure 2.15: Geometrical parameter values R, ¢, N; of the pancake coil topology that
maximize the magnetic field values at a distance of ho = 15 cm from the
coil, for varying inductance values L.
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2.6.2 FEM optimization of butterfly and pancake coils

In this section the excitation coil is optimized on the basis of FEM simulations.
As in previous section the aim is to maximize the magnetic field amplitude H
at a height hg above the excitation coil for a given excitation current I,,, in the
coil. As in Section 2.6.1, the maximal magnetic field is put in relation with the
inductance L. From the results of that section it is clear that the pancake coil is
a favorable topology compared to the helical and short cylindrical coil topologies.
We limit the FEM optimization to the pancake coil and the butterfly coil topol-
ogy. The finite element simulations are performed in 3D so to assess the spatial
configuration of the magnetic field since for the butterfly coil topology there is no
symmetry axis and calculations are required in 3D. The coil configurations im-
plemented in FEM are realistic, i.e. the wire diameter has a finite dimension (no
infinitesimally small current elements as in the analytical expressions). Around
the coil a large sphere is considered wherein the computations are performed. The
FEM simulations revolve on finding the magnetic vector potential values A in the
domain where a current density |J, | = I;,,/S is enforced in the coil where ' is the
cross-section area of the wire of the coil. On the boundary of the computational
domain we enforce magnetic insulation n X A = 0 with n being the normal vec-
tor pointing outwards the domain. This boundary condition is commonly choosen
in quasi-static magnetic field computations and makes it possible to have unique
magnetic vector potential values. Volumetric meshing is performed as depicted in
Fig. 2.16 and 2.17. The center of the domain (x = 0,y = 0,z = 0) corresponds
with the middle of the pancake and butterfly coil. In the FEM calculations we
have the following material properties for air and copper, defining the constitutive
equations (2.12), (2.13) and (2.14): the electrical conductivity of the coil (copper)
is 0 = 5.997 - 107 S/m and for air & = 0 S/m; the relative permeability and the
relative permittivity of both the coil and air are ¢, = 1 and €, = 1, respectively.
Figure 2.18 shows the spatial distribution of the magnetic field intensity H in a
plane parallel to the pancake coil at a distance of hy = 10 cm. As can be observed,
maximal magnetic field is attained on the symmetry (z) axis of the pancake, as was
presumed in section 2.6.1, and that decays radially at a distance from that symme-
try axis. Figure 2.19 shows how the magnetic field originating from a pancake coil
is distributed in the (z,2) plane for y = 0. This figure clearly shows the spatial
decay of the magnetic field strength outside the pancake coil as well as the spa-
tial dependence of the direction of the magnetic field. In and near the symmetry
axis we have mainly a direction normal to the plane of the pancake coil whereas
this shifts towards a tangential direction near the outer radius of the pancake coil.
From this figure it is clear that maximal magnetic field strength is realized near the
symmetry axis, as was analyzed in Section 2.6.1.

FEM calculations presented in Fig. 2.18 and 2.19 for the pancake coil were also
performed for the butterfly coil, depicted in Fig. 2.20 and 2.21 respectively. From



CHAPTER 2 5]

Z N\

eawe,

AN :

AAYAWAVA e AVAVAVAYA)
NN S
NN e
NN NEREEEE

=

Figure 2.16: Volumetric meshing of the pancake coil in 3D for the finite element based
computations of the magnetic field pattern. The z axis corresponds with the
symmetry axis of the pancake coil.
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Figure 2.17: Volumetric meshing of the pancake coil in 3D for the finite element based
computations of the magnetic field pattern. The z axis corresponds with the
normal direction in the middle of the butterfly coil, i.e. where the two
pancake coils (that give rise to the buttery coil) interconnect.
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Figure 2.18: Magnetic field intensity in a plane pafallel to the pancake coil at a distance of
ho = 10 cm. The color bar shows the magnetic field strength (A/m) when
enforcing the pancake coil with a current of I,,, = 100 A.
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Figure 2.19: Magnetic field intensity in the (x,z) plane (with y = 0) of a pancake coil.
The color bar shows the magnetic field strength (A/m) when enforcing the
pancake coil with a current of I,,, = 100 A. The directions of the magnetic
field are depicted by the arrows.
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Figure 2.20: Magnetic field intensity in a plane parallel to the butterfly coil at a distance of
ho = 10 cm. The color bar shows the magnetic field strength (A/m) when
enforcing the butterfly coil with a current of I,,, = 100 A.
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Fig. 2.20 it is clear that the magnetic field strength cannot be found in the middle
of the butterfly coil and that when comparing the spatial distribution with Fig.
2.19 that the magnetic field has a larger spatial spread since a butterfly coil can
be regarded as two series connected pancake coils. This can also be observed in
Fig.2.21 where the direction of the magnetic field is different than in case of the
pancake coil (Fig. 2.19). For the butterfly coil we have in the z axis (with x = 0
and y = 0) mainly a tangential field direction whereas near the center of the two
pancake coils the direction becomes again normal to the plane of the butterfly coil.
Direct quantitative comparison between the butterfly and pancake coil is made in
Fig. 2.22 and 2.23. From Fig. 2.22 it can be observed that the magnetic field
increases when coming near to the center of one of the two pancake coils that
constitute the butterfly coil and that the magnetic field strength can be similar and
even larger than the pancake coil’s magnetic field strength in its center axis. This
is due to the fact that the butterfly coil is a superposition of the magnetic field of
two pancake coils. Due to the radial decay of the magnetic field in the pancake
coil the difference in magnitude is relatively small. Figure 2.23 depicts the decay
of the magnetic field at a certain distance normal to the plane of the pancake and
butterfly coil. We can observe that the decay of the magnetic field originating from
the pancake and butterfly coil follows a similar trend and that the magnetic field
strength from the pancake coil along its symmetry (z-axis going through (0,0) cm)
and butterfly coil along the normal axis going through the coordinate (12, 0) cm
are similar.

A geometrical optimization of the pancake and butterfly coil topology is performed
on the basis of FEM computations. The optimization goal is, as in previous sub-
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Figure 2.21: Magnetic field intensity in the (z,z) plane (with y = 0) of a butterfly coil.
The color bar shows the magnetic field strength (A/m) when enforcing the
pancake coil with a current of I,,, = 100 A. The directions of the magnetic
field are depicted by the arrows.

section, to maximize the magnetic field at a height hg above the coil for a given
excitation current in the coils. The same steps are followed as in the optimization
based on analytical expressions. We limit ourselves to the pancake coil as this
came out as having superior magnetic field strengths at a certain distance from the
coil; and compare this with the butterfly coil. A parameter sweep of the geometri-
cal properties of the pancake and butterfly coil topology is shown in Fig.2.24. The
pancake coil is characterized by the geometrical parameters R, ¢, N; (see Fig. 2.6
(c)) and are also used for characterizing the butterfly coil. From Fig. 2.24 we can
conclude that for a given inductance value L and for a certain excitation current
I,,,, the pancake coil generates superior magnetic field strengths at a predefined
distance from the plane of the coil.Indeed, the butterfly coil can be seen as two
in series connected pancake coils resulting in a higher inductance value. For the
geometrical optimization of the pancake coil itself, we refer to Section 2.6.1 and
more specifically to figures 2.14 and 2.15.
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Figure 2.22: Comparison of magnetic field strength (norm) in case of butterfly and
pancake coil along the x-line y=0 m, z=0.1 m. (Use of right handed
coordinate system where pancake/butterfly coil plane defines xy-plane and
origin of the coordinate system is in the center of pancake coil and in the
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Figure 2.23: Comparison of magnetic field strength (norm) in case of butterfly (along the
z-lines x=0 m, y=0 m and x=0.12 m, y=0 m) and pancake coil (along the line
x=y=0m).

2.7 Shielding effect and induced eddy currents in the
human body

In previous sections we analyzed the magnetic field originating from the excitation
coil in the surrounding air. This was each time without considering the presence
of the human body. Since the human body is electrically conducting, the alternat-
ing magnetic field induces eddy currents within the human body that on its turn
will give rise to an alternating magnetic field that is counteracting the external ap-
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Figure 2.24: Cloud of design points for pancake coil and butterfly coil on the basis of
FEM computations, for 1,,=100A, at ho=10 cm,

plied magnetic field. This Faraday effect is mathematically represented by (2.7)
where an alternating magnetic field (%l:) gives rise to electrical field E and asso-
ciated current density J. This effect is commonly refered to as shielding effect of
conducting material when subject to an alternating magnetic field. In this Section
we analyze to which extend the magnetic field at the position of the spinal cord,
at height hy above the excitation coil, is attenuated due to the electrical currents
induced in the human body by the magnetic field generated by the excitation coil.
We furthermore quantify the heat that is generated by the eddy currents as they
result in associated eddy current loss. Notice that the excitation may have a dom-
inant component orthogonal to the surface of the human body (see e.g. the field
pattern near the inner turn for the pancake type coil in Fig.2.19) or may have a
dominant component tangential to the surface of the human body (see e.g. the
field pattern at the center of the butterfly coil in Fig. 2.21). Both cases will be
analysed by a simple analytical model that will provide insights on the attenuation
of the magnetic field in the human body as well as the heating within the body due
to eddy current losses.

In this section, eddy currents are analyzed as the electrical currents induced within
tissues by the changing magnetic field due to Faraday’s law of induction (2.7).
These eddy currents flow in closed loops within tissue in planes perpendicular to
the magnetic field. The magnitude of the current in a given loop is first of all pro-
portional to the strength of the local magnetic field, the area of the loop, the rate
of change of the magnetic flux coupled with the loop and to the conductivity and
permittivity of the tissues. The eddy currents themselves create a magnetic field
that opposes the magnetic field that created it. As a consequence, time varying
magnetic fields do not penetrate completely into the interior of tissues. Here, we
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investigate to which extend the electrical currents induced in tissue reduce the mag-
netic field at the position of the magnetic nanoparticles. This reduction definitely
effects the heat production of the magnetic particles. On the other hand the in-
duced electrical currents themselves produces heat in the tissue. Simple analytical
models are introduces based on magnetic fields tangential respectively orthogonal
to the surface of the skin. The permeability is assumed to be equal to the one of
air.
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Figure 2.25: Half space linear material subject to a tangential (a) and normal (b) incident
magnetic field.

We assume the human body as being a half space with material properties being
electric - characterized by its permittivity ¢ and conductivity ¢ - and magnetic
- characterized by permeability ;1. These material properties are linear and we
furthermore assume here that the values are constant (i.e. homogeneous) within
the half space. The location of this human tissue in a coordinate system is shown
in Fig.2.25(a). A sinusoidal electromagnetic field H = H,(¢)1, with H, =
Hj cos(wt) with w = 27 f being the angular frequency (and frequency f); acts
upon the surface z = 0 parallel to the z-axis. This field is here tangential to the
surface of the human body. This corresponds for instance to the magnetic field
orientation that arises in the middle (z-axis) of the butterfly coil (as depicted in
Fig. 2.21). For such a simplified case, the spatial derivatives of the electric and
magnetic field quantities to x and y equal O and the equations (2.15)-(2.16) and
(2.12)-(2.14) result in

= = —jwﬂoﬂ (2.46)
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aH _ (0 + jwe)E (2.47)

and consequently

—= = k*H (2.48)
2
E

% =k’E (2.49)

with the so-called propagation constant k defined as:

k? = —w?pge + jwpogo (2.50)

The expression for the magnetic field strength that satisfies (2.48) then becomes

H H1€ +H2€ kz (251)
with

1 louow / w262 . [opow w?e?  we
k=—+7- 1+ —+ —
I = \/ )+ 2 + o? + O')
(2.52)

resulting in

H, = Hpe **

E, = — Hye (2.53)
O+ Jwe

as H, (z = 0) = Hyp and H,(z — +0o0) = 0. In the time domain, the magnetic
field H, becomes

Hy(z,t) = Hye™ % cos(wt — %) (2.54)

with a being the skin depth, defining the position in the material where the ampli-
tude of field strength is reduced with a factor e~! compared to the field strength
Hj at the surface.

In Tables 2.5-2.10 the conductivity and permittivity of two different tissues are
given as a function of frequency. As a consequence also the skin depth a, defined
by (2.52), is frequency dependent through both electrical properties. It is observed



CHAPTER 2 59

that for skin tissue we hardly have a reduction of the magnetic field, while 0.02 m
inside muscle tissue, a reduction of the magnetic field may be observed up to 2.5
percent for a frequency of 1000 kHz. For the electric field intensity, we obtain the
expression

= _k, Hye 2, (2.55)
o+ jJwe

=Y

resulting in a local eddy current loss due to a tangential magnetic field (denoted by
P,) that is expressed in W/m? and given by

1 2 :
P, = 0B, E} = i —% (2.56)

=y —
VTV 902 + w2

A maximum value for the eddy current loss is obtain at the surface (z = 0):

ng

o? pw
2V 0?2 + w?e?

The tissue and frequency dependent parameter Ly, are given in Table 2.5-2.10.

P, = HE = Lyjss 1 H (2.57)

Table 2.5: Electromagnetic parameters for skin tissue, the corresponding skin depth a as a
function of frequency and the corresponding reduction of the magnetic field at
10 cm in the tissue.

f [kHZ] Oskin [S/m] €rokin ['] a [m] Ltiss,t(Skin) Ltiss,n(Skin)

100 0.000451 1120 394.205 1.286E-05 8.785E-08

250 0.00146 1100 120.737 0.000137 1.777E-06
500 0.00436 1060 39.751 0.001259 2.123E-05
750 0.00839 1030 20.403 0.004762 9.193E-05
1000 0.0132 991 12.750 0.012139 0.000257

Table 2.6: Electromagnetic parameters for fat tissue, the corresponding skin depth a as a
function of frequency and the corresponding reduction of the magnetic field at
10 cm in the tissue.

f [kHZ] O fat [S/m] Erfat ['] a [m] Ltis&t(fat) Ltiss,n(fat)

100 0.0434 101 7.6895205 0.0171312  8,45411E-06
250 0.0436 67.8 4.873215  0.0430189  5.30817E-05
500 0.0438 56.8 3.4629158  0.0863965 0.0002133

750 0.0439 529 2.8443493  0.1298112  0.00048102

1000 0.0441 50.8 2.4746827  0.1737335  0.00085905
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Table 2.7: Electromagnetic parameters for muscle tissue, the corresponding skin depth a
as a function of frequency and the corresponding reduction of the magnetic
field at 10 cm in the tissue.

.f [kHZ] Omusc [S/m] Ermuse ['] a [m] Ltiss,t(musc) Ltiss,n(musc)
100 0.362 8090 2.814532 0.1418127 7.05159E-05
250 0.396 5760 1.768678  0.383061152 0.0004823
500 0.446 3650 1.193147 0.8583781 0.0021719
750 0.48 2500 0.934342 0.307651 0.0052595
1000 0.503 1840 0.785125 1.9458030 0.0097982

Table 2.8: Electromagnetic parameters for red marrow bone, the corresponding skin depth
a as a function of frequency and the corresponding reduction of the magnetic
field at 10 cm in the tissue.

f [kHZ] Ored,, [S/m] Errcdm ['] a [m] Ltissﬂf(redm) Ltiss,n(redm)

100 0.103 173 4.982454 0.040659 2.00639E-05
250 0.103 127 3.1635 0.101636 0.0001254
500 0.104 110 2.23985 0.205187 0.000506
750 0.104 103 1.839738 0.307651 0.0011395
1000 0.104 99 1.602545 0.409977 0.0020259

Table 2.9: Electromagnetic parameters for yellow marrow bone, the corresponding skin
depth a as a function of frequency and the corresponding reduction of the
magnetic field at 10 cm in the tissue.

f [kHZ] Oyell,, [S/m] erye”m ['] a [m] Ltiss,t(ye”m) Ltiss,n(ye”m)

100 0.00382 111 27.9095 0.001488 7.44118E-07
250 0.0041 65.5 17.55211 0.0039501 4.99163E-06
500 0.00435 49 12.59139 0.0081936 2.1184E-05

750 0.00454 43 10.45914 0.307651 4.97458E-05

1000 0.00471 9.2039 1.602545 0.016682 9.17485E-05
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Table 2.10: Electromagnetic parameters for cortical bone, the corresponding skin depth a
as a function of frequency and the corresponding reduction of the magnetic
field at 10 cm in the tissue.

f [kHZ] Ocorti [S/m] ETcorm‘ ['] a [m] Ltiss,t(cortic) Ltiss,n (CO’I"ti)

100 0.0208 228 11.377 0.0081958 4.05174E-06
250 0.0212 197 7.373  0.020749923 2.58104E-05
500 0.0222 175 5.326  0.042802568 0.000108
750 0.0232 43 158 4.389 0.000254
1000 0.0244 145 3.790 0.091458 0.000475

Notice, that the analytical model above applies a uniform magnetic field tangen-
tial to the surface of the human tissue while in the case of cylindrical, pancake,
butterfly ... coils, the magnetic field pattern in the direct surroundings contains
also a component orthogonal to the tissue. Consequently, in order to quantify the
eddy current loss in the neighboring tissue, we also consider a simplified analytical
model for the case of a sinusoidal homogeneous magnetic field H = Hj cos(wt)
with z orientation, in a circular area (radius = R) orthogonal to the human tissue
and absent outside the circular area, as shown in Fig.2.25(b). In the shown cylin-
drical coordinate system, the magnetic field strength and the induced electrical
field takes the following form:

H=H1,r<R); H=01,(r>R);E=E(r) 1y (2.58)

Faraday’s law in integral form along a circle in the (z,y)-plane and with the origin
of the coordinate system as midpoint gives rise to

By=—j=FH.r < RE= Byl (2.59)
and
R2wp
Ey=—j 5 H,,r>R (2.60)

The eddy current loss density due to a normal incident magnetic field (denoted by
P,) is expressed in W/m? and given by

2,.2,2
P, = %EQ.EZ - %Hé,r <R 2.61)
and
R4 2,2
P, = g@,@; = %Hg,r >R (2.62)
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with a maximum value at »r = R of

2 2,2
P, = UR%H@ = Lyigom H? (2.63)
As for the power loss coefficients Ly;4s ¢, we provide the frequency dependent
Ly;ss,n values for the various tissues, see Tables 2.5-2.10. For the computation of
Lyiss,n, Wwe choose R = 5 cm since this is a realistic overestimation for the con-
sidered cylindrical, pancake and butterfly coils. The values in the tables show the
strong frequency dependence of the Ly;ss ¢ and Ly, due to the strong frequency
dependence of the tissues’ permittivity and to a less extend the tissues’ conduc-
tivity. We can furthermore observe from the values in the tables that L4, has
values that are much higher than the Ly;,, , values. We can consequently state
that in order to keep the eddy current loss in the tissues sufficiently low, a field pat-
tern with a normal field component is more preferable than a field pattern with a
tangential component to the tissue. Analyzing the field patterns in Figs.2.18, 2.19,
2.20 and 2.21, it is clear that for the same magnetic field level a pancake type coil
gives rise to less eddy current loss than a butterfly coil.

Figure 2.26: Scheme of the different tissue layers for the quantification of the eddy
current loss

In order to have a rough estimation for the eddy current loss in the tissues, we start
from the cross section of the body of Fig.2.26 and consider a simplified geometry
containing a skin layer of 0.5 cm, a fat layer of 1 cm, a muscle layer of 2.5 cm,
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Figure 2.27: The eddy current loss values in the different tissues under normal field
magnetic field conditions along the symmetry axis of the pancake coil of
Fig.(2.26), applying (2.63) and at 250 kHz. Notice the jump in P, at each
surface between different tissues.

a cranial bone layer of 0.2 cm and a yellow/red layer of marrow bone of 5 cm.
Taking into account the field pattern of Fig.(2.19) and (2.21), we approximate the
field pattern as a magnetic field oriented along the z-axis uniform within each
circle (radius R= 0.05 m, midpoint on z-axis) parallel to the xy-plane and with a
decay along the z-direction as given in Fig.2.9. When positioning the pancake coil
2.5 cm from the skin surface, the z-dependence of the eddy current loss [W/m?]
obtained by (2.63) at 250 kHz and 100 A in the coil is shown in Fig.(2.27). Notice
that the eddy current loss is the highest in the muscle region under the skin and fat
region.

Finally, it is clear that the eddy current loss in the yellow/red marrow bone is much
lower than the heat produced by 1 gram of magnetic nanoparticles — see data in
Appendix A.

We conclude from the above that the magnetic field at the position of the spine and
spinal cord is hardly affected by the shielding of the human tissue and that a coil
producing a normal magnetic field such as a pancake coil is the utmost preferred
coil topology.

2.8 Conclusion

This Chapter considered in detail the alternating magnetic field that is generated
by an inductor-capacitor circuit. Starting from the fundamentals of the inductor-
capacitor circuit and low frequency electromagnetism, analytical descriptions for
the magnetic field and self-inductance were drawn in Section 2.4 for short cylindri-
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cal, helical and pancake coil topologies. The magnetic field strength calculations
can not be considered without the self-inductance values as the latter affects the
resonance frequency of the inductor-capacitor circuit. We also validated the use
of the quasi-static approximation and the analytical expressions by comparing the
analytical simulations with finite element based simulations of the magnetic field
and the self-inductance values. We subsequently (Section 2.5) analyzed whether
we can scale up small coils towards large coils wherein a large animal or human is
placed in. This led us to conclude that this is technologically limited: unrealistic
high voltages over the coil and over the capacitor bank, as well as high voltages
between neighboring coil turns and capacitor banks that would require a very high
number of parallel branches and series connected capacitor elements as these ele-
ments pose limits due to their maximal voltages and currents they can withstand.
Contrary to scaling up existing helical coils that are currently used for magnetic
hyperthermia of small animals or cell cultures we exploited in Section 2.6 the pres-
ence of the magnetic fields outside the excitation coils. We selected the pancake
coil topology over cylindrical, helical and butterfly coil topology as being the most
suitable topology for generating a maximal magnetic field strength at a certain dis-
tance from the coil for performing magnetic hyperthermia. This was concluded
after mapping the magnetic field strengths at a certain distance from the coils to
the self-inductance values for the various coil topologies. After the performed op-
timizations we analyzed in Section 2.7 the effect that the electrically conducting
human body has on the attenuation of the magnetic field inside the human body
and to what eddy current losses this leads. Results furthermore show that the mag-
netic field at the position of the spine and spinal cord is hardly affected by the
shielding effect of the human tissue. We concluded in that section that having nor-
mal magnetic fields incident to the human body is preferred compared to tangential
magnetic fields as this leads to lower eddy current losses. This again advocates the
use of a pancake coil, certainly over a butterfly coil topology, as the excitation coil
topology for generating the alternating magnetic fields that will interact with the
materials to produce heat in the vicinity of the bone metastases.



Heat generation of materials subject to
alternating magnetic fields

‘There are no incurable diseases - only the
lack of will. There are no worthless herbs -
only the lack of knowledge.’

Avicenna

3.1 Introduction

Previous Chapter 2 treated how coils generate a magnetic field and how they can be
geometrically optimized taking into account the requirements with respect to res-
onance frequency (that is affected by the inductance value of the excitation coil)
and the requried magnetic field strength. In this chapter we place material in an
alternating magnetic field (AMF) that due to the interaction of the materials with
the magnetic field generate heat. We consider in this chapter heat generation of
both non magnetic conducting materials (Section 3.2) as magnetic materials (Sec-
tion 3.3).

Non magnetic conducting materials subject to alternating magnetic fields generate
heat due to eddy current losses. These losses are estimated in Section 3.2 for dif-
ferent conducting materials such as carbon and titanium materials that are applied
in other biomedical engineering applications for implants. As stressed in Chapter
1, an important prerequisite of hyperthermia and specifically for the treatment of
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bone metastases is that the materials need to maintain compatibility with respect
to magnetic resonance imaging (MRI). Next to the power losses that non magnetic
conducting materials generate when subject to alternating magnetic fields we study
their MRI compatibility.

Section 3.3 considers magnetic materials and first describes the physical mecha-
nisms that give rise to heat when having these materials subject to an alternating
magnetic field. The mechanisms are described based on the energies and losses
of each type of material. The specific loss mechanisms in magnetic materials are
related to hysteresis loss, eddy current loss (since they can be conducting), and the
important Néel and Brownian relaxation loss mechanisms in magnetic nanoparti-
cles (MNP). State of the art considers the linear response theory for estimating the
power loss of magnetic nanoparticles and we propose a correction of the linear re-
sponse theory with respect to the size of the magnetic nanoparticles by considering
their lognormal distribution.

Since we need to maintain mechanical stability, the materials that give rise to heat
need to be mixed with PMMA for the treatment of bone metastases. Section 3.4
experimentally determines the heat generated by the mixture PMMA+MNP us-
ing the calorimetric method. As in Section 3.2 we also study the compatibility of
these materials towards MRI and how that restricts the amount of concentration
of MNP in the PMMA-+MNP mixtures. Finally, a proper protocol for magnetic
hyperthermia is drawn in this chapter.

3.2 Heat generation in non-magnetic materials

Various materials have been used for many decades in different medical applica-
tions. Advances in the synthesis and characterization of non-magnetic conducting
materials, especially titanium alloys and carbon, have been used for implant appli-
cation [84], minimally invasive surgery and hyperthermia applications [85].
Non-magnetic materials are materials that are not attracted to an external mag-
netic field. They show no or slight response to a magnetic field. The most com-
monly non-magnetic metals used in biomedical applications are alloys of cop-
per, titanium and aluminum. Their good mechanical properties, wear resistance,
and durability make them good materials for many orthopedic and dental appli-
cations [86] [87] [88]. The possibility of using these materials in hyperthermia
procedure is limited to their ability of producing sufficient power to heat tumors.
Eddy current losses is the main mechanism for heat production of non-magnetic
conducting materials subject to an alternating magnetic field.
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3.2.1 Eddy current loss

Let us consider a particle being a sphere with radius R and characterized by ma-
terial properties permeability u, permittivity €, and electrical conductivity ¢. This
sphere is located in an AMF with induction field

B = B, cos (wt + ¢)1, (3.1

having amplitude B,,, angular frequency w = 27 f and that is homogeneous with
specific fixed direction (here we assume that this is in the z-direction). Figure 3.1
schematically represents this sphere that is subject to an induction field B. Since
we consider frequencies in the range of 100 kHz to 700 kHz, the induction field
(3.1) has a free-space wavelength A\ = ¢/ f (with speed of light ¢ = 1/ \/Ho€o) that
is much greater than the considered sphere radius. Otherwise high frequency elec-
tromagnetic computations need to be carried out. The aim of this study is to derive
the free-current density Jy induced in a spherical particle. From these current den-
sities we will derive the time-averaged electromagnetic power P dissipated within
the particle.

We start from Maxwell’s equations introduced in subsection 2.3.1 together with
the constitutive equations; Ohm’s law is used:

J;=0oE (3.2)

as well as the relationship of the electric displacement to the electric field, i.e.

D =c¢cE (3.3)
and
B=uH 34
By taking the curl operator on (3.2), we have
VxJr=0VxE (3.5)
The right hand side can be rewritten as follows by using Faraday’s law (2.7):
VxJy= —a%—lj (3.6)

Next to this governing equation for the free-current density J ¢, a next equation can
be found by applying the curl operator on (3.6):

oV x B
ot
assuming that we have a homogeneous spherical particle (i.e. constant o val-
ues). Replacing B in (3.7) with the expression of the material law (3.4) and using

Maxwell-Ampere law (2.8) results in

Vx(VxJ)=-0o 3.7

oV x H

VX(VXJf)Z—O'p, ot

(3.8)



68 HEAT GENERATION IN MATERIALS UNDER AN ALTERNATING MAGNETIC FIELD

oJ %)
Vx(VxJ)= —Uua—tf —€p ath

where also the constitutive relations (3.2) and (3.3) were inserted. Gauss’s law
(2.9) results in the following equation for the Jy when using (3.3) and (3.2):

(3.9)

Vs =Zp (3.10)

Divergence equation (3.10) can be related to the equation of continuity (2.11) giv-
ing rise to the following dynamic equation for the free charges p.:
o 9pe

Zpe=— 311

with solution pc(t) = pgexp (—--) that will decay from the initial free charge
po with decaying time constant Tppz =. At sufficiently low frequency, we have
V.-J;=0.

We use (3.9) as starting point to derive the governing equation for the J ;. Identity
V x (VxJs)=V(V-J) — V2]; is used together with the fact that the effect
of charge separation can be ignored at low frequencies (i.e V - J; = 0) to derive
the following equation:

-V = fau%f - eua;t‘gf (3.12)
that transforms in the frequency domain into
V2, + (—jopw + pew?)J =0 (3.13)
Introducing the spatial propagation constant
k= \/pew? — jopw = J/wp(ewjo) (3.14)
gives the following reformulation of (3.13):
VA, + k), =0 (3.15)

Note that in (3.14) for non-magnetic particles, ew < o is valid for the considered
frequency ranges and that the permeability is the permeability of free space. The
propagation constant can thus be written as

k=+/—jwuc (3.16)

0= \/i (3.17)
now

The electromagnetic skin depth



CHAPTER 3 69
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Figure 3.1: External induction field incident to a conducting sphere, generating a
free-current density J - The spherical coordinate system (r, 6, ¢) for a certain
spatial coordinate (z,y, z) is schematically shown.

can be inserted into (3.16) leading to

k=—— (3.18)

We need to find a solution for the Helmholtz equation (3.15).

Figure 3.1 shows the spherical coordinate system (r, 6, ¢) for a certain spatial co-
ordinate. Since we consider a spherical particle, we have that the currents have
only an azimuthal (with direction 14) component due to symmetry reasons and
that furthermore we can separate the r and 6 variables into a function f(r) and
sin(#) respectively [89]:

I, =Jyl = f(r)sin(0)14 (3.19)
When substituting (3.19) in (3.15) we have

02 290 1

(rzo, 1 1 9?
or2 " ror’=? " r2sin(f)

a ., . 0 27 _
o6 gg)Le t a g agte T e =0
(3.20)
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that using the separation of variables (3.19) becomes

Pfr) | 24f(r)

dr? r dr

+(k2— %)i(r) ~0 (3.21)

This equation (3.21) has the general solution f(r) = Aji(kr) + Byi(kr) with
j1(+) and y; (+) being spherical Bessel functions of the first and second kind. Since
y1 (kr) diverges at r = 0, the coefficient B must equal zero, thus leading to

f(r) = Aji(kr) (3.22)

The coefficient A can be determined on the basis of satisfying the boundary con-
ditions for the magnetic field at the radius of the sphere » = R. For further details,
we refer to [89]. The power dissipated in the spherical particles can be calculated

as
1 .

g

using (3.19) with (3.22) and where the propagation constant is determined by
(3.18) with skin depth (3.17). We obtain the following power dissipated in the
spherical particle [89]:

mow? R° B2, 4R*

QW) = TR T

) (3.24)

when assuming particles with radius R < ¢, the factor (1 — %) ~ 1 and the
power dissipated per sphere volume becomes:

3
P(W/m?) = EO’TFQRZ f*B2, (3.25)
The power lost per mass unit of non-magnetic material, later named specific loss
power (SLP) is expressed in Watt per gram as follows:

3
SLP.qiy(W/g) = Fpaw?RQ f?B2, (3.26)

where p(g/m?) is the mass density of the non-magnetic material.

3.2.2 Analytical estimation of losses in non-magnetic particles

Based on the above analytical expressions for the SLP that arises in conducting
non-magnetic particles due to eddy current losses, we compare three different ma-
terials. We consider two materials that are also considered in other biomedical
engineering applications such as for implants but also for hyperthermia. We also
examine the SLP in iron oxide particles (that are magnetic) but that are also elec-
trically conducting. The parameters characterizing these particles and that affect
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the SLP, i.e. radius R, electrical conductivity o, mass density p, are specified in
Table 3.1. Material values are based on the standard works [3-4]. We assume that
the spherical particles are in a homogeneous AMF (see Fig. 3.1) at a frequency of
f = 250 kHz and a magnetic field amplitude of H = 15 kA/m, that corresponds
with an induction magnetic field B,, = poH, = 0.01884 T. The largest SLP
due to eddy current losses can be observed for the Titanium B material having a
relatively large radius . The Carbon A and B fail to generate sufficiently high
SLP due to eddy current losses due to their relatively lower electrical conductivity
when compared to their Titanium counterpart. From (3.26) we can deduce that the
radius has a quadratic effect on the specific loss power. For instance when compar-
ing the Titanium B with the eddy current losses in MNP having a nm radius leads
to significantly lower SLP even though the electrical conductivity is larger. Having
MNP that has an inherent high mass density makes it such that the SLP is wors-
ened. One could deduce that having MNP in the micrometer range would result
in large eddy current SLP; however it is technologically difficult to manufacture
MNPs with radius in the order of 100 nm. Even then the SLP due to eddy currents
remains too small to have significant heating due to eddy currents losses. In this
section, SLP values are computed on the basis of (3.26) in 3 different materials:
titanium, carbon and iron oxide particles. The radii, electical conductivities and
densities of the particles are presented in Table 3.1. The AMF used has a frequecy
f=250 kHz and an amplitude H=15 kA/m (B,,=0.01884 T).

Table 3.1: Properties of the considered sample types and the resulting SLP values when
applying a magnetic field f=250 kHz and H=15 kA/m (B,,=0.01884
T [7]18]

Material R (um) o (S/m) p(g/m3) SLP.qq, (W/g)

Titanium A 45 2.38105 4506000 0.0468
Titanium B 150 2.38105 4506000 0.5209
Carbon A 50 10° 3515000 3.1110~*
Carbon B 300 103 3515000 11.22 1074
MNP 10-¢ 107 5242000 8.362 1021

3.2.3 Magnetic resonance imaging of non-magnetic particles

After treating the tumor with hyperthermia sessions, regular medical examinations
are required for evaluating the treatment efficacy as well as to follow up the condi-
tion of the surrounding tissue. Since the particles remain fixed in the PMMA-based
bone cement, and thus in the bone of the patient, these particles might disturb med-
ical monitoring. It is therefore key to verify whether the artifacts caused by the
particles in the medical imaging modality - magnetic resonance imaging (MRI) -
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remain limited. In the case of bone metastases hyperthermia, we assume MRI arti-
facts bigger than 2 mm as unacceptable [74]. We experimentally analyze what the
effect is of having PMMA mixed with non-magnetic particles on the MRI artifacts.

3.2.3.1 Physical principles of magnetic resonance imaging

The principles of magnetic resonance image (MRI) generation are based on the
alignment within the body of the hydrogen protons (H ) in water molecules, both
parallel and antiparallel to the static magnetic field of the MRI magnet. A radiofre-
quency (RF) field is applied in the plane perpendicular to the field axis and as this
field is matched to the natural (Larmour) precession frequency of the hydrogen
protons in the water, they are knocked out of alignment with the field. Once the
RF field is removed, the protons precess back into alignment with the static field.
This return to alignment consists of two components that can be measured; (i) the
growth of the signal along the field axis as the protons return to alignment with
the field, and (ii) the decay of the signal in the plane perpendicular to the field axis
as the proton spins lose phase coherence once the RF field is removed. These two
signals are known as 7 and 75, respectively.

Introducing metallic particles into the body impedes obtaining optimal images,
leading to misinterpretation of pathologies and the inability to conclude a diag-
nosis. Metal-related artefacts depend on the composition, size and orientation of
the metallic object with regard to the direction of the external magnetic field [90].
Therefore, it is important to distinguish materials with exuberant artefacts on MRI
to be eliminated in the case of hyperthermia for bone metastases.

3.2.3.2 PMMA samples preparation

For experimentally investigating the artifacts caused by non-magnetic particles,
samples were prepared. The samples are made by mixing VertaPlex™ ra-
diopaque bone cement (manufactured by Stryker) with non-magnetic particles.
We consider 3 types of samples that each constitute of titanium, carbon and alu-
minium. The titanium and carbon powders have 2 different particles sizes with the
radii mentioned in Table 3.1. First, the non-magnetic particles are mixed with the
PMMA powder (Fig.3.2a) in a homogeneous manner (Fig.3.2b) after which the
MMA liquid is added (Fig.3.2c). After stirring the mixture thoroughly in under
three minutes, it is poured into cylindrical molds (Fig.3.2d) to have standerdized
samples (length of 40 mm and diameter of 9 mm). After 20 min, samples are
completely hardened (Fig.3.2e) which allows us to remove them from the molds.
The samples are prepared in such a way that they consist in concentration (more
specifically in weight percentage (wt%)) of 50% PMMA and 50% non-magnetic
particles. This resulted in 5 samples consisting of non-magnetic material X, see
Table 3.2.
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Figure 3.2: PMMA samples preparation: (a) Particles mixed with PMMA powder (b)

Homogenization of the mixture (c) MMA liquid (d) Empty mold used to
obtain standardized samples (e) Hardening of samples.

3.2.3.3 Magnetic resonance imaging disturbance of non-magnetic particles

To analyse the MRI artifact caused by the non-magnetic samples, each sample
was placed in the center of an agar gel phantom. Imaging was performed in a
Siemens Trio TIM 3.0T. T;-weighted images were acquired from the phantoms
using an MP-RAGE sequence (repetition time = 2250 ms, echo time = 4.2 ms,
flip angle = 9 degrees, field of view 256x256x 176 mm? and voxel size 1x1x1
mm?). The prepared 5 samples consisting of material X (see Table3.2) are tested.
The transversal slice obtained during MRI is shown in Fig.3.3. Results show that
all samples cause a clear artifact when applying a magnetic field. The PMMA with
aluminium sample gives rise to the lowest MRI artifacts compared to titanium and
carbon samples. However, for all materials, having accurate MRI diagnosis is
not possible with the resulting disturbance. We conclude that the concentration
of 50% is not tolerable when using the materials mentioned in Table3.2. In that
case, we should reduce the amount of the particles used in the PMMA mixture
to limit the MRI artifact. However, decreasing concentration of particles directly
lead to reduced heat production of the particles, i.e. less grams of non-magnetic
particles having a certain specific loss power (3.26) lead to reduced power P(W).
In fact, to obtain an efficient hyperthermia treatment a minimum temperature in-
crease of 8°C should be reached. The 5 prepared samples were placed in the AMF
of an inductor-capacitor magnetic hyperthermia device with helical coil (number
of turns=8, length = 32 mm, diameter = 32 mm). The excitation current in the
coil was I = 100 A ' (calculated H=25 kA/m) and had a resonance frequency
fr = 400 kHz. The non-magnetic samples - even at a high concentration of 50

The values of the AC current considered during the experiments described in this PhD are always
RMS values, except otherwise mentioned.
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Figure 3.3: T7 - weighted sequence of 5 PMMA and non magnetic particles samples in
2,5% agar gel. The dotted yellow lines indicate the position of the PMMA
with non-magnetic material sample.

Table 3.2: Considered sample types and the corresponding temperature increase AT after
applying during one hour a magnetic field (/=100 A / H=25kA/m and f=400

kHz).

Material X conc (wt%) Particles size AT (°C)
Titanium A 50% 45 pm 6.5
Titanium B~ 50% 150 pm 6.5
Carbon A 50% 50 pm 7
Carbon B 50% 300 pm 7.4
Aluminium  50% - 5.6
MNP 50% 10 nm 65

percent - gave rise to a temperature increase of less than 8°C after one hour which
is small in comparison to experimental results for multicore BNF MNPs. As a
conclusion, non-magnetic particles are much less suitable for bone metastases hy-
perthermia as they cause artifacts on magnetic resonance images and because they
produce less heat than the considered MNPs.
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3.3 Heat generation of magnetic materials

In this section we present magnetic materials that when interacting with an AMF
generate heat. We first introduce the types of magnetic materials (subsection 3.3.1)
and their physical principles of magnetism (subsection 3.3.2). In subsection 3.3.3
we detail the magnetic nanoparticles’ properties. The loss mechanisms that specif-
ically result in heat are presented in subsection 3.3.4. We present a widely used
theory - linear response theory - for calculating the heat generated by magnetic
nanoparticles in 3.3.5; together with an analysis of the size dependence of MNP
on the generated heat that corrects the linear response theory in subsection 3.3.6.

3.3.1 Types of magnetic materials

Magnetic materials can be classified depending on their response to an external
AMF. Every material has paired electrons and thus a diamagnetic contribution.
When applying a magnetic field, the electrons try to oppose the AMF. Conse-
quently, diamagnets obtain a negative net magnetic moment when a positive mag-
netic field is applied. Unpaired electrons can align themselves with the AMF
and thus have a positive paramagnetic response besides the diamagnetic response.
Therefore paramagnets have a positive net magnetic moment when a positive mag-
netic field is applied. Materials are classified as magnetic when they have a net
magnetic moment in the abscence of a magnetic field. In ferromagnetic materi-
als a strong exchange interaction is present, dominating the diamagnetic response.
Antiferromagnetism is like ferromagnetism a manifestation of ordered magnetism
and occurs in materials where the magnetic moments of atoms or molecules align
but have opposing directions. When there is no external magnetic field, the to-
tal magnetization vanishes. Ferrimagnets are another type of magnetic materials
that are a special case of antiferromagnets. Their opposing magnetic moments are
however unequal leading to a net magnetization when there is no magnetic field
applied. Magnetite (Fe30,4) and maghemite (yFe2O3) are members of the family
of iron oxides and are the most well known type of materials that exhibit ferrimag-
netism. Magnetite has the strongest magnetic moment of all the naturally occuring
minerals on earth. Magnetic particles often consist of iron oxides and are known
to have a simple domain structure. Mainly because of their magnetic properties
and high magnetic moment they are useful in biomedical engineering to interact
with an AMF that is externally applied. Moreover, they have a low cytotoxic effect
on biological tissue. On the one hand magnetic particles can be used to force them
towards a certain region in the body, e.g. magnetic drug targeting. On the other
hand they can generate heat when interacting with an AMF, also called magnetic
hyperthermia, a property that is used within this dissertation. Below a critical size,
magnetic particles obtain a single domain structure. The transition from multi-
domain to single domain particles depends on their composition and crystalline
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structure. The critical size for magnetic particles to obtain a single magnetic do-
main typically ranges between 50 and 100 nm, see e.g. [91] and [92]. Magnetite
for instance has a critical limit of the order of 50 nm.

The collective behavior of the atomic magnetic moments is the result of the min-
imization of the total energy in the system. The balance between the different
energy contributions is detailed further in 3.3.2.

3.3.2 Physical principles of magnetism

In order to magnetize a certain volume V' of magnetic material, the different in-
teractions between the magnetic moments need to be overcome. Indeed, magnetic
materials can be magnetically described as a collection of magnetic dipoles or
magnetic moments (per unit volume). Moreover, the magnetic behavior as a func-
tion of the applied magnetic field can be considered as the result of rearrangements
of these magnetic moments. This is explained as follows: when a magnetic dipole,
with magnetic moment m [A- m?], is placed in a magnetic field H, the magnetic
moment aims at aligning with the magnetic field H. This can be described by a
minimization of a potential energy W), [J], defined by:

Wy =—pom - H. (3.27)

The macroscopic magnetization vector M in the material, averaged out over a
volume V' of the material and denoted by M [A/m], is obtained by the vectorial
average of all magnetic moments m in the volume V':

Ng

1
M = 2
VNd;m (3.28)

with V4 the number of dipoles present in the volume V' for which the macroscopic
magnetization vector is considered. Then, the question arises how the magnetic
field H, acting on the magnetic moments 1m in the material, is defined. Here, the
principle of minimizing a potential energy is used for analyzing static conditions
while the precessional rotation of /m around H can be analyzed in order to study
dynamic effects.

3.3.2.1 Gibb’s free energy

In micromagnetic theory, the magnetic moments 1 of the atoms are homogenized
to a continuum vector field M (r). This continuum vector field has a fixed, ma-
terial dependent amplitude M, but a time and space varying orientation. This
micromagnetic vector field describes the magnetic state of the magnetic material.
In principle, this local magnetization represents the magnetic moment per unit vol-
ume.
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The total potential energy of a magnetic material is given by the Gibbs free en-
ergy Weainys. In particular, we are interested in all contributions to the Gibbs free
energy, relevant for magnetic nanoparticles, which depends on the local magneti-
zation M (r):

WGibbs = Wexch + Wanis + Wms + Wappl + Wth (329)

The different magnetic free energy contributions that can be found in (3.29) are
treated here after separately in more detail. The Gibbs free energy has the fol-
lowing free independent (input) variables: the externally applied magnetic field
H (1), the elastic stress tensor €(r), and the temperature 7'. The basic prob-
lem in micromagnetism is then to find the local magnetization direction of M (r)
as a function of position and time, that correspond to the lowest total free magnetic
energy.

3.3.2.2 Exchange energy

The exchange energy contribution W, favors the parallel alignment of neigh-
boring atomic magnetic dipole moments. This type of interaction is also called a
short-range dipole-dipole interaction. When one takes into account only the ex-
change energy in (3.29), the complete parallel alignment of all atomic magnetic
moments in the magnetic material sample should be favored when minimizing
Waives = Wezeh. However, a preferred direction for this uniform alignment is
not defined. Indeed, this exchange energy term is isotropic, which means that it is
independent of the spatial direction in which the material is magnetized. However,
in reality, the magnetic crystal(s), present in the materials under consideration, are
not isotropic. This is taken into account by the anisotropy energy term.

3.3.2.3 Anisotropy energy

The anisotropy energy contribution W,,,;s favors the alignment of all atomic mag-
netic moments along certain well defined anisotropic directions. In the case of
crystallographic anisotropy, these anisotropic directions are fixed to the crystal lat-
tice. The non zero anisotropy energy is caused by those magnetic moments having
a different direction compared to the crystallographic easy directions and is called
in the case of crystallographic anisotropy short-range dipole-lattice interactions.

In the case that one takes into account only the magnetocrystalline anisotropy en-
ergy, the complete alignment of all atomic moments parallel to a direction of easy
magnetization is favored. The exchange interaction tends to align all magnetic
moments parallel, no matter in which direction, whereas the actual direction of
magnetization is determined by the magnetocrystalline anisotropy. Indeed, when
one takes into account the exchange energy and the magnetocrystalline anisotropy
energy in (3.29), the parallel alignment should lead to an uniform magnetization
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of one crystal or grain along one of the preferable crystallographic directions of
that grain. A region within a magnetic material which has an uniform magne-
tization is also called a magnetic domain. From experiments it is observed that
for polycrystalline materials, a grain often contain multiple regions with uniform
magnetizations, i.e. multiple domains. Therefore, an explanation is needed why a
configuration with multiple domains arise. The driving term in (3.29) for multiple
domain formation is the magnetostatic energy.

3.3.2.4 Magnetostatic energy

The magnetostatic energy contribution W, in (3.29) favors a change in the ar-
rangement of the local magnetic moments into a structure of multiple magnetic
domains. The regions separating neighboring magnetic domains are called mag-
netic domain walls, where the magnetization rotates coherently from the direction
in one domain to that in the next domain.

The magnetostatic energy arises W,,s from the classical interaction of an indi-
vidual magnetic moment with the magnetic field produced by all other magnetic
dipole moments. The latter is called the magnetostatic field H,,s. Therefore
the magnetostatic energy is a long-range effect of dipole-dipole interactions, con-
trary to the anisotropy energy and the exchange energy, which are short-range
effects. The magnetostatic field originates from the fictitious magnetic charge den-
sity, which arises wherever V - M is nonzero (M turns out to be varying in space).

The magnetostatic energy contribution favors a change in the arrangement of the
local magnetic moments into a multiple domain structure with main magnetic do-
mains and closure magnetic domains, in such a way that magnetic charges and
the corresponding (stray) magnetostatic fields tend to be minimal. Nevertheless, a
structure with multiple domains inherently leads to an increase of the anisotropy
and exchange energy in the small interface regions between the domains (magnetic
domain walls), but as long as this energy increase is smaller than the decrease in
magnetostatic energy, the creation of additional domains is favored.

3.3.2.5 Externally applied field energy

The applied field energy W, is the energy that arises when a magnetic moment
myg or alternatively the local magnetization M ;4(7) is placed in an externally im-
posed magnetic field. When taking into account only the applied field energy, this
energy, resulting from the interaction between the local magnetization and the ap-
plied magnetic field, tends to align all magnetic moments parallel to the applied
magnetic field.
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3.3.2.6 Thermal energy

As described in [93], the effect of the thermal fluctuations field is included in
nanomagnetic simulations by adding a stochastic thermal field to the local mag-
netic field. The thermal field is modeled as a Gaussian stochastic process with
zero mean in each space direction. Thermal fluctuations add a stochastic energy
term to the Gibbs free energy. Boltzmann statistics describes the average distribu-
tion of material particle having a certain energy state in thermal equilibrium. The
probability of having a particle in energy state AF is typically characterized as
being proportional to exp(kAB—b;) with kT being the thermal energy with kp the
Boltzmann constant and 7" the absolute temperature.

3.3.2.7 Minimization of total magnetic free energy

Magnetic systems are the result of having minimal Gibb’s free energy. Considering
the different energy terms in (3.29), it is clear that the equilibrium configuration
that minimizes the total magnetic free energy is the result of a trade off between
the various energy contributions. For instance, a magnetic system with additional
domains and hence an increased domain wall surface inherently leads to an in-
crease of the anisotropy energy, exchange energy in the magnetic domain walls,
but as long as this energy increase is smaller than the corresponding decrease in
magnetostatic energy, the creation of additional domains is favored.

These domain structures can be identified experimentally. Different measurement
techniques are described in [5]. An example of a measured domain structure is
given in Fig.3.4.

¥ 5
Figure 3.4: Domain and wall images from a (100)-oriented silicon-iron crystal [5].

It is clear that within the magnetic core of the magnetic nanoparticles, considered
in this work, the exchange and the anisotropy interaction will be dominant with
respect to the magnetostatic interactions between the magnetic dipoles within the
considered nanoparticle. Consequently, the magnetic core of a magnetic nanopar-
ticle is a magnetic mono domain or single domain, i.e. the complete alignment
of all atomic moments in the magnetic nanoparticle parallel to a direction of easy
magnetization is favored. Thus, one magnetic nanoparticle can be considered as
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a magnetic macrospin, characterized by a magnetic macromoment. For simplicity
this macromoment is henceforth called magnetic moment of the nanoparticle.

3.3.3 Magnetic nanoparticles

As mentioned in previous subsection 3.3.2, materials become magnetized when
they are placed in a magnetic field. As before, we denote the magnetization as
M and the magnetic field as H. The function relating the magnetization with the
magnetic field is:

M = y(H)H (3.30)

Based on the susceptibility y, three major groups for magnetic materials are iden-
tified:

e Ferromagnetic (y > 0 and a large absolute value)

e Diamagnetic (x < 0)

e Paramagnetic (x > 0 and a low absolute value )

In oxides, like magnetite (FesO4) and maghemite (v FeoOs) more complex forms
of magnetic ordering occur resulting in ferrimagnetic materials. Here the magnetic
moments of the different sublattices are not equal resulting in a net magnetic mo-
ment. Ferrimagnetism is therefore similar to ferromagnetism. It shows the same
properties of ferromagnetic behavior, like spontaneous magnetization, Curie tem-
perature, hysteresis and remanence although ferro- en ferrimagnets have different
magnetic ordering. Magnetic particles based on iron oxides may behave as fer-
romagnetic (detailed in 3.3.3.2) or as a superparamagnetic material (detailed in
3.3.3.1), depending on the size of the particle. Indeed, a single domain magnetic
material (e.g. magnetic nanoparticles) due to the small size has no hysteresis loop
and is said to be superparamagnetic.

The magnetic induction B (T) of the material is defined as:

B = yio(H+ M) (3.31)

Substituting (3.30) in the equation (3.31) above yields an alternative form:

B = 1o(H + x(H)H) (3.32)

In general, x(H) is a function of H. In case of hysteresis phenomena ( e.g. ferro-
magnetic materials) x (H) may be undefined.
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3.3.3.1 Superparamagnetism

For superparamagnetic materials, the magnetization can be described by the Langevin
function L(-) with magnetization

1

M = M.L(E(H)) = Myfeoth(€(H)) ~ ¢

] (3.33)

where M, is the saturation magnetization. The variable ¢ depends on the applied
magnetic field H and is defined as

_/J/Olf"mH
§(H) = (3.34)

o is the permeability in free space, (i, is the magnetic moment, kg is the Boltz-
mann constant and 7" is the temperature. From (3.30) the susceptibility can be
defined as:

M M, 1
== [coth(§(H)) — ()

For high temperatures and small magnetic fields with magnetizations M < 0.20M

that are here typically considered, { < 1 and the initial slope (£ = 0) of the M(H)
function is the initial susceptibility of the sample:

H H

X(H) ] (3.35)

o MO/-LmMs

Xi = T3kl (3.36)

3.3.3.2 Ferromagnetism

In ferromagnetic materials the M (H) curve shows what is called hysteresis. Hav-
ing a different magnetizing path and de-magnetizing path defines hysteresis. When
applying for instance a sinusoidal (can also be e.g. trapezoidal) magnetic field, this
results in a loop of the M (H) curve. The area inside the loop represents the en-
ergy that is transferred into the material, resulting in hysteresis loss (see 3.3.4.1).
The magnetization can be seen as a loop and the area inside the loop represents
the energy that is transferred into the material. Ferromagnetic materials for elec-
trical machines are designed to keep these losses as low as possible. Magnetic
nanoparticles do not exhibit hysteresis effects as they constitute of a single mag-
netic domain. However when they are placed in a high frequency magnetic field a
phenomenon called magnetic relaxation occurs. This causes energy transfer from
the magnetic field to the magnetic material and the shape of the M (H) curve is
then similar to the one of a ferromagnetic material with hysteresis.
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3.3.4 Loss mechanisms in magnetic materials

The heat generated in magnetic materials under an alternating magnetic field can
be generally ascribed to one of the three different mechanisms, i.e. hysteresis loss
(further detailed in 3.3.4.1), eddy current loss (3.3.4.2) and Néel and Brownian
relaxation loss (3.3.4.3).

3.3.4.1 Hiysteresis loss

Hysteresis loss occurs in multidomain particles (ferromagnetic and ferrimagnetic
materials). Magnetic domain walls can move in the presence of an applied mag-
netic field such that the magnetic domain structure changes. The irreversible pro-
cesses corresponding with pinning and depinning phenomena of the moving mag-
netic domain walls result in a non single valued relation between the macroscopic
magnetization and the applied magnetic field. If the magnetization is plotted for
all strengths of applied magnetic field, the result is a hysteresis loop. The amount
of heat generated is directly related to the area of this hysteresis loop. As we
may assume that no magnetic domain walls are present in the magnetic core of a
nanoparticle, hysteresis loss in the nanoparticle is not considered here.

3.3.4.2 Eddy current loss

Eddy currents are electrical currents that are induced in an electric conductor
(metal) that is positioned in an AMF according to Faraday’s law. Significant eddy
current heating is observed only for bulk magnetic materials, i.e. materials having
aradius R > 1 mm for magnetite. We detailed in Section 3.2 the heat genera-
tion in non-magnetic conducting materials and more specifically the eddy current
loss in 3.2.1. We derived in that section the specific eddy current loss power of
electrical conducting spherical particles located in an AMF, see (3.26). In Table
3.1, we calculated the theoretical SLP of a 1nm radius MNP and we can conclude
that eddy current effects can be neglected for iron oxide nanoparticles having a
diameter in the range of 10-100 nm.

3.3.4.3 Néel and Brownian relaxation loss

As detailed earlier, both hysteresis loss and eddy current heating are not considered
as being large contributors to the heating of MNPs. We sketch here how relaxation
phenomena can produce heat. As mentioned in 3.3.2.7 the MNPs having radii in
the range of 10-100 nm consist of a single domain with a magnetic macrospin.
We denote the magnetization of the MNP as being M. Relaxation phenomena are
characterized by their relaxation time 7 by which the magnetization M approaches
its equilibrium state My:
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B~ Lovo(t) - m)

The MNPs rotate to align their moments with the equilibrian state producing Néel
and Brown relaxation loss.

The heat generation through Néel relaxation is due to changes in the direction
of magnetic moments e.g. when applying an external magnetic field the magne-
tization M is not aligning directly with that external field due to the anisotropy
energy since the latter tends to align the magnetic domain of the MNP in a di-
rection according to their crystal lattice structure. Figure 3.5 (A) shows that Néel
relaxation is directly related to the internal movement (or fixation) of the magnetic
moment within the MNP. This movement depends on the magnetic characteristics
(anisotropy energy) of the MNP. Brown relaxation follows a different mechanism
to produce heat since this corresponds with having the particles physically rotate
in order to aline the magnetization with the applied magnetic field (contrary to
the rotating or fixed internal magnetization of the particle in Néel) within the dis-
persed medium. The type of heating (Néel or Brown) also heavily depends on the
environment wherein the MNP are located. For example, a MNP in PMMA will
be unable to physically rotate thus removing any component of heat produced via
Brownian motion. Figure 3.5 (B) depicts schematically the Brown relaxation of
the particle itself where the magnetic moment of the MNP remains fixed (direction
with respect to the crystal lattice) within the particle.

@ Néel relaxation

®

o Brownian relaxation

Figure 3.5: Comparison of Néel (A) and Brown (B) relaxation. In Néel relaxation, the
particle remains stationary while the magnetic moment rotates within the
particle. For Brownian relaxation, the particle itself rotates but the magnetic
moment stays in the same direction with respect to the crystalline axes of the
particle.

In Brownian relaxation, the magnetic nanoparticle will rotate in its entirety while



84 HEAT GENERATION IN MATERIALS UNDER AN ALTERNATING MAGNETIC FIELD

the magnetic moment will keep its direction with respect to the crystalline axes of
the particle. This is illustrated in case B of Fig.3.5. The rotation of the MNP will
cause heating due to shear stresses between particle and surrounding fluid. As a
result, heat dissipation in Brownian relaxation is dependent on the hydrodynamic
properties of the fluid and the volume of the particle. The relaxation time for
Brownian motion is given by (3.37):

- 3 n Vh
~ kpT
where 7) is the viscosity of the fluid wherein the MNPs are dispersed, kp the Boltz-
mann constant (kp=1.38 10723 JK~1), T the absolute temperature (I'=300 K).
The hydrodynamic volume V}, is mostly taken as being V;, = (1 + %)3% with
V. = %wRS being the core volume of the MNP. R and ¢ are respectively the ra-
dius of MNP and the thickness of a sorbet surfactant layer (1)=0.01 nm).

For achieving hyperthermia of bone metastases we will use MNP that are com-
pletely bound in PMMA. Since the MNP are immobilized in the PMMA, only
Néel relaxation is of importance in our studies [64]. As relaxation is characterized
by constant 7 (see (3.3.4.3)) we will specifically look into the relaxation time due
to Néel relaxation 7. Néel relaxation can be seen as finding the Boltzmann statis-
tic (see 3.3.2.6) which gives the probability of having relaxation time for given
anisotropy energy barrier AE. The expression for the relaxation time 7 can be
found in (3.37) with the thermal energy kpT that can exceed the anisotropy energy
barrier AFE. The orientation states of the magnetic moments follow here a Boltz-
mann statistic where the thermal energy drives the magnetic moments to fluctuate
continuously.

TB (3.37)

AE
FaT)
To is the length of time characteristic of the material (its typical value is between
108 and 107!2 s) and is size dependent, AE is the required energy to change
the direction of the particle’s moment and depends on the anisotropy constant K
and the magnetic core volume V., AE = KV,_.This clearly shows that the Néel
relaxation time constant (3.38) depends on the physical dimensions of the particle.
Contrary to Brownian relaxation, Néel relaxation is not dependent on the local en-
vironment of the suspension (such as the viscosity) in which the MNPs are placed.
As a result, magnetic particles that dissipate heat via the Néel principle are pre-
ferred for use in clinical trials as their results are consistent for ex-vivo and in-vitro
experiments.

When having both Néel and Brown relaxation, the relaxation constant of both phe-
nomena is expressed by (3.39). Note that both mechanisms cannot be fully decou-
pled. With a constant temperature, the energy barrier of anisotropy will stay the
same. Variation of the magnetic field, to which the MNP are subjected, will cause

TN = 7o exp( (3.38)
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an imbalance in the total energy and, if the energy is high enough, the anisotropy
barrier is surpassed, making the magnetization reverse.

™B * TN

= — 3.39
p—— (3.39)

When comparing Brownian and Néel relaxation it is clear that Brownian relaxation
dominates for particles with a larger diameter and in solutions with a lower viscos-
ity. For Néel it is the other way around. Also the inability of the magnetic moment
to follow the applied AMF results in heating effects. This heating is described by
the imaginary part of the AC susceptibility and is a combination of Brownian and
Néel relaxation.

3.3.5 Linear Response Theory
3.3.5.1 Theory

Linear response theory (LRT) is a theoretical model that describes the dynamic re-
sponse of an ensemble of non-interacting single domain MNPs to a time-varying
magnetic unidirectional external field [94]. We will present here the basic theory
of the LRT based on [95]. A time-varying magnetic field H (t) = Hg cos(wt) is
applied with angular frequency w and amplitude Hy. The time-varying magneti-
zation response of the MNPs is given as follows:

M(t) = Hox cos(wt) + Hox sin(wt) (3.40)

Here, M (t) is the component of the magnetization vector M(¢ ) along the direction
of the external unidirectional magnetic ﬁeld The real part x and the imaginary
part ¥ of the complex susceptibility x = X —jx is given by

/ 1

= 3.41
X =17 ()2 Xo (3.41)
and
" wT
= 3.42
X 1+ (@r)? Xo (3.42)

with ¢ the equilibrium susceptibility. The susceptibility values (3.41) and (3.42)
are directly related to the relaxation time constant 7.
The equilibrium susceptibility xg , is based on the Langevin equation L:

Yo — X%L(o; L(€) = coth(€) - % (3.43)

with
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_ pHoMaHyV,

¢ kT

(3.44)

po=4m x 1077 [m.kg.s~2.A~2] is the permeability of free space, M, is domain
magnetization of a suspended particle and V. the volume of the magnetic core of
the MNP.

The initial susceptibility x; equals

o oM (%CIDVC
X ST
with @ the volume fraction, such that M, = ® M is the saturation magnetization

of the ferrofluid. The domain of validity of the LRT is given by two conditions
[96]:

(3.45)

poMaHoVe
B i A 1 3.46
¢ knT < (3.46)
and,
2K
Hy < (3.47)
O oMy

where K denotes the anisotropy constant of the magnetic core of the MNP. The
first condition limits the amplitude of the applied magnetic field:,

(3.48)

However, for magnetic fields and particles suitable for hyperthermia, the second
condition is always fulfilled when the first one is (3.48). The first condition ex-
presses that we are in the region where the response to an external field is linear.
Fig.3.6 shows a micromagnetic simulation on the basis of Vinamax [97] where a
DC magnetic field is applied and the equilibrium magnetization is plotted as func-
tion of ¢ in case of having randomly aligned particles (red curve). This is done for
a magnetite particle (values of its characteristic material parametres are provided
in Table 3.3) at a constant temperature of 7'=300 K and that is subject to a varying
Hj leading to a varying &.

The power loss per period of AMF, AU, is given by the following expression:

™

AU = — o f{ MdH = 2uH3Y" / " wsin?(wt)dt (3.49)
0

From (3.49), the power loss per unit time P(W/m?) is given as :

2w fr

P=fAU = WUOXOHgfm

(3.50)
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Figure 3.6: The equilibrium magnetization as function of £, the slope of this curve is the
susceptibility and equals o, denoted by the full black line, only when £ < 1.
The equilibrium magnetization is the magnetization obtained after a sufficient

time when applying a DC field with value Ho, with § = £02deflo,

The dissipated energy P depends on the characteristics of the AMF (amplitude Hy,
frequency f) and the characteristics of the MNPs: radius R, anisotropy constant
K and magnetization saturation M. Table 3.3 provides the values of the material
characteristics of magnetite and maghemite. As we make the assumption that the
MNPs are in the PMMA, we only consider the Néel relaxation 7 = 7 from (3.37)
within the power loss per unit time (3.49). As mentioned in 3.3.4.3 the length of
time characteristic of the material 7y has a wide range (1072 to 10~% s) and is
material and size dependent.

3.3.5.2 Size distribution of nanoparticles

Numerical simulations are performed to check the validity of the LRT. First, for
different parameters (R, K, Hy and f), then with fixed parameters of MNP (R=8
nm, K=10 kJ.m~!, M=446 kA.m~"'). The specific loss power (SLP) as was de-
fined for eddy current loss in (3.26), is here given by:

P

PFeO

SLP[W/greo] = (3.51)

where P is the power loss in [W.cm~3] and PFeO = O g.cnf3 is the mass density
of the iron oxide.

The characteristics of the MNPs used in the simulations are presented in Table 3.3:
For the numerical simulations, a lognormal radius r distribution for the MNPs is
assumed, see (3.52).
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MNP My (kAm™1) [ K (klm=3) [ ¢, kg LK) [ p(kgm™3)
vFey03 | 414 4.6 746 4600
FesO4 | 446 23-41 670 5180

Table 3.3: Physical properties of 2 types of magnetic nanoparticles; magnetite (Fe3O4)

and maghemite (7 — Fe203)

1
exp | —
V2p <

In 2(;2/ﬂ)>,exp(:c) — e

(3.52)

with ¢ and o being the mean radius and standard deviation, respectively. Figure
3.7 depicts the lognormal distribution of particles (3.52) having different mean

radii (i = 6,7 and 8 nm) for a fixed standard deviation (¢=0.01).

x10°

6= 001 )

6

Probability density (-)

0 0.2

0.4

0.6

: .
=—p=8 nm

=—=u=7 nm
m—11=6 N

1

Radius of MNPs (m)

Figure 3.7: The MNPs distribution for standard deviation 6=0.01 and mean radius u=6
nm (blue line), 7 nm (green line) and 8 nm (red line)

When considering a MNP sample with a wide size distribution, one thus has to be
cautious whether LRT is suitable to predict the SLP or not; since the size of the
particle affects through V. the condition (3.45). However, such considerations are
beyond the scope of this dissertation, as we focus on the impact of taking the size
dependence of the length of time characteristic of the material 7y (from (3.37)) into
account. As the value of 7y has an important effect on the SLP (3.50) and (3.49),
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we will analyze its dependencies. When assuming that the LRT is valid, the SLP
of a MNP sample following a lognormal size distribution can be expressed as

follows: H2f ( )
_ muoHj wT(r
SLP == / X (o (m)2)”

(r)dr (3.53)

3.3.5.3 Magnetorelaxometry

Magnetorelaxometry is a method to characterize MNPs by measuring the decaying
net magnetic moment of a MNP sample after it has been magnetized in an external
field [98]. The decaying magnetic signal is described by

M (t) = My exp(—%);exp(x) =" (3.54)
where M, denotes the magnetization of the sample at =0 and 7 is the effective
relaxation time constant given by (3.39). For immobilized MNPs only the Néel
relaxation mechanism is relevant and consequently 7 = 7. Since we wish to
attain the effect of the typical relaxation time 7 used in the description of the Néel
relaxation process, the Brownian relaxation phenomena is not considered.

As mentioned earlier, Ty is typically taken as a constant between 10~ and 1012
s. However, this quantity is size dependent (through V) as can be seen, derived by
Brown, in the high barrier limit KV, > kT [97]:

1+ a2 71'/4?}3’117\4112
- \f 3.55
0= o0y \ k3, (3-35)

where « is the Gilbert damping constant which accommodates for all loss mecha-
nisms [99]. The damping constant « is related to 7y. Using the macrospin simula-
tion tool Vinamayx, it is possible to simulate MRX experiments. Vinamax numer-
ically solves the Landau-Lifshitz equation by adopting a dipole approximation
method as described in Fig.3.8 where a collection of 10000 MNP is considered
being either fixed in radius or MNP following a lognormal distribution.

The green symbols depict the relaxing signal of a sample consisting of MNPs
with a fixed radius of 7 nm. The black curve shows a fit to this data with (3.54)
allowing us to extract 7,y from these simulations. Because also the energy barrier
and temperature are known, we can thus obtain 7y with the help of (3.38). Figure
(3.7) also shows the effect that the lognormal distribution (collection of particles
having mean value of 7 nm but with a certain standard deviation o = 0.1) has on
the relaxation signal compared to having MNP with fixed radius.

We first investigate the relation between 7y and « and their size dependence. With
the help of Vinamax we simulated MRX signals for MNP samples with radius 5,
6, 7 and 8 nm for 17 different «v values, logarithmically divided between 0.01 and
1. The results of these simulations are shown in Fig.3.9 as square dots.
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Figure 3.8: MRX simulation of 10000 MNPs with o = 0.01 with fixed radius of 7 nm
(green symbols) or lognormal size distribution (red line). The black line
shows the closest fit of (3.54) to the data to extract 7y from the simulation.
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Figure 3.9: 7 as function of the damping parameter « using (3.55) and MRX simulations
for different sizes.

The full lines depict the 7y expected from (3.55) and show that, although our data
points lie 10 to 30% above the expected value, the dependence on « scales cor-
rectly. The differences between (3.55) and the numerical results originate in the
fact that (3.55) has been derived specifically in the high barrier limit, correspond-
ing to large MNPs. To verify that our results get increasingly closer to the the-
oretical expectation for larger particles, we performed additional simulations for
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radii between 5 and 8 nm, in steps of 0.25 nm for a=0.01. The results of these
simulations are shown in Fig.3.9 and indeed prove that the difference between
the analytical and numerical results decreases for larger particles as the green line
(that corresponds with (3.54)) comes closer to the red simulation points based on
the Vinamax macrospin simulations. We incorporate this size-dependent deviation
and fit the data points to an empirical correction function (blue line in Fig.3.9)
resulting in the following corrected formulation for the 7y:

14 a? p(T)]{?BTMd2

-1 —2.26.10%r
o= (1+e ) S AK3V,

(3.56)

We stress that the functional form of (1 + exp®”) with a constant ¢ has no theoret-
ical foundation but is found empirically to be close enough to our numerical data
in the regime we are interested in to be a useful correction term such that we are
able to use (3.55) outside of the high barrier limit. When considering MNPs hav-
ing different magnetic material properties than those considered here, macrospin
based simulations are again required to solve the correction. MRX measurements
data acquired for a given MNPs ensemble can provide insights on the volume de-
pendence of the 7.
Let us recall the MRX simulation of 10000 MNPs with o =0.01 with fixed radius of
7 nm (green symbols) or lognormal size distribution (red line). As can be observed,
a sample following a lognormal size distribution has no longer an exponentially
decaying signal (3.53) but needs to be described by the weighted sum of such
functions: - .

M(t) = / My exp(——)p (r) dr (3.57)

0 ™ (r)

Each lognormal distribution gives rise to a characteristic shape, which allows to
experimentally recover the lognormal distribution of MNP samples from MRX
data.

3.3.6 Size dependence of relaxation constant on SLP calcula-
tions

We now turn our attention to the effect on the SL P for a lognormal size distribu-
tion of MNP (3.53) where we incorporate the size dependance of 7y in the relax-
ation time constant in 7. To this end, we calculated the S L P, using LRT, for MNP
ensembles with lognormal size distributions with p ranging from 4 to 10 nm and
o ranging from 0.01 to 0.6 by means of (3.53) considering (3.56) and (3.38) with
7(r)=7n(r). We consider 2 different v values (0.01 and 0.1) and we furthermore
assume a magnetic field with Hy = 5 kA/m and frequency f = 200 kHz. To allow
an honest comparison between the results for a fixed 7y and the size dependent 7,
we first performed our calculation with a size dependent 7y determined by (3.56),
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Figure 3.10: Dependence of 79 on the radius of the MNP for a=0.01 as extracted from
micromagnetic simulations (red data points) and (3.55) (green line). The
blue line is a closest fit to the data and corresponds to (3.55) multiplied with
an empirical correction function, see (3.56).

and subsequently used 7 fixed to the value it had at the peak of the SLP, situated
at 7 ~ 6 nm for =0.01 and r ~ 7 nm for a=0.1. The results of these calculations
are presented in Fig.3.11. We see that the SLP is higher for narrower size distri-
butions and peaks at the sizes where the frequency and the relaxation time 7 are
each other’s inverse. This also explains the shift of the peak towards smaller sizes
for a=0.01 as compared to its location for a=0.1. A lower damping corresponds
to slower relaxation mechanisms and thus a longer relaxation time. The optimal
size corresponding to the ideal relaxation time, for the frequency we considered,
is thus found at smaller particles.

When comparing the respective results with a fixed, or size dependent 7y, we see
no qualitative differences. Therefore we plotted the difference between both results
(panels (c) and (f)). We notice a small tendency towards larger SLPs when we take
the size dependence of 7y into account, which can amount to 10% of the SLP.
However, as only MNPs with a size very close to the optimal volume contribute
to the SLP, using a fixed 7y in one’s calculations, provided that this value is well
chosen, still gives a reliable estimate of the SLP in the light of other uncertainties
involved in the MNP characteristics in hyperthermia experiments. Note however
that in practice 7y is chosen between 10~® and 10~!2 s and using for example a
value of 10712 s in this case results in larger differences for the calculated SLP
with this fixed 7y value and the calculated SLP taking the size dependency into
account.

ASLP is the difference between the SLP calculated by means of (3.53) and the
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SLP calculated by means of (3.51) with the assumed fixed 79 value. Results are
depicted for three different o values: 0.2, 0.1 and 0.01. Fig.3.12 shows for a
fixed mean radius (in (a) for =6 nm, in (b) for u=7 nm) the effect of assuming a
certain fixed 7y on the corresponding SLP (i.e. SLP calculated by means of (3.51)
with fixed 7y9) compared to the SLP calculated by means of (3.53) with the size
dependent 7y determined by (3.56) for r=6 nm in (a) and =7 nm in (b). This
illustrates that there is a recommended value when using a fixed 79 depending
on the magnetic material properties of the MNP and its size. One should use,
depending on the sizes of the MNP, (3.55) or (3.56) to obtain a rough estimate of
Tp. This highlight the need for MRX measurements to extract the size dependency
of 7 0-
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Figure 3.12: The effect of assuming a certain fixed 7o value on the corresponding SLP
compared to the SLP calculated by means of size dependent 1o for Hp=5

kA/m and f=200 kHz. 6 SLP is the difference between the SLP calculated by

means of (3.56) with (3.53) and the SLP calculated by means of (3.56) with

the assumed fixed 79 value. (a) is for the case of a=0.01 and =6 nm, while

(b) is for a=0.1 and p=7 nm.Results are depicted for three different o values.

3.4 Specific loss power measurements of PMMA+MNP
and MRI compatibility

Since we need to maintain mechanical stability, the materials that give rise to heat
need to be mixed with PMMA for the treatment of bone metastases. In this section
we detail how the heating power of MNP can be experimentally assessed (sub-
section 3.4.1) and we discuss the MRI compatibility of PMMA+MNP mixtures
(subsection 3.4.2).

3.4.1 Specific loss power measurements
3.4.1.1 Indicators for heating ability

In hyperthermia applications, the specific absorption rate (SAR) is a measure to
indicate the heating power () (W) generated per unit mass of MNPS when the
magnetic nanoparticles are subjected to an AMF.

Q

MFe0O

Another name for the SAR is the Specific Loss Power SLP.

From practical point of use, the SLP may also be referred to the MNP mass. In
that case the mass mpeo in the equation above must be replaced by mynp. As the
SAR is dependent on the properties of the MNP (material properties in Table 3.3
and the size as detailed in subsection 3.3.6) but also on the AMF (magnitude H
and frequency f), the intrinsic loss power (I LP) is introduced:

SAR = (3.58)
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SLP

Lp = 2=
f-Hy

(3.59)
which should be independent from the AMF according to the linear response the-
ory in the case that x” is not depending on the frequency (Q ~ fH?). The SLP
in (3.58) does not consider the concentration of particles themselves as these par-
ticles consist of iron oxide that give rise to heating but also of dextran and other
types of coatings that do not result in the heating of the particles. SLP is the most
accurate indication for heating of MNP since it is mass-normalized (specific) and
denotes the magnitude that is being absorbed or released. SLP will be used in the
next section to compare the heating of different samples: PMMA filled with pow-
der or with fluid magnetic nanoparticles. As will be seen, the SLP is dependent
on frequency, magnetic field strength, concentration and type of MNPs. A SLP of
100 W/ greo with typical iron concentration of ¢y, = 5 mg Fe / cm3 corresponds
thus with a total heating power of Qo = 5 - 10> W/m?®. Experimentally measured
SLP values for magnetic nanoparticles have been reported in literature [6] and was
used in [100] to relate the SLP to the magnetic field amplitude Hj. A polynomial
regression was made between measured SLP and applied magnetic fields, for in-
stance for BNF-Starch particles (micromod Partikeltechnologie GmbH, Rostock,
Germany) excited at a frequency of f = 150 kHz. This resulted in the following
relationship, visually depicted in Fig.3.13:

SLP(H)=—1.5207-10"% H® + 5.1705- 1075 H® — 6.2314-10~* H*
+ 0.0299 H® — 0.3746 H? + 2.2897 H — 4.0033
(3.60)

Because of the difficulties suffered in the modelling of the SLP using the linear
response theory and micromagnetic Vinamax simulations, one can use experimen-
tally measured SLP values that are close to the actual SLP generated by particles.
SLP models as (3.60) are each time for a fixed frequency (i.e. fixed inductance
and capacitor in the heating device) and including the frequency dependence is
possible but requires extensive measurements.

3.4.1.2 Calorimetric method

The calorimetric approach is the most commonly used technique to evaluate the
heat production of magnetic nanoparticles [101]. In this method, the MNPs are
exposed to an alternating magnetic field and the temperature increase in the sam-
ple is recorded over a period of time. A fiber optic temperature probe is typically
used in conjunction with a magnetic induction heating system consisting of a wa-
ter cooled coil connected to a power supply. Samples are placed in a thermally
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Figure 3.13: SLP as function of magnetic field amplitude for BNF Starch magnetic
nanoparticles on the basis of experimental values [6] with polynomial
regression (3.60).

insulated container to avoid heat loss to the environment to assert having an adi-
abatic measurement. Nevertheless, it is challenging to keep the sample in strict
adiabatic conditions due to conduction and convection heat exchanges with the en-
vironment [102]. Therefore, most of the SLP experiments are considered as semi-
adiabatic calorimeter setups, where heat exchange corrections must be made [103].
Figure 3.14 shows schematically the temperature increase as a function of time in
a sample consisting of MNPs when having adiabatic and non-adiabatic conditions.
In non-adiabatic conditions at a certain moment there could be equilibrium in the
heat transfer (i.e. the % ~ 0), or equivalently the heat produced equals the heat
going to the environment.

To perform non-adiabatic SLP experiments, first the sample needs to be put at
room temperature before starting the experiment. The sample in the container is
placed inside the excitation coil to perform the measurements. The room tem-
perature value is kept in track throughout the entire measurement. We start the
experiment by recording the temperature evolution from the initial point ¢y during
X minutes (e.g. Xo = t; —ty = 5 min) to a stable temperature 7} (see Fig.3.15).
Then we switch on the inductor-capacitor circuit to have an AMF and we continue
recording the temperature as function of time for a period 5 — ¢; after which we
reach temperature T5. Finally, the AMF is switched off and the system cools down
naturally to temperature 7 during X; = t3 — to. After recording temperature
T, the temperature evolution is kept acquiring for Xy (no less than 30 s) after
which the experiment is stopped. The slope of the temperature versus time curve
can be determined using several manners eg. initial slope method, corrected slope



98 HEAT GENERATION IN MATERIALS UNDER AN ALTERNATING MAGNETIC FIELD

T(°C)

adiabatic

’ . .
A non-adiabatic

dT
dt

t(s)

Figure 3.14: Temporature increase of samples temperature in adiabatic (red line) and
non-adiabatic (blue dotted line) calorimeter setups
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Figure 3.15: Scheme of experimental SLP measurement using the calorimetric method

method, Box-Lucas, etc [101].

The SLP is calculated from the temperature derivative over time at instant ¢t = ¢;
using (3.61):

C dr
p— E't:tl (3.61)

SLP =

where C' is the heat capacity of the insulated container and its content, mynp is
the mass of the magnetic material, and % is the initial slope of the change in
temperature versus time curve.
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3.4.1.3 Heat generation of PMMA+MNP samples

Using a measurement setup, constructed at the department, we assess the SLP
arising from a ferrofluid and from PMMA+MNP.

A ferrofluid consist of magnetic nanoparticles that are suspended in water. We
performed experiments on a suspension having a concentration of 29 mg/ml. A
glass vial containing a volume of 0.97 ml of the suspension is placed in the center
of the 8-turns helical coil. The coil has a radius of 28 mm and is cooled with a
closed circulating water system.

123

10 mm
Figure 3.16: Schematic of the vial containing the ferrofluid. Sensor 1 and 2 are placed at
the top of the sample while sensor 3 is positioned near the bottom of the vial.

The increase in temperature of the whole suspension is measured using 3 optical
sensors: Sensor 1 and 2 are placed at the top of the sample while sensor 3 is
positioned in the bottom of the vial as shown in Fig.3.16.

Figure 3.17 depicts the temperature increase in the ferrofluid sample at the top
of the fluid (sensor 1 and 2) and at the bottom of the vial (sensor 3). Since the
variation of temperature given by the 3 sensors is almost the same, we assume
that the nanoparticles are spread homogeneously in the fluid and subjected to an
uniform magnetic field giving rise to a uniform temperature increase in the vial.
Since we consider a suspension consisting of various components (water, MNP
and container) having different specific heat capacity and mass, (3.62) needs to be
adapted so that it weights the different components that give rise to the measured
SLP:

SLP = Cp fluid M fluid + Cp, MNPTTUMNP + Cp,container " container d7T |t:t1 (362)
TMMNP dt

Since the temperature variation of the container at ¢ = ¢; is negligible and the

heat capacity of the MNP is very small compared to the heat capacity of the fluid,

(3.62) can be written as follows:
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Figure 3.17: Temperature increase of ferrofluid sample under a magnetic field H=14,78
kA/m and a frequency f=321 kHz. The measurements are done in 3 different
points: sensor 1 (red line) and sensor 2 (green line) are in the top of vial.
Sensor 3 (blue line) is at the bottom of the vial.

Table 3.4: Specific loss power values (W/grc0)

Sensor H (kA/m) f(kHz) SLP W/gr.0

1 14.78 321 43.29
14.78 321 40.43
3 14.78 321 41.33

Cpryuier Mwater A1’

SLP ~ (3.63)

TMMNP dt '
Notice that this approximation (equation (3.63)) is only valid for a homogeneous
mixture of MNPs in the fluid. This approach is not valid any more for the case of a
PMMA+MNPs sample in water. Some results on the ferrofluid measurements are
given in Table (3.5).

PMMA+MNP samples are prepared by mixing VertaPlex”™ radiopaque bone ce-
ment (manufactured by Stryker) and 2 brands of magnetic nanoparticles: Fer-
rotec EMG (Serie 1500) and Micromod-Bionized NanoFerrite particles. Ferrotec
EMG (Serie 1500) dry iron oxide nanoparticles have a nominal diameter of 10 nm.
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Table 3.5: Considered sample types and iron oxide concentrations (conc).

N  state core type  conc (Wt%)

Fluid Multicore  0.068
Fluid Multicore  0.034
Fluid Multicore  0.007
Fluid Multicore  0.003
Powder Multicore 0.677
Powder Multicore 0.068
Powder Multicore 0.034
Powder Multicore 0.007

0NN N AW

The core material of these MNP is principally magnetite (F'e304). They are single
domain and superparamagnetic nanoparticles with an initial magnetic susceptibil-
ity of x;= 0.2. The proportions by weight are 71.8 to 79.2% of iron oxide and
28.1 to 20.8% of surfactant. Micromod-Bionized NanoFerrite nanoparticles (BNF
particles) have a particle diameter of 80 nm with a core of 75-80 (w/w) magnetite
and a shell of dextran. It consists of 54.8% iron oxide, namely 13.7 mg iron ox-
ide/25 mg powder. The above described MNPs brands will be referred to as single
core and multicore particles, respectively. PMMA+MNP samples were consid-
ered as listed in Table 3.5. 4 samples contained multicore ferrofluid, 4 samples
multicore powder with different iron oxide concentrations. Higher concentrations
of the multicore fluid led to unstable PMMA-MNPs mixtures. We would like to
stress that the purpose here is to investigate certain aspects of different properties
of magnetic nanoparticles, rather than to show the superiority of one MNP brand
compared to another. The tabulated concentrations in weight percentage (wt%)
are calculated as the mass fraction of iron in the complete solution. For example,
sample type 2 is a mixture of VertaPlexTM radiopaque bone cement, consisting of
2000 mg powder and 1 ml liquid that vaporises during polymerization, with 0.05
ml multicore ferrofluid. This ferrofluid has a mass density of 25 mg/ml contain-
ing 13.7 mg/ml iron. Consequently, this results in an iron oxide concentration of
100 x (13.7 x 0.05)/(2000 + 25 x 0.05) equal to 0.0340 wt%.

The PMMA+MNP sample was immersed in a cylindrical water container and
placed in the center of the helical 8-turns coil with =100 A is applied with a
resonance frequency f,=400 kHz. The temperature increase is measured using 2
optical temperature sensors Ty and Ts to average the heat variation of the water.
In order to obtain a standard measurement method that can provide reproducible
results, we apply the AMF when having a constant temperature in water during
15 min before switching on the AMF. The AMF is switched off after to — ¢1=60
min whereas the temperature measurements are maintained until the water reaches
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room temperature. The results in Fig.3.18 display the difference AT between the
room temperature and the maximum temperature reached after one hour of AMF
heating. Under a current I of 100 A and a frequency f=400 kHz, samples made of
multicore fluid (red triangles) have a higher temperature increase than the powder
samples (blue squares). The figure also shows the positive effect of the iron oxyde
concentration on the temperature increase. Both for fluid and powder multicore
samples, a temperature increase of at least 6°C is reached which is necessary for
hyperthermia treatment as the tumor area is heated up starting from the body tem-
perature 37°C to 43-45°C. Where the temperature increase exceeded the maximum
desired 8°C, the applied high current and frequency can be lowered to fit into the
6-8°C interval.
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Figure 3.18: Temperature increase (A7) of multicore samples with different MNP
(powder and ferrofluid) concentrations under AMF of I = 100A and
f = 400k H z (calculated H=25 kA/m) after 60 min.

When considering the above SLP measurements, one should take into account the
uncertainties related to materials and thermodynamic reasons ranging from non-
adiabatic heat losses to inaccurate material concentrations. First, the use of non-
adiabatic experimental set-up results in peripheral heating due to radiant heat flux
from the heating coils. Also, materials inaccuracies such as the MNPs concentra-
tions and the homogeneity of the PMMA mixture affect the temperature increase.
Similarly, the spatial variation of the probe location leads to an uncertainty for
stable samples in the cylindrical holder. All those reasons lead to errors in mea-
surements which can explain an overestimation of the SLP values.

3.4.2 Magnetic resonance imaging disturbance of PMMA+MNP

In this subsection we analyze the disturbance of the magnetic nanoparticles on
magnetic resonance images. For the same reasons as those mentioned in a similar
study performed in section 3.2.3.
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Figure 3.19: (a) Original MRI slice of the agar gel phantom containing a PMMA+MNP
sample (Ferrotec-liquid 0.6 ml). (b) Masked image in which the different
materials are indicated. The disturbed area is surrounded by a red ellipse

defining the artifact limit.

3.4.2.1 Quantification of MRI artifacts

To quantify the MRI artifacts caused by the magnetic nanoparticles, we place
PMMA+MNP samples in the middle of an agar gel phantom. The phantoms were
cylindrical with a diameter of 55 mm is a state of use imaging modality for mon-
itoring the response of bone metastases to treatments [104]. After cooling, the
phantoms became solid. The next day they were measured with a Siemens Trio
TIM 3T MR scanner 3T MR scanner. The cylindrical phantoms were turned on
their side such that their length was aligned with the main magnetic DC field of
the MR scanner. This way similar transversal slices, as shown in Fig.3.19 a, could
be obtained. T}-weighted images were acquired from the phantoms using an MP-
RAGE sequence (repetition time = 2250 ms, echo time = 4.18 ms, flip angle =9
degrees, field of view 256 x256x 176 mm? and voxel size 1 x 1x1 mm?). This se-
quence was chosen, since T1-weighted MRI is a state of use imaging modality for
monitoring the response of bone metastases to treatments [105]. For every MRI
session, between 17 and 21 slices were selected centralized around the half length
of the sample. As illustrated in Fig.3.19 b, the artifact caused by the magnetic
nanoparticles was measured in each slice by fitting an ellipse to the disturbed area
and subtracting the radius of the sample (4.5 mm) from the average of the major
and minor ellipse radii. As a tool for the fitting, the images were masked with
a threshold of 30% of their maximal value. Since each phantom was measured
twice, this procedure led to a total of 34-42 values, indicating the spread of the
artifact, for each MNP concentration.
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Table 3.6: Considered sample types and iron oxide concentrations (conc). used in MRI

no state core type conc (wt%)
1 Fluid Multicore 0.340
2 Fluid Multicore 0.068
3 Fluid Multicore 0.034
4 Fluid Multicore 0.007
5 Fluid Multicore 0.003
6 Powder = Multicore 0.677
7 Powder = Multicore 0.340
8 Powder  Multicore 0.068
9 Powder = Multicore 0.034
10 Powder  Multicore 0.007
11  Powder  Single core 1.829
12 Powder  Single core 0.926
13  Powder  Single core 0.466
14  Powder  Single core 0.224
15 Powder* Single core 0.595
16 Powder* Single core 0.299
17 Powder* Single core 0.156
18 Powder* Single core 0.078
19  Powder* Single core 0.039

In total 19 different PMMA+MNP samples were considered as listed in Table 3.6.
5 samples contained multicore ferrofluid, 5 samples multicore powder and 9 sam-
ples single core powder, all with different iron oxide concentrations. Since we
noticed the arising of clusters in the single core powder, 5/9 of the samples were
made with the clustered powder (indicated with * in the table) and 4/9 of the sam-
ples were mixed with the same powder that was moulded fine.

Even though we aspired high accuracy by using micro pipettes and a micro-balance
for selecting the small amounts of particles, we are aware of the fact that the listed
concentrations (Table 3.5) are subject to fluctuations. Throughout the length of
the cylindrical PMMA-+MNP sample a variation in iron concentration is possible,
certainly for the clustered multicore powder. To account for this, we have chosen
to display the distribution of MRI artifacts as boxplots. Despite the careful prepa-
ration of homogeneous agar gels, small air bubble were present in a few agar gel
phantoms, complicating the measurement of MRI artifacts due to the MNP.
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Figure 3.20: Magnetic nanoparticles are causing artifacts in MRI with increasing
concentration. The measurements of artifact spread are visualized using
boxplots. The central line is the median, the edges of the box are the lower
(Q1) and upper quartile (Q3) and the whiskers extend to extreme data points
not considered outliers. The outliers are defined to be smaller than Q1 -
1.5(Q3-Q1) or larger than Q3 + 1.5(Q3-Q1) and not plotted here. The MNP
concentrations are plotted on a logarithmic scale (log10).

Figure 3.20 depicts boxplots of the measured artifact as function of iron oxide
concentrations for the four types of samples. The relation between both is approx-
imately linear. The multicore samples give rise to lower MRI artifacts compared
to single core samples containing similar iron oxide concentrations. For example,
single core clustered powder with concentrations of 0.039 and 0.078 wt% disturb
the MRI with 4 and 7 mm on average, while for both multicore fluid and powder
with concentrations 0.034 and 0.068 wt% this is only 0.5 and 1.25 mm, respec-
tively. Even the minimum artifacts caused by single core clustered powder are
equal or higher than the maximum caused by multicore samples. There is no sig-
nificant difference in MRI quality for different states of matter. Both the multicore
samples prepared with ferrofluid and with powder disturbed the images equally.
By pounding the clustered single core MNP, they could be more homogeneously
mixed with the PMMA. This led to a lower variation in the artifact values between
the slices as can be seen by smaller interquartile ranges. These results demon-
strate that both concentration and type of MNP affect the MRI compatibility of
PMMA+MNP samples.The samples prepared with multicore MNP up to an iron
concentration of 0.07 wt% gave rise to smaller artifact values.

This study investigated the artifacts MNP caused in the MP-RAGE sequence. The
effect on other sequences besides this T1-weighted gradient echo sequence are
still unknown. T2-weighted, diffusion-weighted and short 7 inversion recovery
(STIR) sequences or T1-weighted spin echo sequences are advised for imaging
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bone metastases as well [105] and could be studied in the future.

3.5 Conclusion

This chapter detailed the heat generation in materials that are subject to an alternat-
ing magnetic field. We considered two types of materials: non-magnetic and mag-
netic materials. In Section 3.2 we detailed the eddy current loss that non-magnetic
conducting materials generate when they are placed in an AMF. We ultimately de-
rived a specific loss power (W per gram non-magnetic conducting material) due
to eddy currents that is function of the properties (electrical conductivity, radius,
mass density) of the non-magnetic material and the applied field (amplitude and
frequency). For Titanium and Carbon non-magnetic materials, that are also used in
other implant applications, limited specific loss power values were obtained. We
also analyzed the effect that these particles have on the quality of magnetic reso-
nance images where we concluded that the non-magnetic particles’ concentration
needs to be low to have limited artifacts. Moreover we also observed experimen-
tally, in accordance to the theory of eddy current loss, that the temperature increase
with samples consisting of a mixture of PMMA with MNP remains limited and not
sufficient for bone metastases hyperthermia treatment.

We subsequently addressed in Section 3.3 the physical mechanisms that give rise
to heat when having magnetic materials subject to an AMF. We detailed the vari-
ous physical principles of magnetism and namely that the magnetization state of a
magnetic material depends on the minimization of the Gibb’s free energy. We also
addressed the loss mechanisms in magnetic materials and specifically for mag-
netic nanoparticles the main source of loss is due to Néel and Brownian relaxation
loss since hysteresis loss and eddy current loss are limited when having particles
smaller than 100 nm. Néel and Brownian relaxation can be characterized by the
relaxation constant that characterizes the time constant at which the magnetization
of a magnetic nanoparticle approaches an equilibrium state. We sketched the lin-
ear response theory to address the dependency of the specific loss power due to
Néel and Brownian relaxation of magnetic nanoparticles on the properties of the
MNP (saturation magnetization, anisotropy constant, specific heat capacity, mass
density) and the AMF (amplitude and frequency). We stressed the domain of va-
lidity of the LRT as well as the size dependence of the relaxation constant. Since a
collection of MNP always follow a certain distribution, mostly that is a lognormal
distribution, this has an effect on relaxation time constant. By making comparison
of the linear response theory with micromagnetic simulations that are based on
macrospin approximations, we concluded that a correction of the length of time
characteristic of the material is required. We also concluded that using magnetore-
laxometry measurement data it is possible to recover this characteristic length of
time and include this together with the correction factor to predict the specific loss
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power due to Néel and Brownian relaxation. This work allowed us to get insights
into the heat generation in magnetic nanoparticles but since assumptions are made
for the simulation of the specific loss power due to Néel and Brownian relaxation,
experimental characterization is key.

Experimental work in the form of specific loss power measurements and MRI
compatibility was performed in Section 3.4 specifically for PMMA mixed with
MNP as we aim at treating bone metastases (PMMA provides the mechanical sta-
bility of the spine). Specific loss power measurements were performed using the
calorimetric method that also contains uncertainties with respect to correct assess-
ment of the specific loss power since the measurements are difficult to achieve in
adiabatic conditions. We showed the temperature increase that can be achieved
with PMMA mixed with MNP (only Néel relaxation because of fixed MNP in the
PMMA) and compared this with ferrofluids (Néel and Brownian relaxation). Since
PMMA-+MNP only has Néel relaxation the specific loss power was relatively lower
but nevertheless we could achieve even with relatively low concentration of MNP
a temperature increase of at least 6-8 °C that is needed for hyperthermia treatment.
We also experimentally investigated the effect of MNP on the quality of magnetic
resonance images. Both the concentration and type of MNP affect the MRI com-
patibility of PMMA mixed with MNP. Single core clustered powder resulted, for
similar concentrations, in higher artifacts compared to multicore MNP. We showed
that having multicore powder having an iron oxide concentration of 0.07 wt% in
the PMMA+MNP, resulted in artifacts that are less than 2mm and that gave rise
to a temperature increase of 7°C which is sufficient for hyperthermia treatment of
bone metastases. This resulted in a proper protocol for the material preparation
(PMMA+MNP) of magnetic hyperthermia.






Thermal and damage analysis of
biological tissue

‘Those diseases that medicines do not cure are
cured by the knife. Those that the knife does
not cure are cured by fire. Those that fire does
not cure must be considered incurable’

Hippocrates
Aphorism 87

4.1 Introduction

An optimized magnetic hyperthermia treatment should selectively destroy the tu-
mor cells without damaging the surrounding healthy tissue. When comparing the
results of clinical trials, the need for a proper thermal dose parameter is evident.
But to decide what is the most appropriate thermal dose is less obvious. There-
fore, the development of thermal models for the prediction of the heat diffusion
in biological tissue is necessary to define the required thermal dose. This chap-
ter explains methods used to quantify the thermal injury and models to study the
heat diffusion in the surrounding of vertebrae starting from the Pennes bio-heat
equation.
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4.2 Heat transfer in biological tissues

In this section we provide the fundamentals of heat transfer and how heat transfer
in biological tissue can be mathematically modelled. By means of these models, it
is possible to perform simulations of the temperature both spatially and temporally
for a given heat source arising from the interaction of the particles in the PMMA
with the AMF. The heat source was extensively studied in Chapter 3.

4.2.1 Heat transfer
4.2.1.1 Heat transfer principles

Heat transfer is the energy that transits due to temperature differences in the form
of conduction, convection, and/or radiation. These principles can be used to model
the temperature behavior in hyperthermia:

* Conduction is heat transfer resulting from the diffusion of energy where en-
ergy is transferred from the more energetic to the less energetic particles of a
substance or material. In its core, conduction is related to molecular activity
where interactions between molecules make diffusion of heat possible. In
general, good conductors of electricity e.g. metals like copper, aluminum,
gold are also good heat conductors.

» Convection is due to the bulk or macroscopic motion of convective medium,
such as gas or fluid, e.g. the heat transfer when cooling a plate due to moving
cold air on the surface of the plate. The energy transfer is a superposition
of energy transfer due to random motion of particles as well as due to bulk
motion of the fluid. In the modeling of convection, distinction can be made
between forced convective heat transfer where a fluid is forced to flow along
a solid surface by a pump (related to the bulk motion of a fluid); and natural
or free convection where heat transfer occurs even if the fluid is not forced
(related to the random motion of particles).

* Radiation is the transfer of energy that is emitted by a matter having a certain
temperature such as the transport of heat from the sun to the earth. Heat
transfer results from the emission of energy via electromagnetic waves or
photons. This type of energy transfer is only relevant for high temperature
values.

We consider heat transfer modelling related to conduction and convection without
radiation as only moderate temperature values are present.
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tal (b) Convective medium
Temperature T,
T(x,t) T(x + Ax, t) \ / Surface S
Surface A d
X

Figure 4.1: (a) Fourier’s law of heat conduction in 1D, (b) Newton’s law of cooling
through convection.

4.2.1.2 Heat transfer modelling of conduction and convection

Let T'(r, t) denote the temperature at a certain position r and at a given time ¢. For
clarity, we omit using the r and ¢ in the forthcoming notations. The amount of heat
or thermal energy F expressed in Joules in a volume V' is proportional to both the
mass m and the temperature 7"

E =c,mT “4.1)

where ¢, is the specific heat capacity expressed in kgLK. The local thermal energy
J

density expressed in 7 is defined as:
e=FE/V =c,pT 4.2)

with p being the mass density in [%]. This equation is based on considering the
rate of heat transfer ) expressed in W = %
dE

Q=" 4.3)

When considering in Fig.4.1 the following one-dimensional example where we
have a material at two different points « and =+ Az (with Ax the distance between
the two points) being at a temperature of T'(z,¢) and T'(x + Az, t) respectively,
the rate of heat transfer ) equals

T(x,t)-T(x+ Ax,t)

=kA 44

Q Ar (4.4)

A is the cross-sectional area normal to the direction of the heat flow (in m?). k
is the thermal conductivity in % The law in (4.4) is based on experimental

observations by Fourier. This law expresses that the rate of heat transfer across a
surface should be proportional to the surface area A and the temperature difference
(T(x,t) — T(x + Az, t)) per distance Ax. In the limit for Az going to zero, (4.4)
can be written as

T
Q= —kA— 4.5)
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with the minus sign indicating that heat will flow from regions of high temperature
to regions of low temperature. The thermal conductivity k£ in Fourier’s law of
heat conduction (4.5) is a measure of the material’s ability to transfer or “conduct”
heat. Note that often heat flux density g is used to express the rate of heat transfer
per unit surface across A : ¢ = @/A. The conductive heat flux density vector

becomes:
dT

dx
and is expressed in [%]. In case of Fourier’s law of a 3D heat flux density (4.6)
becomes:

q=—-k—1, (4.6)

q=—kV(T) 4.7)

As mentioned in 4.2.1.1, next to conduction, convection needs to be considered as
basic principle in the heat transfer modelling. Newton’s cooling law expresses the
rate of heat transfer due to temperature differences between the convective medium
at a temperature 73 and the surface of the solid material at a temperature 7', see
Fig.4.1(b):

Q = CconVS(T - Tb) (4.8)

mVXK and S is the surface of the
material with the convective medium. Newton’s law of cooling (4.8) is as Fourier’s
law based on experimental observations where c.o,y depends on characteristics of
the convective medium such as the flow velocity, fluid properties, etc. Note that
the convective heat flux density vector is expressed as

with c.ony the convective heat transfer coefficient in

q = conv(T — Tp)n 4.9)

% as the conductive heat flux density vector and n is unit vector ortogonal

to the surface S of the volume.

also in

4.2.2 Pennes’ bioheat equation

Pennes’ bioheat equation can be derived by considering the conservation of en-
ergy: changes of thermal energy in a volume V' of biological tissue are due to heat
sources and heat sinks within the biological tissue as well as heat flux coming in or
leaving the surface S of the volume [106]. The energy balance can be considered
in e.g. an arbitrary volume as in Fig.4.1(a) and results in the following equation:

d
— [ edV = —?{ q~ndS+/ fdv (4.10)
dt Jy s v

with e the thermal energy density (4.2), q the heat flux (cfr. the conductive heat
flux in (4.6)), the outward normal vector perpendicular to the surface S and f
representing the heat sources (f > 0) and heat sinks (f < 0) in % For now,

we do not consider convective heat flux (4.9) as no convection at the surface is
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Figure 4.2: (a) Arbitrary volume V' with surface S where the energy balance can be
described leading to a temperature distribution 7'(r, t). The normal vector n
on the surface is also depicted. (b) Conceptual representation of convection
heat sinks in the capillary bed due to Newton’s cooling law, convection heat

sinks in large arteries and heat sources due to the use of heat particles.

assumed in the Pennes’ bioheat equation but where convection occurs within the
volume as heat sink, e.g the blood perfusion within the volume that draws heat
from the considered biological tissue.

Inserting the thermal energy density (4.2) and the heat flux expressions we can
rewrite (4.10) as

/ cppd—TdV:?{kVT~ndS+/ Fdv 4.11)
vooodt s v

assuming that ¢, and p are constant in time. By using the divergence theorem,
(4.11) can be rewritten as

/cppngZ/ V-(kVT)dV+/ fdv 4.12)
v dt v v

As mentioned earlier, convection is generally included in the Pennes’ bioheat equa-
tion as a heat sink proportional to —(T" — T}). Specifically for convection due to
blood perfusion, the heat sink can be represented by

fb,conv,Newton = _wbpbcb(T - Tb) (4.13)

with wy, the blood perfusion rate, p; the blood mass density and c;, is the specific
heat capacity of blood. Convection (4.13) typically occurs in the capillary bed of
biological tissue. Large arteries can however not be modelled by Newton’s cooling
law as in (4.13) and require a different heat sink formulation:

fb,conv,arteries = —ppcpv - VT 4.14)

with v being the blood velocity vector. From this equation it is clear that heat sink
occurs where the blood velocity vector has a component parallel to the tempera-
ture gradient. Heat sources f can be due to metabolic mechanisms, but that can
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be neglected when considering a sufficiently large heat source stemming from par-
ticles interacting with an AMF. The specific loss power SLP of particles (g;/VO ),
see equation (3.61), is related to the source f in % by the mean mass density of

particles pr.o (in %) :

fparticles = PFeO * SLP 4.15)

In Fig.4.2(b), the previously described heat sources and heat sinks in a certain
volume V' are schematically depicted. Let us now include in the conservation of
energy equation (4.12) the conduction, the heat sinks due to convection of heat
in the capillary bed of the biological tissue (4.13), the convection of heat at large
arteries (4.14) as well as the heat source due to particles interacting with the AMF
(4.15):

dT
/ CppEdV = / AV (kVT)dV +/ (fb,conv,Newton + fb,conv,arteries + fparlicles)dv
v 1% 1%
(4.16)
Since (4.16) is valid for each volume V', we can rewrite this as the following equa-
tion where we need to solve towards the temperature 7":

dT
Cppa =V (kVT) + (fb,conv,Newlon + fb,conv,arteries + fparticles) (4.17)

or

dT
Cp,OE =V. (va) - wbeCb(T - Tb) — PbCyV - VT + fparticles (4.18)

The latter equation is the general Pennes’ bioheat equation that mathematically
models the heat transfer in biological tissue when having hyperthermia with heat
sources fparticles- S0lving this equation allows to find the temperature at a certain
position r and time ¢ within a given volume. The temperature behavior depends
on the heat source, the geometry of the volume, but also on the thermal properties
of the biological tissue within the volume such as specific heat capacity c,, con-
duction coefficient k, convective properties of blood in the capillary bed wpppcyp
and along large arteries with specifically the velocity v. For solving (4.18), initial
values of the temperature such as the temperature in the volume at a certain start-
ing point (¢ = 0) is the body temperature T'(r € V,t = 0) = 37°C (Dirichlet
boundary condition) and boundary conditions such as Neumann boundary condi-
tions VT'(r € S,t) - n = 0. The latter stems with letting the temperature free at a
perfect thermal isolating the surface S contrary to the Dirichlet boundary condition
that fixes the temperature value.
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4.3 Damage models of elevated temperature to bio-
logical tissues

As mentioned in section 1.3.1, elevated temperatures in biological tissues cause
cytotoxic effects in the cells. The thermal damage depends upon both temperature
and exposure time at temperature. Several damage models have been introduced in
scientific literature: the Arrhenius damage model and the CEM43 damage model
detailed in the following subsection 4.3.1 and the CEM43 damage model, detailed
in4.3.2.

4.3.1 Arrhenius damage model

In-vitro studies of mammalian cells in culture that were exposed to elevated tem-
peratures have demonstrated that the cytotoxic effect follow an Arrhenius relation-
ship [107] [108]. The Arrhenius damage model assumes that the survival fraction
follows a kinetic model including a state energy barrier with an irreversible molec-
ular flux, as in the Arrhenius model used to model kinetic transitions in chemical
transitions. Fig.4.3 depicts the transition from healthy cell to damaged cell where
an energy barrier needs to be overcome. It also shows that the transition is irre-
versible. The Arrhenius damage index Q(r, ¢) (0 < Q < +00) that is space (r) and
time (¢) dependent due to exposing the biological tissue to elevated temperatures,
is mathematically modelled by the following differential equation [108], [107]:

MY _ o 1 <agee
ot
o (r,t) AE,
= Aexp(— =220 ) T 5 430 4.1
ot P~ T e g 4273y 0 L~ 43O (4.19)

A is the frequency factor that can be associated to how many cells per second cross
the energy barrier. A F, is the activation energy barrier that is related to the energy
barrier that needs to be overcome to have a transition from healthy to damaged
cell. R =8.314 ﬁ is the universal gas constant. In Table 4.1, literature values
for the frequency factor A and the activation energy barrier AF, are reported.
Note that in (4.19) the Arrhenius damage index €2 does not vary when having
temperature values lower than 43°C, i.e. in this damage model it is assumed that
having no sufficient temperature elevations does not result in biological damage.
When having temperatures that rise higher than 43°C results in a change of the
Arrhenius damage index as this damage model allows to cross the energy barrier
more easier to move from living cells to damaged cells.
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Table 4.1: Constants A, AF, from literature for calculating the damage index with the
Arrhenius damage model (4.19).

Tumor [109] | Tumor [110] | Healthy tissue [110]
A(s7T) 2.984 10%Y 1.810% 1.0310%®
AE, (J/mol) | 5.064 10° 2.3810° 2.4910°
Energy
Living cell
: Damaged cell
Cell state

Figure 4.3: Schematic representation of the Arrhenius model used to capture thermal
damage where a certain energy barrier needs to be overcome so to damage
healthy cell and have an irreversible change of the cell.

Based on the damage index €(r,t) the survival fraction of cells (0 < a < 1)
undergoing elevated temperatures can be calculated as [111]:

a(r,t) = exp(—Q(r, 1)) (4.20)

The survival fraction (4.20) can be interpreted as the ratio of the concentration
of living cells at the chosen end-point and the initial concentration of living cells
(e.g. start of the hyperthermia). The initial concentration of living cells is «(r, t =
0) = 1 when the hyperthermia starts (at ¢t=0) and gradually decreases when having
temperatures larger than 43°C where the rate of decrease in survival fraction is
driven by (4.19). Based on the above, the damaged fraction of cells § (0 < § < 1)
can then be calculated as

o(r,t) =1— ar,t) 4.21)

The damage index (4.19) and survival fraction (4.20) have been intensively used to
assess the efficacy of hyperthermia and thermotherapy in general: e.g. in [109] for
assessing the efficacy of radiofrequency ablation of liver, in e.g. [111], [108] for
evaluating hyperthermia. In Fig.4.4, the damage index €2 from (4.19) is calculated
for the Arrhenius damage model parameters reported in Table 4.1 for a constant
temperature of 46°C. The corresponding survival fraction of cells « calculated
with (4.20) is shown in Fig.4.5. It is clear from these figures that the values for
the frequency factor A and activation energy barrier A, in the Arrhenius model
have an important impact on the damage index and survival fraction. As can be
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Figure 4.4: Evolution of the damage index when having biological tissue exposed to a
constant temperature of 46°C' for frequency factor and activation energy
barrier values as given in Table 4.19.
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Figure 4.5: Evolution of the survival fraction when having biological tissue exposed to a
constant temperature of 46°C' for frequency factor and activation energy
barrier values as given in Table 4.19.

observed from Fig.4.5, a survival fraction of living cells being 0.1 is achieved after
10 minutes using the values from [109] whereas approximately 20 minutes are
needed when using the values from [110]. The difference between the tumor and
the healthy tissue remains however limited when using the values from [110].

4.3.2 CEMA43 damage model

The cumulative equivalent minutes at 43°C', shortly CEM43, is defined based on
the total isoeffect thermal dose achieved when inflicting a certain elevated temper-
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ature to tissue. The CEM43 thermal dose is mathematically expressed as [112]:

43° C—T (nt)
1°C

tr
CEMA43(r,t) = / K dt (4.22)
0
with K being a constant of proportionality with value 0.5 for 7' > 43°C' and value
0.25 for T' < 43°C. ¢ is the total exposure time. Expression (4.22) is mainly
used in preclinical studies as metric for assessing the thermal dosage inflicted to
tumors when having the tissue at a certain temperature and exposure time. It was
shown in [113] that achieving a CEM43 > 60 minutes resulted in an effective
hyperthermia treatment. Note that in this damage model, there is damage when
having temperature lower than 43°C but that the associated damage remains lim-
ited because of the lower constant of proportionality K. When inspecting (4.22)
it is clear that when having a constant temperature of 43°C and a total exposure
time ¢ty = 60 minutes that this results in a C EM43 = 60 minutes. When having a
temperature of 44°C for 60 minutes, then this results in a C EM43 = 120 minutes.

4.3.3 Limitations of damage models

CEM43 and Arrhenius model are widely used to predict cell death during hyper-
thermia procedure. However, both models hold a number of weaknesses and have
considerable limitations. As enlightened in [108], CEM43 and Arrhenius models
predict the decay of the survival fraction by describing only a single constant irre-
versible reaction of the total thermal damage. Nonetheless, the cell death process
is more complex including thermotolerance and cell recovery phenomena [114].
In addition, the models are based on in vitro observations of idealized cell culture
experiments where cells are growing in uniform Petri dishes with constant and
appropriate conditions e.g. low cell density and enough nutrients in the medium,
whereas the tumor environment is characterized by heterogeneous conditions.
Table 4.2 gives the required duration ¢ ¢ of the hyperthermia treatment at a constant
temperature 7;. in order to be effective, i.e. C'EM43=3600 s. On the other hand,
the damage index €2, defined in the Arrhenius damage model, during ¢ seconds
heating at a constant temperature 7;. is given by

Q =ty Ae” TTT (4.23)

Taking into account (4.23), Table 4.2 shows the corresponding €2 values after the
duration of t; seconds required for an effective hyperthermia treatment according
to the CE M43 model and considering the Arrhenius constants from Table (4.1).
Notice that the obtained values for the damage index §? are in the range of 0.23 to
2.94, which corresponds with a survival fraction « between 0.795 and 0.053. Con-
sequently, there is a non negligable discrepancy between the two damage models.
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Table 4.2: Required heating duration ¢ at constant temperature 7. in order to obtain a
CEMA43 value of 60 minutes and corresponding €2 values

T, (C) ty(s) €, Tumor [109] €2, Tumor [110] €2, Healty tissue [110]

43 3600  2.09 2.94 2.56
44 1800 1.92 1.96 1.72
45 900 1.76 1.30 1.16
46 450 1.60 0.86 0.78
47 225 1.45 0.57 0.53
48 112.5 1.31 0.38 0.35
49 56.25 1.19 0.25 0.23

4.4 Thermal and damage 3D simulation model

Based on the theoretical framework of heat transfer from section 4.2 we describe
in this section a specific model to evaluate three-dimensionally the thermal distri-
bution in a vertebra subject to magnetic nanoparticle hyperthermia. Based on the
damage models from section 4.3 we will furthermore analyse the damage inflicted
to the tissue. The objective of simulations is to judge the effectiveness of different
scenarios before the MNH session to aid in selection of the specific power needed
and clinical outcome prediction. In addition, simulations are helpful for assessing
treatment risks to the patient, e.g. avoiding the spinal cord damage or analysing
treatment quality. In our study, we follow the following three distinct steps::

* Generation of the model detailed in section 4.4.1.

* Calculation of the temperature distribution due to power deposited in the
tissue, section 4.4.2.

* Calculation of the resulting damage distribution in the tissue, section 4.4.3.

4.4.1 3D modeling of the biological tissue

The complex shape of a vertebra is simplified to a cylindrical geometry as shown
in Fig.4.6. An inner cylinder of PMMA-MNP mixture is surrounded by the tumor
volume placed in the center of the vertebral body. Potential heat drain by the aorta
and the inferior vena cava is simulated with use of the two cylinders, on the left and
right of the vertebral body (see Fig.4.6). The blood flow is simulated by enforcing
a temperature of 37°C at the boundary of the aorta and vena. The complete geome-
try with spinal cord, aorta and vena is placed in a cylinder with the same properties
as muscles tissue. In section 4.4.1 and 4.4.2, the tumor radius is considered to be
8 mm and the muscle tissue has a radius of 40 mm, which is large enough to avoid
influence of the border temperature on the tumor temperature. Dimensions and
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properties of vertebra, spinal cord, aorta and vena were found in literature [9] and
given in Tables 4.3 and 4.4. Once the simulation conditions and parameters are
defined, the temperature distribution and damage can be analyzed by solving the
equations presented in Section 4.2.2 using the finite element method. By discretiz-
ing the geometry in finite elements using meshing, it is possible to numerically
calculate the heat transfer within the presented geometry. To each finite element
material properties are associated depending on their geometrical location (being
bone, tumor, muscle, spinal cord, blood, PMMA).

Aorta

Vena

Tumor

Core
vertebra

Spinal cord

Figure 4.6: Cross section of the body showing the shape of a vertebra (left). The vertebra
is simplified to a cylindrical geometry including an inner cylinder of
PMMA-MNP mixture surrounded by the tumor volume placed in the center of
vertebral body (right).

Tissue parameters like density, specific heat capacity and thermal conductivity are
reported in Table 4.3 and have been assumed constant which is an approximation
keeping in mind the very small temperature variation from 37°C till 47°C [115].
In actual practice, human physiology is so complex that even relatively small in-
creases in the tissue temperature may lead to effects such as altered production of
hormones, suppressed immune response, and protein denaturization.

4.4.2 Temperature distribution during MNH

Temperature predictions during MNH is a defying task. This is due to large un-
certainties in the thermal properties of tissue, which vary between patients, within
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Table 4.3: Parameters of the considered biological tissues [9]

Tissue cp JkgK)  p(kg/m?)  k (W/mK)
Bone 1313 1908 0.32
Tumor 3760 1045 0.51
Muscle 3421 1090 0.49
Spinal cord 3630 1075 0.51
Blood 3770 1060 0.51
PMMA 1420 1180 0.19

the patient and within each tissue (see Table 4.3). Thus, an accurate 3D prediction
of the thermal tissue properties is a challenge. Therefore thermal simulations are
performed in order to obtain a qualitative insight in the different phenomena.

Table 4.4: Dimensions and positions of the considered biological tissues. All tissues are
modeled with cylindrical shape having the axial direction along the z-axis.

Tissue r(m) [(m) Point of gravity (x,y,z)

PMMA+MNP 0.005 0.02 (0,0,0)

Tumor 0.008 0.024 (0,0,0)
Bone 0.02 0.03 (0,0,0)
Muscle 0.04 0.03 (0,0,0)

Spinal cord 0.03 0.03 (0,-0.014,0)
Aorta/Vena 0.005 0.03  (-/+0.02,0.02,0)

4.4.2.1 Spatial variation of temperature

In our model, the heating source is implemented as a PMMA cylinder in the center
of the tumor region. Dimensions and positions of the different regions forming
the 3D model are presented in Table 4.4. The heat transfer characteristics were
obtained by varying the magnetic heat generation term Q(W) while keeping other
parameters constant. The idea is to consider the PMMA volume as a heat source
assuming a uniform nanoparticle distribution and homogeneous thermal properties
throughout the region. We initially apply a constant heat source in order to increase
the temperature at the outer boundary of the tumor from 37 °C to 47 °C. Then a
cyclic heat generation is applied by switching on and off the power source in order
to keep a temperature average between 7=45°C and T=47°C, again at the outer
boundary of the tumor, during the whole MNH procedure. The total calculation
time was set to 3600 seconds. In Fig.4.7, the 3D and 2D distribution of the tem-
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perature is shown for heating power equal to ()=3 W. Additionally, the variation of
the temperature is depicted in 2 particular points in the xy-plane (Fig.4.7): the first
point (' Tumor’ point, henceforth denoted as Tymor) at the outer radius of the tumor
and nearest to the spinal cord, and the second point (’Spinal cord’ point, denoted
as Tipinal cord) at the boundary of the spinal cord and nearest to the heat source.
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Figure 4.7: Temperature distribution in vertebra when applying heat source Q=3 W in (a)
3D view of the complete geometry (b) 2D view in the xy-plane

Fig.4.8 shows that it is possible to keep the temperature of the spinal cord under
38°C while heating the tumor region at 47°C during one hour which avoid the
risk of damage in the spinal cord. We can observe here the cyclic nature of the
temperature at the outer surface of the tumor due to switching on and off the power.
We would like to stress that in our model we consider the worst case with respect
to the heating of the spinal cord as the Cerebrospinal Fluid (CSF) is not included
in the geometry. In fact, the cerebrospinal fluid has three main functions: CSF
protects brain and spinal cord from trauma, supplies nutrients to nervous system
tissue and removes waste products from cerebral metabolism [116]. In the case of
hyperthermia for bone metastases, the CSF acts as temperature barrier by moving
away the heat and keeping the spinal cord safe.
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Figure 4.8: Time variation of the temperature at the outer surface of the tumor and the
nearest surface of the spinal cord after 1 hour under heat source Q=3 W.
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4.4.2.2 Temperature distribution as function of heat power

The minimum amount of heat needed to reach 47°C in the tumor region is esti-
mated by applying various values of heat sources (). For that we noticed that a
minimum heat power Q=3 W is needed to reach temperature of 47°C in the outer
radius of the tumor region. Fig.4.9 shows the time variation of the temperature
during 100 s for power sources from 3 to 10 W. The level of applied heat power
affects the temperature variation of the tissue. Higher applied power to the tissue
leads to a shorter time needed to reach 47 °C. The highest temperatures reached
after 100 s vary from 42.9°C to 51.8°C (see Fig.4.9). The difference of tempera-
ture has been 2°C even with only 1 W difference for heat sources below 6 W. The
difference of temperature between each two neighboring power levels decreases
from lower power to higher power.

Another interesting feature is the fact that, during the first seconds, the heating
rate is faster in the tumor than outside eg. the spinal cord. Indeed, this is due
to the time required for heat diffusion through the neighboring tissues. This is
illustrated in Fig. 4.10 and Fig. 4.11 for 3 and 6 W respectively. The spatial
temperature distribution at 100 s is for instance larger in the tumor than for 300 s
and the opposite can be observed within the spinal cord. Both for the Q=3 W and
Q=6 W case. Having the ratio Tiymer/ Tpinal cora larger after 100 s of treatment than
in the switching on and off regime may be advantageous with respect to cancer
treatment. If a large amount of nanoparticles is administered (larger value for
the power (), the temperature rises very fast inside the tumor during the first
seconds and the exposure time may be adjusted in such a way that the surrounding
tissue remains at moderate temperatures. However, as a consequence of the high
initial heating rate, the exposure time has to be adjusted very carefully. Therefore,
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Figure 4.9: Time variation of the temperature at the outer surface of the tumor for various
values of the heat source () during the first 100 seconds of continous heating.

another strategy may consist in an accurate choice of administered MNP mass
using a rather long exposure time. This mode offers the possibility of a large time
tolerance but accepts a less pronounced temperature difference between tumor and
environment.

4.4.3 Damage during MNH

Based on the damage models from Section 4.3 and the spatio-temporal tempera-
ture distributions, we calculate the damage of the biological tissue and discuss its
implications with respect to MNH for bone metastases.

4.4.3.1 Damage distribution as function of heat power

The measure of tissue damage accumulated over hyperthermia procedure is com-
puted using the same model described in 4.4.1, particulary the values in Tables 4.3
and 4.4. The Arrhenius model, presented previously, is used to predict the result-
ing thermal damage of the tissue. The Arrhenius fraction of necrotic tissue can be
interpreted as the ratio of damaged cells to total cells inside a region of space, cft.
(4.21). Initially, the fraction of necrotic tissue is equal to 0, the tissue is considered
completely viable. Fig.4.12 depicts the temporal variation of the necrotic fraction
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then the bone and the spinal cord ending with the muscle.
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at the outer surface of the tumor (previously denoted as Tiymor) having frequency
factor A=1.8 1036 1/s and activation energy barrier A E,=2.38 10° J/mol (see ex-
pression 4.19) when applying a heat source ()=3 W during ¢ ;=60 minutes. Notice
that we switch on and off the heat source when reaching a temperature of 45°C
respectively, 47°C at the outer region of the tumor. It is shown that after applying
this heat source, the value of § approachs 1 (i.e. biological tissues are damaged)
can be reached within 1 hour. For Q=3 W, 80% of tumor cells are damaged after
15 minutes and the remaining 20% of tumor cells require a heating of 45 minutes.
The small ripple that can be noticed on the time evolution of the necrotic frac-
tion is due to the cyclic nature of the temperature (Fig. 4.8) due to the on and off
switching of the power. .
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Figure 4.12: Time variation of the necrotic fraction in tumor having frequency factor
A=1.8 10%¢ 1/s and activation energy barrier AE,=2.38 10° J/mol when
applying a heat source ()=3 W during 60 minutes

4.4.3.2 Effect of the spatial variation of the tumor region on the damage

In this section we investigate the effect of the tumor volume on the efficacy of the
hyperthermia treatment. We therefore perform a numerical analysis starting from
the thermal model of section 4.4.1 taking into account the values of Tables 4.3
and 4.4, however modifying the radii of the tumor and the PMMA regions. Again
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we apply the switch on and off strategy in order to obtain temperature variation at
the outer boundary of the tumor region between 45 and 47 °C. Figures 4.13, 4.14
and 4.15 show the fraction of damaged cells in tumors having frequency factor
A=1.8 103% 1/s and activation energy barrier AFE,=2.38 10° J/mol as function of
the time when applying for 60 minutes heat sources between 1 and 12 W. The
radii of the tumors tested are Rymor=4, 6 and 8 mm and the radii of the PMMA are
correspondingly Rpymva=Rumor-2 mm. We notice that more power is needed for
bigger tumor volume. In the case of Rymo=0 mm, the fraction of damaged cells
when applying a heat source equal to 1 W is almost 0.4 after 10 min of heating
whereas we have no damage for Rymo=8 mm. However, for powers higher than 3
W the most important part of the damage is obtained in the first 20 minutes.
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Figure 4.13: Fraction of damaged cells in tumor (Rumor=4 mm) having frequency factor
A=1.8 103% 1/s and activation energy barrier AE,=2.38 10° J/mol as
function of the time when applying for 60 minutes heat sources between 1
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Figure 4.14: Fraction of damaged cells in tumor (R¢umor=6 mm) having frequency factor
A=1.8 103% 1/s and activation energy barrier AE,=2.38 10° J/mol as
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A=1.8 103° 1/s and activation energy barrier AE,=2.38 10° J/mol as
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Notice that Fig.4.15 shows that for larger tumor volumes i.e. 8§ mm the low power
of 1 W is not sufficient to have a successfull treatment. The temperature remained
here below the 43°C, cfr. (4.19).

Table 4.5 shows the frequency (Hz) of the periodic switching ON/OFF procedure
in order to keep the temperature at the outer boundary of the tumor region between
45 and 47°C for the considered powers and dimensions of the tumor region. It is
clear that this frequency decreases by an increase of power and an increase of the
volume.

Tables 4.6 and 4.7 gives the needed duration (seconds) in order to have an efficient
hyperthermia treatment according to the Arrhenius model and CEM43, respec-
tively. The efficient treatment is defined when obtaining a fraction of damaged
cells equal to 0.95 (Arrhenius) or a value of CEM43 equal to 60 minutes. When
comparing the results of the two damage models, the required durations are not
corresponding, although the two damage models show the same tendencies. Both
damages models result in an increase of the needed heating time when applying a
lower power and considering a larger volume. Moreover, the larger the volume the
higher the minimum power needed to have an efficient treatment. Indeed, for the
case of Rymor=8 mm, a power of 1 W is not sufficient. On the other hand, there
may be an upper limit for the applied power. In particular, when the tumor region
is near the spine. Indeed, we see for the case Ruymor=8 mm that the temperature at
the position of the spine increases above 43 °C when applying a switching On/Off
strategy in order to obtain a temperature variation at the outer boundary of the
tumor between 45 and 47°C which may result in damaging the spine. Fig. 4.16
reveals damage in the spinal cord after 1000 s when applying a heat source equal
to Q=9 W.
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Table 4.5: Oscillations frequency (1/s) of the temperature profile

3IW 6W AV 12W

4mm 0.01577 0.01315 0.01160  0.01162
6 mm 0.00624 0.00968 0.009314 0.00853
8mm 0.00433 0.00624 0.00632  0.00758

Table 4.6: Required duration (s) for the hyperthermia treatment in order to obtain fraction
of damaged cells equal to 0.95 according to the Arrhenius model

I'W 3IW 6W 9W 12W

4mm 1487 1233 796 534 296
6 mm 2871 1403 1077 836 638
8mm >3600 1715 1230 925 895

Table 4.7: Required duration (s) for the hyperthermia treatment in order to obtain value of
60 minutes for the CEM43 parameter

1w 3W 6W 9W  12W

4mm 420 173 34 24 20
6 mm 1812 304 75 48 38
§mm >3600 523 200 93 65
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Figure 4.16: Fraction of damaged cells in tumor having frequency factor A=1.8 10%° 1/s
and activation energy barrier A E,=2.38 10% J/mol and the spinal cord when
applying for 60 minutes heat source Q=9 W.
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4.5 Conclusion

Starting from the fundamentals of heat transfer we detailed the Pennes’ bioheat
equations and proposed the damage models based on Arrhenius theory and the
CEM43 model. We compared both damage models where we analyzed the re-
quired heating duration at a certain constant temperature to obtain a CEM43 value
of 60 minutes. We furthermore discussed their limitations. Based on this we
performed a computational study of temperature and damage distributions within
the biological tissue when having a certain power generated via a PMMA-MNP
implant for bone metastases MNH therapy. This was done using the finite ele-
ment method that discretizes the geometry where the Pennes’ bioheat equation
was solved. Based on the simulations we have the following conclusions:

It is possible to define a switching On/Off strategy in order to increase the temper-
ature in tumor region up to the required level of 45-47°C.

The two considered damage models frequently used in literature result in different
values for the required duration to obtain an efficient hyperthermia treatment and
consequently they should be used in a very critical way and rather for only quali-
tative purpuses.

The larger the tumor volume, the higher minimum value for the required power.
Depending on the dimensions and the position of the tumor relative to the spinal
cord, the applied power should be limited in order to avoid the damage in the spinal
cord.






Experimental validation and general
conclusions

‘It always seems impossible until it is done.’

Nelson Mandela

5.1 Introduction

The effectiveness of hyperthermia largely depends on having sufficient temper-
ature increase in the tumor region and minimizing the heating of normal tissue
elsewhere, particularly in the spinal cord. In this chapter, single cycle and multi-
cycles heating procedures of PMMA-MNP are experimentally verified, validating
the technical feasibility of having PMMA-MNP as basic component for percu-
taneous vertebroplasty combined with hyperthermia treatment of metastatic bone
tumors.

The second part of this chapter draws general conclusions of this dissertation
where additionally future research directions are sketched.
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5.2 Ex-vivo experimental realization of the heating
with PMMA -particles

5.2.1 Overview of the complete setup

In this section, a dedicated pancake coil is designed to generate an efficient AMF
able to heat up beef vertebra containing PMMA-MNP. The beef vertebra is placed
in a water basin at 10 cm from the AMF generating circuit. The temperature
increase is appraised using optical temperatures sensors. These sensors are not
altered by the magnetic field contrary to e.g. resistance thermometers (such as
PT-100) and thermocouples. The temperature is recorded continuously so that
the temperature dynamics can be appraised. We measure the temperature at two
locations: in the center of the PMMA-MNP bone cement 17, which is located in
the vicinity of metastatic bone tumors in clinical applications; and the temperature
in the spine T5, which needs to be safeguarded to high temperature exposures.
An important prerequisite for having magnetic nanoparticle based heating of bone
metastases is that the temperature in 75 remains limited. This temperature will be
closely monitored during the experiments. The temperature is controlled by means
of on/off switching strategy, see also Section 4.3, on the basis of 77 measurements.
This will result in so-called multi-cycles heating.

5.2.1.1 Magnetic excitation

The AMF generator in our experimental setup comprises 3 main components: a
power supply, a heating station including the coil that generates the AMF and a
closed-circulating water cooling system (see Fig.5.1).

The power supply is a 10 kW induction heating system able to provide an alternat-
ing current to a resonant circuit with resonance frequency f;. between 150 kHz and
400 kHz. The minimal total capacity of the capacitors in the circuit is restricted
to C=0.1 pF. The theoretical maximum current I allowed to flow through these
capacitors is 450 A. In view of stability and safety, the current I used in practical
application is limited to 200 A.

Figure 5.1: Experimental setup including the power supply (right) and the heating station
with a closed-circulating water cooling system (left).

The 8 turns pancake coil with an outer radius of 13 cm is compatible with the
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heating station with respect to stability and also gives rise to a maximum AMF
amplitude of Hy,x= 1711 A/m at 10 cm above the coil. The inductor is put in
series with C=0.1 uF capacitors. Inductance measurements showed that the induc-
tance was approximately L=10 pH resulting in a LC-circuit having a resonance
frequency of about 160 kHz. The decrease in AMF along the center line (z-axis)
of that specific coil is reported in Fig. 5.2(a) as well as the decay of AMF along
the radial axis d at a distance of z=10 cm in Fig. 5.2(b). These calculations are
done on the basis of (2.37) detailed in Chapter 2. The gap between 2 turns is taken
as 1,2 cm for practical reasons when manufacturing the coil.
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Figure 5.2: Magnetic field calculations of an 8-turns pancake coil with R;,4>=13 cm and
a gap between 2 turns of 12 mm. The magnetic field variations are shown (a)
along the center line of the coil (z-axis) and (b) for radial distance d from the

center line at a distance of z=10 cm. The manufactured coil with z and d
directions is shown in the insets

5.2.1.2 PMMA-MNP mixture

The PMMA-MNP samples are made by mixing VertaPlexTM radiopaque bone ce-
ment (manufactured by Stryker®) and Ferrotec EMG (Serie 1500) dry iron oxide
nanoparticles. The core material of these MNPs is principally magnetite (Fe3O,)
with a nominal diameter of 10 nm. We refer to Chapter 3 for further details on the
magnetic nanoparticles and their characteristics when interacting with an AMF.
They are single domain and superparamagnetic nanoparticles with an initial mag-
netic susceptibility of 0.2. The proportions by weight are 71.8 to 79.2 of iron oxide
and 28.1 to 20.8 of surfactant. Having 22 wt.% of the total amount of PMMA does
not significantly alter the mechanical properties of the cement [72]. During the
polymerization, the PMMA-MNP mixtures are placed in cylindrical molds to have
a standardized shape with a diameter D=1 cm and a length 1=3 cm. A cylindrical
hole is drilled in the core of the vertebra where the PMMA-MNP sample is placed.
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5.2.1.3 Optocon temperature sensor

Due to the strong alternating AMF, many types of temperature sensors cannot be
used. Temperature sensors containing metal are not compatible with the measure-
ment environment. On the one hand, the temperature sensor could be damaged by
the AMF or measurements could be wrong. Secondly, the presence of a metallic
temperature sensor such as resistance thermometers or thermocouples could influ-
ence the measurement itself. Eddy currents for example can be induced, resulting
in an unwanted heating of the sensor and the measurement environment. As a
result, the choice of temperature sensor is limited to optical fibre temperature sen-
sors. The Optocon®temperature sensor is connected to a PC to store the measured
data. Measurements are performed with a sampling frequency of 1 second.

5.2.1.4 Beef vertebra

A beef vertebra is used to mimic a human one. By making a cavity in the vertebra,
the PMMA mixture loaded with MNP can be inserted. The first temperature sensor
T; is placed in the middle of the PMMA-MNP sample as shown in Fig. 5.3. A
second hole, at a distance of about 5 cm from the sample, is made in the spinal cord
for the second temperature sensor T5. The entire bone is placed 10 cm above the
AMF generating circuit and is immersed in distilled water to mimic the biological
medium, see Fig. 5.4.

5.2.1.5 Heater

A heater is placed in the water basin to mimic the body temperature. A temperature
sensor, connected to a controller, is placed in the water basin. Via the controller,
the temperature can be set to the desired value 37 °C. The range in which the
temperature is allowed to vary can be controlled by defining levels of temperatures
at which the heating is switched on and off. In our case this system makes sure
that the temperature remains between 36°C and 38°C.

5.2.2 Heat generation by PMMA-MNP in beef bone

Temperature measurement results in Fig.5.5(a) show the time dependence of the
heat increase in the beef vertebra where the PMMA-MNP sample is placed at 10
cm above the center of the pancake coil. A temperature increase in 77 is attained of
approximately 7},,x=7 °C above the initial temperature 7T} (the first measurement
are done at room temperature 7p=20 °C) when having an AMF applied during
14 min using the pancake coil with excitation current having amplitude /=200 A,
whereas the increase of the temperature in the spine 7> does not exceed 1 °C. Fur-
thermore, experiments at T,=37 °C were performed by keeping the temperature of
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Figure 5.4: (a) Beef bone immersed in distilled water with the PMMA-MNP sample
placed at 10 cm above the AMF generating circuit (b) Illustration of the
temperatures measurements in the vertebra (T1) and in the spine (T2) (c)

Frontal view of the sample.

the water container around 37 °C using the 500 Watt Titanium heater and the tem-
perature controller. Since the thermal characteristics of the materials are not sig-
nificantly affected by the considered temperature ranges (20-50 °C), no significant
differences in heat increase were observed in 5.5(a). These ex-vivo experiments
demonstrate the feasibility of heating tumor cells. Note that in our experiments
there are important heat losses due to convection processes of the vertebra and
PMMA-MNP in the water. One may expect higher temperature rise in-vivo be-
cause of the biological tissue surrounding the bone.

Fig. 5.5(b) displays the temperature variations during a multicycles heating pro-
cess. The AMF is switched off when T} reaches a temperature of 7,,,,,=71+8 °C
then switched on again after a temperature decrease of 2 °C. This mimics a possi-
ble clinical procedure of MNH when having a multicycles heating process where
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Figure 5.5: (a) The temperature rise in the core vertebra 7 and in the spine 7% due to the
heating of the PMMA-MNP sample placed at 10 cm above the center of the
pancake coil (I = 200 A, fr = 160 kHz, calculated H,,ax=1711 A/m). (b)
The temperature rise in the core vertebra (77) and in the spine (7%) due to the
multicycles heating of the PMMA-MNP sample placed at 10 cm above the
center of the pancake coil.

the temperature rise is limited in the range of 6 to 8 °C during approximately half
an hour (time exposure in MNH treatment) so to control the thermal elevations
inflicted to healthy tissue and spine. The graph shows that after 1 hour of apply-
ing the AMF, the temperature increase in the spine (75) is less than 2 °C. These
experimental results validate the feasibility of achieving magnetic nanoparticle hy-
perthermia in a vertebra that is located 10 cm above the inductor-capacitor circuit
generating the AMF. We furthermore observed that the heating in the spinal cord
remains limited.

5.2.3 Discussion and conclusion

The feasibility of having hyperthermia on the basis of PMMA-MNP samples con-
taining 22 wt.% iron oxide nanoparticles was tested ex-vivo in beef vertebra. A
coil was designed so to enable future animal and clinical tests; that satisfy tech-
nological constraints, i.e. the minimally allowed capacitance of the capacitors in
the resonant inductor-capacitor circuit of the AMF generator; and that generates
maximum alternating magnetic fields at a distance of 10 cm above the inductor.
The ex-vivo experiments show that the PMMA-MNP sample, which is in clinical
application in the vicinity of the metastatic bone tumors, heats up to 7°C with a
negligible temperature increase in the spinal cord. We moreover experimentally
verified the temperate rise in the PMMA-MNP sample and in the spine when ap-
plying on-off switched AMF, mimicking a possible clinical procedure that enables
the control of temperature elevations in healthy tissue as well as in the spine. The
temperature rise in the spine was limited to 2°C whereas in the PMMA-MNP a
temperature rise in the range of 6-8 °C was established.
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However, to determine the heating power of the PMMA-MNP sample in realistic
conditions it is necessity to use a tissue mimic in the ex-vivo setup to include heat
loss to the tissue without overestimating it. This can only be done if the proper-
ties really do match with acutal conditions. For the ex-vivo measurements, a beef
vertebra is used to simulate a human one, so these thermal properties of the ver-
tebra are already in accordance. However, in the human body, biological tissue is
present surrounding the wide area around the vertebra. To implement the thermal
properties of this tissue in the experimental model, a gel should be used with sim-
ilar properties as the actual tissue. Finally, the heat drain by the aorta and inferior
vena cava should be included as well. This can be done with use of a pump deliv-
ering a constant flow of water through a set of tubes.

5.3 General conclusions and future research direc-
tions

5.3.1 General conclusions

Spinal metastases are common complications of many cancers. In a clinical ap-
proach, they induce fractures, hypercalcemia and pain that are life threatening.
They also increase morbidity of patients and alter their quality of life. The ob-
jective of this dissertation is to find solutions that enable treat spinal metastases
and guarantee the stability of the vertebra. In this work, we load the PMMA with
particles that in presence of an AMF become heat sources able to enable hyper-
thermia of spinal metastases and establish the mechanical stabilization of the spine.

Technical realization of the above mentioned overall objective comes with a large
number of constraints. Firstly, to attain higher magnitudes of heat sources and thus
elevated temperatures we aimed at increasing the AMF amplitude and frequency
which however faces difficulties in the electrical circuits and power supply. On
the one hand, a maximum AMF should be generated at a distance of 10 cm above
the inductor respecting the minimally allowed capacitance of the capacitors in the
resonant inductor-capacitor. On the other hand, AMF induces eddy currents in the
biological tissue and can become painful for the patient leading to the unwanted
heating of the healthy tissue and can moreover at certain levels of frequencies and
magnetic fields result in nerve and cardiac stimulation. Therefore it is crucial to
control the temperature increase specially in the vicinity of the spinal cord.

Another way of increasing the heat source is to increase the concentration of par-
ticles in the PMMA -particles mixture. Nevertheless having too high concentration
of particles may result in the weakening of the mechanical stability of the PMMA
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mixture leading to fractures. Next to mechanical weakening, inserting particles
in the body need to be biocompatible and also MRI compatible so that it remains
possible to adequately image the tumor region after treatment.

Chapter 1 started with a brief introduction to cancer, hyperthermia and the several
modalities used clinically to treat spinal metastases. An overview of biological and
thenical limitations that lead to a set of magnetic parameters for spinal metastases
hyperthermia were explained.

In chapter 2 we presented analytical descriptions for the magnetic field and self-
inductance for short cylindrical, helical and pancake coil topologies. Results showed
that the design of the coil affects the magnetic field amplitude (H) and specifically
the magnetic field decay at a certain distance from the inductor. We opted for
the pancake coil topology as being the most appropriate design for generating a
maximal magnetic field strength at a certain distance from the coil for performing
magnetic hyperthermia.

In chapter 3 we detailed the different heating losses that particles can realize when
subjected to an AMF. Two types of particles were considered. Non-magnetic par-
ticles generated heat due to eddy currect loss whereas the heating efficacy of mag-
netic particles is mainly due to Néel and Brownian relaxation. We sketched the
linear response theory to address the dependency of the specific loss power due to
Néel and Brownian relaxation of magnetic nanoparticles on the properties of the
MNP and the AMF (amplitude and frequency). We stressed the domain of validity
of the LRT as well as the size dependence of the relaxation constant. By making
comparison of the linear response theory with micromagnetic simulations that are
based on macrospin approximations, we concluded that a correction of the length
of time characteristic of the material is required. We also concluded that using
magnetorelaxometry measurement data it is possible to recover this characteristic
length of time and include this together with the correction factor to predict the
specific loss where heating can occur due to eddy currents dissipated in the parti-
cles.

Furthermore specific loss power measurements were performed using the calori-
metric method that also contains uncertainties with respect to correct assessment of
the specific loss power since the measurements are difficult to achieve in adiabatic
conditions. We could achieve even with relatively low concentration of MNP a
temperature increase of at least 6°C that is needed for hyperthermia treatment. We
also experimentally investigated the effect of particles on the quality of magnetic
resonance images. Both the concentration and type of MNP affect the MRI com-
patibility of PMMA mixed with MNP. Single core clustered powder resulted, for
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similar concentrations, in higher artifacts compared to multicore MNP. We showed
that having multicore powder having an iron oxide concentration of 0.07 wt% in
the PMMA-+MNP, resulted in artifacts that are less than 2 mm and that gave rise
to a temperature increase of 7°C which is sufficient for hyperthermia treatment of
bone metastases.

When the particles act as heat sources because of their presence in the AMF, the
temperature diffuse throughout the biological tissue. Thus to avoid the risk of
damaging healthy tissue it is important to evaluate the increase of temperature and
its distribution in space and time. Chapter 4 provided a behavioral model based on
Pennes’ bioheat equation that allows to calculate temperature distributions in space
and time within biological tissues for given heating power and thermal properties
of biological tissues. For a simplified geometry of the spine we perform extensive
thermal analyses on the effect of the heating power of particles in PMMA on the
temperature. A 3D finite element method was implemented to solve the Pennes
bioheat equation, describing macroscopic heat transfer in biological tissues. Re-
sults showed that it is possible to define a switching On/Off strategy in order to
increase the temperature in tumor region up to the required level of 45-47°C.

In chapter 5 we investigated the heating capacity of the magnetic nanoparticle in
an ex-vivo experiment for an inductor-capacitor circuit located at a certain dis-
tance from PMMA+MNP. Experiments revealed that the temperature rise in the
spine was limited to 2°C whereas in the PMMA+MNP a temperature rise in the
range of 6-8 °C was established.

In Fig.5.6 we integrate all aspects treated in previous chapters schematically pre-
sented by the functions famr, fuear, fremp and fpamace. It shows explicitly the
dependencies between the various chapters. This toolchain can be used to assess
the effect of the parameters that are input to the functions famr, fupar, fremps
fpamace, and their importance in the frame of hyperthermia for treating spinal
metastases.

5.4 Future research directions

Multiple future research directions can be followed starting from this work that can
be synthesized in two major research tracks. A first major research direction is on
further optimizing magnetic nanoparticle hyperthermia. More work is necessary
to better understand the kinetics of the heat produced by PMMA+MNP mixture
under an AMF. Other mixtures of bone cements and particles types can be inves-
tigated to maximize the heat generated at lower magnetic field amplitudes which
are clinically relevant. A lower concentration of MNP may permit the use of MRI
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Figure 5.6: Integration of magnetic, heat power, thermal and damage analyses for
hyperthermia using PMMA -particles for spinal metastases.

for the follow-up of larger tumor regions. Also a high heating efficacy at lower
field strengths may give the opportunety to patients having the vertebral grafts and
implants prior to MNH to take advantage of the treatment without removing the
metallic part.

A second major future research direction is related to pre-clinical researchs of
magnetic nanoparticle hyperthermia for bone metastases. Studies involving ani-
mal models and various types of tumor cells are needed for a deeper understanding
of heat diffusion phenomena of MNP and their interaction in the biological envi-
ronment. Moreover in-vivo studies may highlight potential future clinical benefits
of magnetic nanoparticle hyperthermia as an adjuvant therapy with radiation or
chemotherapeutic agents.

It is my hope that this dissertation will inspire researchers to explore new challeng-
ing avenues in this dynamic and rapidly evolving field.



Optimum magnetic field estimation
based on experimental SLP data

In this work, a custom equation is used to fit experimenal SLP data of four differ-
ent aqueous nanoparticle suspensions: BNF-dextran, JHU, Nanomag-D-spio and
MnFe,Q4 (see Table A.1).

BNF-dextran nanoparticles consist of a dense core of multiple parallelepiped iron
oxide crystallites, synthesized by a high temperature and pressure homogenization
process, coated by dextran. JHU nanoparticles are also forming a dense core of
multiple spherical iron oxide crystallites by a high gravity controlled precipitation
after which they are coated with citric acid. Nanomag-D-spio’s are formed by co-
precipitation of iron salts in the presence of dextran, resulting in a diffuse core with
spherical crystallites dispersed in a dextran matrix. Finally, MnFe,O,4 nanoparti-
cles are synthesized by the co-precipitation method and surface-coated with citric
acid.

Table A.1: Parameters of studied nanoparticles [10]

Name Iron concentration (mg/ml) Surface
BNF-Dextran 15£2 Dextran/H5O
JHU 90 + 10 Citrate/ H, O
Nanomag-D-spio 5£0.8 Dextran/H2O
MnFe, 04 11.3+1.5 Citrate/ H, O




144 EXPERIMENTAL VALIDATION AND GENERAL CONCLUSIONS

Amplitude and frequency dependence of the SLP results is shown in [10]. SLP
data obtained are in the frequency range of 150 to 375 kHz and magnetic fields of
4-44 kA/m. In order to determine the optimal magnetic field for the different type
of nanoparticles, the experimental SLP values are plotted as function of H and f.
Values used for estimating SLP was automated and repeated for the four magnetic
nanoparticles types. For every combination of H and f, a fitted value of SLP is
assigned using the following equation:

SLP(f,H) = (f +p1f2)[pH + 5

+py.tanh(ps(H — pg)) + pr.tanh(ps(H — pg))] (A.1)

where p1, p2, P3» P4> P5> P6» P7> Ps and pg are constants in Table A.2. f and H
depict the frequency f and the amplitude of the magnetic field strength H. In
Fig.A.1, the SLP variation is shown as function of the magnetic field strength H
and the frequency f. The red dotted line presents the limit of Hx f=5 10°. BNF-
Dextran nanoparticles show low SLP at lower field amplitudes, whereas the heat-
ing efficiency rises quickly at amplitude between 20-40 kA/m (Fig.A.1(a)). Below
the red line, the maximum value of SLP is around 650 W/gr.o and appears at
H=28 kA/m and f=175 kHz. JUH nanoparticles, on the other hand demonstrate
higher heating efficiency at lower amplitudes than BNF nanoparticles (Fig.A.1(b)).
Concidering the frequency of 300 kHz, the highest SLP value within the biological
limit is obtained at 17 kA/m : SLP=707 W/gFeO. Nanomag-D-spoi nanoparti-
cles display lower thermal dissipation than all other nanoparticles (Fig.A.1(c)). By
respecting the biological limit, the maximum SLP value of 78 W/gp0 is achieved
at f > 350 kHz and H < 15 kA/m. MnFe;O4 nanoparticles (Fig.A.1(d)) display
SLP similar to Nanomag-D-spio with SLP values higher than 70 W/gr.o when
having magnetic field H < 15 kA/m and frequency f > 350 kHz.

In conclusion, the field strength H and frequency f needed to have the maximum
SLP value are deeply related to the type of magnetic nanoparticles considered.
Thus, the electrical supply for the coil used for hyperthermia should be adapted to
the type of nanoparticles.



Table A.2: Parameters of the SLP fit
P1 P2 P3 P4 Ps Ps P7 Ps P9
Nanomag-D-spio | 0.5423 24.22 0.003364 | -0.4995 0.004266 -18.71 -24.16 -18.78 | 0.1439
BNF-Dextran -1.235 -1.836 0.01104 -0.2318 | -0.0004788 | -27.71 -1.883 20.32 | -0.1437
JHU 143.6 | 0.005314 | 0.008285 4772 -0.0005092 | 10.17 -3.088 7.504 | -0.1056
MnFe;04 -2.589 | -0.01983 | 0.004036 | -0.08567 0.00466 -8.648 | -0.001037 | 16.14 5.47
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Bioheat transfer equation for bone
metastases hyperthermia

B.1 Introduction

In hyperthermia procedure, the temperature distribution in the biological tissue
should be controlled to achieve a safe and effective treatment. Therefore, studies
are performed to obtain an estimation of the desired temperature distribution. Here,
the steady state bioheat equation is solved analytically in cylindrical and spherical
coordinates for simplified geometries. These geometries include the following
regions: heat source, tumor, healty bone, and muscles (see Fig.B.1). The heat
source required at steady state is calculated by considering as boundary conditions
the temperature at the outer radius of the tumor 7;,=47°C and the outer radius
of the muscles 7,,;=37°C. The materials thermal properties and dimensions are
reported in Table B.1

Tissue i Heat source (i=1) | Tumor (i=2) | Bone (i=3) | Muscle (i=4)
R; (m) 0.005 0.008 0.02 0.04
k; (W/m.K) | 0.19 0.51 0.32 0.49

Table B.1: Thermal conductivities and radii of the considered biological tissues
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Figure B.1: Scheme of the heat source, tumor, healty bone, and muscles tissues in (a)
cylindrical geometry (b) spherical geometry

B.2 Bioheat equation in cylindrical coordinate sys-
tem

The cylindrical geometry consists of 4 coaxial cylinders, having the same axial
length. Each cylinder is numbered starting from the cylinder with smallest radius:
Ry < R < R3 < Ry, see Fig.B.1(a).

The heat equation in cylindrical coordinates (r,¢,z) is given by:

Pp ot ror or r290¢ \ 0¢ r2sin? 0 9z 0z Jey!
(B.1)
with p, ¢, and k being mass density, specific heat capacity and thermal conduc-
tivity respectively, while g.,;[W/m?] is the heat produced by the total number of
particles in cylinder 1. In steady state and by considering only the radial depen-

dence of the temperature (no ¢ and z variations), the heat equation (B.1) becomes:

10 oT
—— | kr— eyl = 0 B.2
T@r(rar>+gyl (B-2)
The general solution of equation (B.2) is:
_ 2 A
T(r)= 29" L Sy 4+ B (B.3)

4k k
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We adapt equation (B.3) to the 4 regions (cylinders 1, 2, 3 and 4):

Ty(r) = _ickyiﬂ + %lnr +Cy (B.4)
To(r) = %lnr + Cy (B.5)
T3(r) = %lnr + Cg (B.6)
Ty(r) = %lnr + Cs (B.7)

The parameters C, C5,Cs,...,Cys are determined by the boundary conditions at
r = Rg and r = Ry: To(R2)=T},, and Ty (R4)=T,,: and the continuity conditions
for the temperature and the thermal flux on the surfaces between neighbouring tis-
sues.

If we consider the surface between the tumor and the healthy bone, the continuity
conditions results in:
0T3(Ry) 0T3(Ry)
T5(Rs) = T5(Rs); —kg———+ = —kg————= B.8
»(R2) 3(R2); —k2 o 35, (B.8)
If we consider the surface between the bone and the muscles, the continuity con-
ditions become:

IT3(R3)

OT4(R3)
= —ky—= B.9
or T or (B.9)
Using the equations (B.5), (B.6) and (B.7) we obtain from the continuity condi-

tions for the thermal flux:

T53(R3) = Tu(Ra); —ks

Cy=Cs=Cy

As anumerical example we take the temperature at the surface between the PMMA
and the tumor T5(R;) equal to 47°C :

Tin = Ta(R2) = % In(Ry) + Cy = 47°C

and the temperature of the outer radius of the muscle is equal to body temperature

Tout = T4(R4) = % 111(R4) + Cg =37°C

The continuity conditions for the temperature result in:
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Cs

C
A IH(RQ) +Cy = = III(RQ) + Cs
2

k3

C! C
3 IH(RS) + Cs = = ln(Rg) + Cy
ks ky

Using the constants given in Table B.1, we calculate the C5 value:

Tout - T;'n
C3=0Cs=0C7 = = —2.3375
Fn() + ()
Thus,
C3
2
and
Cy
08 = Tout - k*hl(R4) = 21.6446
4
C C
Cs = Cs + —In(R3) — —2In(R3) = 11.7304
k4 k3

Finally, the heat needed Qsph(W):gcyl(W/m?’) Visource 18 equal to:

0T»(Ry)

gcyleurce = _k2 Ssou'rce
or

Cs
Geyl WR%h = —kQ mQﬂ'Rl h

20
Jeyl = — =2 = 187024W /m®
Rl

(B.10)

(B.11)

and (=0.23 W when considering the the height of the cylinder h=R;=0.005 m.

B.3 Bioheat equation in spherical coordinate system

The spherical geometry contains 4 concentric spheres. Each sphere is numbered
starting with the smallest radius: Ry < Ry < R3 < R4 as shown in Fig.B.1(b).

The heat equation in spherical coordinates can be written as follow:

T 18 [ ,OT 19 orT
= —— | kr?— ) + ——— = [ ksinf—
PO e T 2 ar ( r 8r> +7~251n989( s 89)

r2sin’ 0 0¢ 0¢ Gsph

(B.12)
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with gg,n [W/m3] is the heat produced by the total number of particles in sphere 1.
In steady state and by considering only the radial dependency of the temperature
(no 0 and ¢ variations), the heat equation (B.12) becomes:

10 ( o2 oT

L O (200N B.1
r2 Or r@r>+g‘ph’ 0 (B.13)

The general solution of equation (B.13) is:
. _gsph'r2 A

T(r)=—g—+ - +B (B.14)

We adapt equation (B.14) to the 4 regions (Spheres 1, 2, 3 and 4):

Tl(r):_’gkp’;ﬂ—g;—i—(b (B.15)
To(r) = ;26;3 +Cy (B.16)
Ty(r) = ;307«5 +Cs (B.17)
Ty(r) = ;if +Cy (B.18)

If we consider the surface between the tumor and the healthy bone, the continuity
conditions results in:
0T>(R3) OT3(Ry)
T5(Rs) = T53(Rs); —kg———+ = —kg————=
(Ro) = To(Ra)s —ha ™2 s
If we consider the surface between the bone and the muscles, the continuity con-
ditions become:

(B.19)

0T3(R3) OT4(R3)
T3(R3) = Ty(Ry); —k3—————= = —ky————= B.20
3(R3) 1(Rq); —k3 o 1T, (B.20)
Using the equations (B.16), (B.17) and (B.18) we obtain from the continuity con-

ditions for the thermal flux:

Cs=0C5 =0Cy
As mentioned in the previous example, the temperature at the surface between the

PMMA and the tumor T5(Rs) is equal to 47 °C :

—Cs
Tin =To(Ry) = —— + Cy =47°C
(Ra) = 5+ C
and the temperature of the outer radius of the muscle should be equal to the body

temperature :
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—C;

Tout = Ta(Ry) = +Cs =37°C

ksRy
The continuity conditions for the temperature result in:

—C3 _ —C3
leo R +Cy = Ta s + Cs
—Cs —C3

Cs = C
sl + Cs ks Rs +Cg

Using the constants given in Table B.1, the C'5 value becomes:

Tout - Ti

Cy=Cs=Cp= ot —2im 03504
wlm ®m)tule &)

Thus,
Cs
Cy =Ty + —
* * kaRo
and o
Cs = Tout + —=
8 t + kiRs

Thus, the heat needed Q(W):gs][,h(W/mg’)Vsomce is equal to:

OT>(R1)
S source — _k 4.  Msource
g phv 2 or S
s =—k 4R
Japh 3 T2

3C

Goph = — =2 = 840960W /m>
Rl

and Q,pn=0.44 W

(B.21)

(B.22)

Notice that - in the cylindrical as well as in the spherical model - the power (Q,; or
Qspr) obtained above is the power required to maintain the temperature at 7 = Ry
at T;,,=47 °C, once the system reached the steady state. However a higher power is
needed in order to obtain this steady state regime. This is discussed in more detail

in Chapter 4.

Finally, it is clear from (B.10), (B.11) (B.21) and (B.22) that in case the tumor is
located in more conductive tissues with higher k values, higher values for Q.,,; or

Qsph are needed.
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