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Abstract

Treatment of early stage breast cancer is generally invasive to a patient’s daily life while being treated. Therefore, to
diminish the physical and psychological impact during and after recovery, a newly proposed minimally invasive therapy
for early-stage breast cancer treatment is proposed. Within this study, this proposed treatment is modelled to gain more
knowledge of the behaviour of the treatment material in tissue. The treatment includes magnetic thermal ablation, which
is combined with permanent Low Dose Rate brachytherapy, both performed simultaneously. The goal of the treatment
is to diminish the physical and psychological impact during treatment and after recovery, since it requires only a sin-
gle medical intervention. The treatment material consists of radioactive palladium-103 superparamagnetic iron-oxide
nanoparticles (*°*Pd SPIONs) incorporated in a solid gel, forming a seed that is implanted into the tumor. To investigate
the effectiveness and limitations of the combined therapy, computational simulations were performed in Matlab using the
Finite Element Method (FEM). These simulations allowed for the prediction of the treatment results, by calculating the
temperature distribution based on Pennes’ bioheat equation, the nanoparticle concentration distribution and the dose
distribution over time. The sensitivity of the results to the relevant physical properties and optimization parameters
was analyzed. The latter resulted in a recommended optimization approach that ultimately could be used for treatment
planning. First, an initial simulation was performed using property values from literature. Then, the temperature and
dose results were tested on their sensitivity to model parameter changes. The temperature model was found to be most
sensitive to changes in the nanoparticle heat source value Qp, to an increased heat conduction coefficient k and to a
decreased blood perfusion rate w;,. The cumulative dose results are sensitive to both the initial concentration c; and to
a decreased diffusion coefficient D. It is concluded that accurate values for these temperature and concentration model
parameters are necessary to perform relevant simulations. Furthermore, the possible optimization parameters were
identified. For dose optimization, these parameters are the activity of the nanoparticles A, which is not easily modified,
and the initial nanoparticle concentration in the seeds c;, which affects the temperature distribution as well. The temper-
ature distribution specific variables that were found, are the strength of the magnetic field H and the time ¢ of magnetic
field application, which both can be adjusted during the treatment. The seed location and number of seeds are two ad-
ditional adjustable variables used for optimization of both temperature and dose distribution. Lastly, it was concluded
that the internal radiation part of the treatment is limiting in the reaching treatment goals and in number of optimization
possibilities, compared to the thermal ablation part. Therefore, treatment optimization should be performed on the dose
distribution first. Because most limitations of the models are a result of the 2D representation and because these limita-
tions strongly affect the outcomes of the models, it is recommended to transform these models to 3D. These limitations
make it impossible to do proper treatment planning with the 2D model, which requires a 3D view of the results. With all
these findings, this study has contributed by providing basic knowledge of the state-of-the-art early stage breast cancer
combined therapy, bringing it one step closer to clinical implementation.
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1

Introduction

Breast cancer is the most prevalent cancer in women worldwide, accounting for 12% of all new annual cancer cases in
2021 [7, 8]. In 2020 the countries with the highest rate of breast cancer were Belgium and the Netherlands [8]. It is
suggested that in the Netherlands approximately 1 in 8 women will develop breast cancer during their life [9]. This high
number of cancer cases is associated with several risk factors, such as but not limited to family history, alcohol consump-
tion, physical inactivity and obesity. [7-9] The average age at which the cancer is diagnosed is around 61 years [10]. As
aresponse to these statistics, many European countries introduced a national breast cancer screening programme [11].
In the Netherlands this programme is designed for women between 50 and 75 years of age, in which they are invited
every 2 years for a mammogram [12]. The reason for this is to diagnose breast cancer at an early stage, when the cancer
is still localized in the breast (stage I) or has only spread to regional axillary lymph nodes (stage II) [13]. In the US.A,
64% of the female breast cancer cases are diagnosed when still contained in the breast and 29% when spread only to the
regional lymph nodes. The 5-year relative survival rates for these categories are 99.1% and 86.1%), respectively [14].

The reported survival rates are realized due to the availability of an extensive number of treatment possibilities. Most
treatment plans for early stage breast cancer include a combination of two separate therapies, for both the bulk of the
tumor and the peripheral part [15]. The most common treatment for bulk removal is surgery [16]. Even though surgery
is effective, it is an invasive treatment with serious side effects, such as functional and cosmetic damage due to removal
of large parts of breast tissue [17]. As an alternative, the interest in thermal therapy has grown significantly, where can-
cerous tissue is heated up to induce irreversible cell damage, without removing large lumps of breast tissue [18].

For the peripheral part of the tumor, the remaining cancer cells are treated with radiotherapy [3]. Generally, the chosen
treatment is external beam radiation, being either whole breast irradiation (WBI) or accelerated partial breastirradiation
(APBI). Even though external beam radiation is effective, a large part of healthy tissue is affected too, causing significant
side effects, such as skin toxicity and fibrosis [19]. An alternative treatment is low dose rate (LDR) brachytherapy, where
the tumor is irradiated internally by implanting radioactive seeds in the tumor. This way the healthy tissue exposure is
reduced, decreasing the radiation side effects [20].

Notwithstanding, in addition to the long term side effects, early stage breast cancer treatment is invasive to a patient’s
daily life while being treated. The actual treatment duration and time between treatments is long, because the treatment
consists of two separately performed therapies. Therefore, even though the survival rates of early stage breast cancer are
high, itis relevant to diminish the physical and psychological impact during and after recovery. To accomplish this, a novel
minimally invasive treatment of early-stage breast cancer is proposed in which magnetic thermal ablation is combined
with permanent LDR brachytherapy, performed simultaneously. Research on the treatment is done by research groups
from both the Technical University Delft and the Erasmus Medical Centre [21]. The material used consists of rigid gel
seeds containing dual-functional radioactive and superparamagnetic nanoparticles (NPs) [3]. The nanoparticles consist
of a core of the radioactive isotope palladium-103 covered with a shell of superparamagnetic iron oxide. The iron-oxide
can be made thermo-active using a magnetic field to heat up the nanoparticles. The synthesis of this treatment material
has been proven successful [3].

The treatment is performed in a single day, where the seeds are implanted in a similar procedure as with conventional
LDR brachytherapy. Immediately after, the tumor is thermally ablated using an alternating magnetic field (AMF) to heat
up the nanoparticles. The goal of this part of the treatment is to eradicate the bulk of the tumor, by heating it up above
48°C. The internal radiation is delivered without clinical interference afterwards [21]. It is expected that the nanoparti-
cles will diffuse out of the seed after implantation, even though the diffusion rate in tissue is still unknown [3]. As a result
the nanoparticles will spread through the tumor tissue, irradiating not only the tissue surrounding the seed, but also the
outskirts of the tumor by delivering a minimum cumulative dose of 60 Gy [22, 23]. The diffusion of nanoparticles will
improve the uneven radioactive dose distribution of conventional brachyseeds [3].

Currently, there is no knowledge available yet on the behaviour of the treatment material in tissue or on the outcomes
of the proposed treatment. However, this information is necessary to assess the effectiveness of the treatment and to
identify the relevant physical properties and optimization parameters. This research project introduces treatment sim-
ulations to model the physical processes of both the thermal ablation and the internal radiation using the finite element
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method (FEM) in Matlab. The models provide temperature, nanoparticle concentration and dose distributions over time
and can ultimately be used to optimize the treatment. First, background information is provided in Chapter 2 followed
by explanation on the methodology on building the models in Chapter 3. Chapter 4 gives the evaluated results obtained,
including a sensitivity analysis of all parameters and an optimization strategy. The conclusion evaluates the research
goal and provides recommendations to improve scientific relevance to contribute to bringing the proposed combined
treatment to the clinic.



Background Information

This Chapter provides background information on the project, including early stage breast cancer types, tumor tissue
structure and available breast cancer treatments. Next, an explanation on the proposed treatment is given, followed by
the physical processes relevant for the simulation of the treatment. These processes are heat, nanoparticle and radiation
transport in tissue.

2.1. Early Stage Breast Cancer

The proposed therapy is focused on early stage breast cancer. As stated in Chapter 1, the five year survival rates for early
diagnosed breast cancer are high, making it important to make the treatment as minimally invasive as possible. Early
stage breast cancer means that the cancer has not spread beyond the breast tissue or the axillary lymph nodes. The
cancer types this includes are non-invasive ductal carcinoma in situ (DCIS) and stage I, IIA, IIB or IIIA invasive breast
cancers [13]. At later stages, the tumor has either grown into the muscles of the chest wall/the skin or has spread to
multiple axillary or internal mammary lymph nodes and beyond [24]. In Figure 2.1 the anatomy of a female breast is
shown. Breast cancer arises most commonly in the lining cells of the ducts (85% of tissue) or lobules (15% of tissue) in
the glandular tissue of the breast [25, 26].

Anatomy of the Female Breast
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Figure 2.1: Anatomy of the female breast: front (left) and side (right) view.

Non-Invasive Cancer

Non-invasive (or in situ) means that the cancer has not spread beyond the breast tissue where it started. A ductal car-
cinoma in situ is a non-invasive breast cancer that has not spread outside the milk ducts (see Figure 2.1), the tubes that
carry milk from the lobules to the nipple. DCIS is a precursor to invasive ductal carcinomas and about 16% of all breast
cancer diagnoses are DCIS [25].

Invasive Cancer

An invasive breast cancer refers to a type that has spread into the surrounding breast tissue. The two most common types
are invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC). The first starts in the milk ducts and is most
common, since about 80% of all breast cancer diagnoses are IDCs. ILC is invasive breast cancer that starts in the lobules,

7
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the glands in the breast that produce milk. About 10% of all invasive breast cancers are invasive lobular carcinomas.
Other less common invasive breast cancers are triple-negative and inflammatory breast cancers [25]. In Figure 2.2 the a
schematic overview of IDC is shown. It explains the difference between the non-invasive phase of the cancer towards the
invasive phase.

Invasive Ductal Carcinoma

— @ Milk duct

Normal duct Ductal carcinoma Invasive ductal
in situ (DCIS) carcinoma

Figure 2.2: Schematic image of IDC cancer, the most common
breast cancer type. It shows DCIS being a precursor to IDC [1].

2.2, Tumor Tissue and Structure

Most tumors are rapidly growing solid masses of tissue that mimic the structure of healthy tissue [27]. Solid tumor tissue
has a cellular distribution that is heterogeneous [28]. Depending on different aspects, i.e. on tumor size and growth rate,
the core of a tumor lacks proper vascular structure, resulting in a shortage of oxygen and other vital material to continue
cell growth. This area of a tumor is called hypoxic and mainly occurs in the core of the tumor. In time this leads to having
a necrotic core with dormant cells. Dormant cells are characterised by staying viable, but having stopped proliferating
[29]. The shell of the tumor remains viable with rapidly proliferating cells surrounded by healthy tissue. The biggest
factor in the rapid cell proliferation at the outskirts of the tumor, is the high permeability of microvessels in a tumor.
This is a result of tumor angiogenesis, which is the growth of new blood vessels [28]. Different techniques depending on
tumor and tissue type are used to form this extended fluid network.

GTV - gross tumour volume

CTV - clinical target volume

PTV — planning target volume

Figure 2.3: Schematic overview of the different tumor volumes that are
identified during treatment planning. It includes the Gross Tumor Vol-
ume (GTV), the Clinical Target Volume (CTV) and the Planning Target
Volume (PTV).

The first diagnosis of a potential breast tumor is mostly done by the patient itself or a general practitioner, noticing an
anomaly in the breast. Breast cancer is then formally diagnosed via various techniques, e.g. by laboratory test or breast
images. A tumor mass can be identified on the scans by a physician and radiologist. This area is called the Gross Tumor
Volume (GTV) [30]. However, the visible tumor is only a part of the cancer cells. In the area surrounding the GTV, there
exists a mixed shell layer of both cancerous and healthy cells, which is not visible on scans, partly due to limiting imaging
resolution [31]. Additionally, the tissue surrounding the dense visible tumor core is microscopically composed for a
large part healthy tissue, resulting in the cancer cell density being too low to show up on an image [32]. The edges of the
imaged tumor are therefore not clearly defined and are more difficult to identify. If these cancer cells are not removed
from the body too, there is a high chance of recurrence of the disease. Therefore a second area is defined, being the
GTV plus a margin for sub-clinical disease spread, called the Clinical Target Volume (CTV). The correct removal of cancer
cells within the CTV is important, because this volume must be adequately treated if a patient is to be cured [30]. Once
these two volumes are identified, the third volume, the Planning Target Volume (PTV) is constructed. This volume takes
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uncertainties in treatment planning and delivery into account. In literature, this is in the order of 10 mm approximately,
to account for example for uncertainties as a result of the setup and respiratory motion [33]. In Figure 2.3 a schematic
overview of the different tumor volumes is displayed.

2.3. Breast Cancer Treatments

There are many different treatment possibilities for early stage breast cancer. The decision on the best course of treat-
ment, is case specific and requires information, including, but not limited to the stage, tumor size and shape, patient
preference and cancer type specifics [1]. Since early stage breast cancer has high survival rates and considering it is rel-
atively easy to treat locally when it has not spread, systemic treatments, such as hormone therapy of chemotherapy, are
mostly only used as an adjuvant therapy if strictly necessary [15]. Current main treatments for early stage breast cancer
include:

- Surgery: Removal of the bulk tumor and its surrounding tissue by performing a mastectomy (entire breast removal)
or a lumpectomy (partial breast removal) [16]

- Radiation therapy: All treatments that use ionizing radiation to destroy cancer cells. The three types are external-
beam radiation therapy (most common), intra-operative radiation therapy (radiation with probe during surgery)
and brachytherapy (placing radioactive sources inside the tumor) [34].

- Thermal therapy: Heating of tumor tissue to treat cancer cells. Two types can be distinguished, the first being
hyperthermia therapy, where sustained temperatures above 42 °C alter structural and functional proteins within
cells [17]. It induces radiosensitizing effects, such as DNA repair blocking and reoxygenation, that improve the
tumor destruction when combined with radiotherapy [35, 36]. The second therapy is thermal ablation, where
tissue is heated above 46 °C to induce immediate cell death [17, 18].

For both DCIS and early-stage invasive breast cancer, doctors generally recommend surgery to remove the tumor, mostly
combined with radiotherapy. Although the goal of surgery is to remove the entire tumor in the breast, microscopic cells
can be left behind [15]. Another disadvantage of surgery is that it is an invasive treatment, as removed tissue can result
in functional and cosmetic damage. For better local treatment, the use of radiotherapy and thermal therapy have grown
[21]. The two therapies of interest for this study are thermal ablation and brachytherapy.

2.3.1. Thermal Ablation

Thermal ablation (TA) is a therapy where cancerous tissue is heated up above a minimum temperature of 46 °C to in-
duce irreversible fatal cell damage to a cellular level [18]. For temperatures sustained only above 42 °C during hyper-
thermia treatment, only radiosensitivity is increased, not directly causing necrosis [17]. Thermal ablation is performed
using nanoparticles that are injected, mostly directly, into the tumor when the patient is under full or local anaesthesia.
Examples of different techniques are radio-frequency ablation, microwave ablation, laser ablation, cryotherapy, electro-
poration and magnetic thermal ablation [18, 37]. This research focuses on magnetic thermal ablation, where the heat
is produced by oscillating magnetic nanoparticles due to an alternating magnetic field. The electromagnetic energy of
the nanoparticles is transformed into heat, increasing the temperature of the nanoparticles and indirectly also the tissue
surrounding the nanoparticles is heated up. Thermal ablation is very effective in cancer cell death, but unfortunately the
healthy cells will be killed as well, which is a big disadvantage. As the heat distribution is determined by the location of
an individual nanoparticle, it is difficult to treat only locally if the nanoparticles are not contained at their initial injection
site, which gives a high chance of damaging healthy tissue in the outer parts of the tumor [21]. In Figure 2.4a a schematic
overview of thermal ablation treatment to a tumor is given.

Thermal Ablation Brachytherapy
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Figure 2.4: Schematic overview of therapies of interest. These are the therapies on which the newly proposed therapy is based.

2.3.2. Brachytherapy

Brachytherapy is a form of internal radiotherapy where radioactive rigid 'seeds’ are implanted inside the tumor. The
surrounding tissue is then irradiated, resulting in DNA damage [20]. Cancer cells have a broken DNA repair mechanism,
which is why the cells keep reproducing without repairing or stopping themselves. However, some DNA compromised
cancer cells are more vulnerable, because if damaged badly enough, their DNA is not strong enough to repair themselves
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and they will die [34, 38]. Healthy cells are better able to repair damaged DNA, making radioactive irradiation (in general)
a good treatment to have a high healthy tissue survival rate, while effectively killing cancer cells [38]. A big advantage of
brachytherapy is that it has a high accuracy level, due to the short penetration depth of the ionizing radiation and due
to the possibility to plant the seeds at a specific location in the tumor using a brachytherapy template and imaging. This
high accuracy results in proper local treatment, sparing more healthy tissue compared to external beam radiation [20].
However, the local treatment can also be a disadvantage since the seeds become radiation 'hot spots’. Radiation hot spots
are the regions within an area of interest where the level of radiation is significantly higher than in neighboring regions
[39]. This concept is shown in Figure 2.4b, where it is visible that only a part of the tumor tissue is irradiated by the
radioactive seeds. Additionally, the treatment procedure is argued to be more invasive, because of the brachyneedles
puncture the breast [40].

Brachytherapy can be performed in two ways, either with high dose rate (HDR) temporary irradiation or with low dose
rate (LDR) permanent implants that remain in the patient after recovery. The number and location of seeds are pa-
tient specific as they depend for example on the size and shape of the tumor. The size and location are determined by
a computer-generated treatment plan [41]. For prostate cancer, on average between 40-150 seeds are implanted inside
the tumor [42]. Since the goal of the newly proposed therapy is to reduce clinical interventions for the patient, the LDR
permanent implants are most suitable. This way the patient is not required to visit the hospital for every radiation frac-
tion, as is the case for HDR brachytherapy. The most commonly used LDR radioactive isotopes are iodine 125 (I-125) and
palladium 103 (Pd-103) [20].
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Figure 2.5: Schematic overview of the result of the newly proposed thermo-brachytherapy. First,
the magnetic field heats up the nanoparticles that burn the core of the tumor, followed by irradia-
tion by the nanoparticles to the outskirts of the tumor.

2.4. Proposed Multi-Modal Thermal Brachytherapy

There is only little published research on performing both thermal ablation and brachytherapy for tumor treatment
[2, 43-45], none of which reports on combining both therapies together as a single treatment. The therapies are ei-
ther performed sequentially (on patients with liver carcinomas) [44] or they are combined with chemotherapy [45].
This research, however, proposes a new treatment for early-stage breast cancer combining brachytherapy and magnetic
thermal ablation by using radio- and thermo-active nanoparticles as treatment material.

The goal of the therapy is to treat the tumor with a single medical intervention, by killing the cancerous cells with heat
and radioactive radiation. Firstly, heat is produced during the thermal ablation part of the treatment. The objective is to
kill all cancerous cells within the GTV part of the tumor, within about 20 minutes, by heating it above 48°C. As described
in Section 2.5.1, temperatures above 48°C kill cells. However, high temperatures outside the GTV harm the healthy cells
in the outskirts of the tumor and are therefore undesired. To prevent this, it is desired that the tissue outside of the GTV
is not heated above 45°C [21]. Secondly, the radioactive properties of the nanoparticles are used to irradiate the tumor
tissue to Kkill the cancerous cells and spare the healthy ones. It is expected that, to achieve homogeneously delivered
cumulative dose to the entire PTV volume, it is necessary for the nanoparticles to diffuse out of the seeds and spread
throughout the PTV area. This should happen within the first few half-lives of the Pd-103 isotopes (t;,, = 17 days [46]),
seeing that the activity of the isotopes decreases over time. The half-life of a radioisotope is the time it takes for the activ-
ity to half of its initial value, where activity is determined by the number of unstable atomic nuclei that decay per second.
The minimally required concentration of nanoparticles and their distribution depends on the radioactive dose delivered
by the nanoparticles and is yet to be determined. The minimum cumulative dose required to determine the minimally
required concentration of nanoparticles in the PTV is 60 Gy [22, 23]. Another condition is that the nanoparticles must
not have spread outside of the PTV into the healthy tissue above a yet undetermined maximum concentration, to ensure
the cumulative dose does not reach higher values than acceptable for healthy tissue. Within this project the maximum
cumulative dose to healthy tissue outside the PTV is taken to be 60 Gy. Radiation outside the PTV is undesirable, because
it is assumed that the area surrounding the PTV only consists of healthy cells. This can potentially be dangerous if the
cells are damaged beyond repair.
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The combined treatment will have smaller physical impact, because a larger part of the breast tissue is spared if not
removed during surgery. Additionally, it is psychologically and socially less difficult during the course of the entire treat-
ment, when not being obliged to follow the intensive fractionated treatment [21]. This is possible because the seeds are
implanted permanently and because the patient is exposed to the magnetic radiation only once and directly after implan-
tation. The biggest advantage is that the radioactive material can irradiate the tumor from the inside immediately after
the thermal ablation part, meaning that the material carries out the rest of the treatment without further interference
with the hospital.

2.4.1. Thermo- and Radioactive Nanoparticles
The combined treatment relies on nanoparticles incorporated in brachyseeds, namely Pd-103 super-paramagnetic iron
oxide (Pd-103 SPIO) nanoparticles. The nanoparticles consist of multiple layers:

1. A core of radioactive Palladium-103;
2. A shell of super-paramagnetic iron oxide;
3. An outer silica layer for biocompatibility.

These nanoparticles are then incorporated into arigid gel which forms the seed material. The seeds are implanted into the
tumor similar to a standard LDR brachytherapy procedure. A schematic overview of the composition of the nanoparticles
is visible in Figure 2.6.

103pd SPIO nanoparticle Concept '%°Pd SPION seed
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Figure 2.6: Overview of the composition of Pd-103 superparamagnetic iron oxide nanoparticles and the seeds they are incorporated
in. The nanoparticles consist of multiple layers, namely: 1. Radioactive Pd-103 core; 2. Thermoactive SPIO layer; 3. Silica layer for
biocompatability and leak prevention. These nanoparticles are incorporated in a solid gel, forming the brachyseeds that are injected
into the tumor.

Palladium-103 Core

The used radioisotope is palladium-103, which is an X-ray source due to electron capture. In literature, both iodine-125
and palladium-103 are widely used for LDR brachytherapy [47]. Both are favoured as radioisotopes, because of multiple
favourable physical properties. Firstly, because the seeds will be implanted permanently, alow energy source is preferred
[48]. The energy of a radioactive source determines the penetration depth of the particles emitted from the source [47].
If the radiation energy of an implanted source is too high, the source deposites energy too deep into the tissue causing too
much healthy cells to be damaged over time [47]. The energy of the X-rays of Pd-103 is 21 keV and 28 keV for [-125. HDR
isotopes have energies between 380-1250 keV [48]. Secondly, the halflife of Pd-103 is relatively short, 17 days, compared
to [-125, 60 days [46]. The strength of a radiation source decays exponentially. For permanent implants a short half life
is desired, partly because it can reduce the risks of radiation exposure of the patient’s partner [49]. Moreover, if activity
is equal, radioisotopes with short half lives have a higher initial dose rate compared to radioisotopes with long half lives.
It is suggested that a higher dose rate returns a larger biological effect on cancer cells [50]. It is expected that several
thousands of Pd atoms will be loaded into the nanoparticles, which makes the radiation dose per Pd SPIO nanoparticle
higher than in conventional therapies. The diameter of the core of the nanoparticle will be 5 nm [21].

Supeparamagnetic Iron-oxide (SPIO) Layer

The Pd-103 radioisotopes are covered with a layer of SPI0 material. In literature it is found that single iron oxide nanopar-
ticles have great potential due to their biocompatibility and biodegradability. These magnetic nanoparticles (MNPs) can
be used for a wide range of applications [17]. However, forming a shell of this material is more difficult, because it has
to be formed around the Pd core. For the shell, ferrous salts will be used with tetramethylammonium hydroxide to syn-
thesize Fe;0, nanoparticles as described by Cheng e @/ [51]. The iron oxide will exhibit super-paramagnetic behavior,
when the material is subjected to an alternating magnetic field and when the diameter is less than approximately 20 nm.
[17]. Also, the superparamagnetic behavior is temperature dependent within a minimum and maximum range. When
a temperature below the so called blocking temperature is reached, the nanoparticle will loose its superparamagnetic
behaviour as it is blocked in its initial state where no magnetization flip is possible [52]. The blocking temperature for



2.4. Proposed Multi-Modal Thermal Brachytherapy 12

the Pd-103 SPIO nanoparticle is not yet known, but the nanoparticles do show superparamagnetic behavior above 37°C,
assuming it is lower than body temperature. Likewise, at temperatures above the Curie temperature certain magnetic
materials undergo a sharp change in their magnetic properties. The Curie temperature is not yet known for the treatment
material, however, experiments have proved that the superparamagnetic behaviour is sustained at temperatures up to
80°C. The treatment material can be imaged with MRI to track the diffusion of the nanoparticles. The layer will be of 10
nm thickness [21].

Silica Layer

The third layer of the nanoparticle is a silica shell. This is added to the nanoparticle to minimize leaks of metal-ions and to
ensure biocompatibility. It also helps to prevent aggregation of the nanoparticles and to increase the long-term stability
[21]. However, coating the MNPs reduces the outflow of heat, which results in decreased heating efficiency [53]. The
synthesis of the inorganic silica layer is done through the reaction with tetraethyl orthsilicate in ethanol with ammonia.
The thickness of the silica layer is controlled by the rate of addition of the reactants and since the reaction time is not yet
determined, it is still unknown [21].

Seed Material

The nanoparticles will be embedded into a solid gel that forms the seed. It is necessary to have a solid solvent material
to be able to implant it into the tumor using brachyneedles. A possible seed material is alginate gel that has a very low
viscosity and is let to thicken for 24 hours before the Pd-SPIO nanoparticles are added [21, 40]. However, it is not yet
decided what material is will be used. The desired size of the seeds is 2 mm in diameter and 5 mm in length.
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Figure 2.7: Overview of the proposed therapy from the diagnosis of the sick patient to the end of the therapy. The treatment timeline is
visible at the bottom, showing that the two thermal ablation (orange) and the radiation (green) happen simultaneously at the start. It
is also visible that after the alternating magnetic field is switched off no more medical intervention is required.

2.4.2. Treatment Procedure

The treatment procedure of the proposed therapy is described in this section and is visible in Figure 2.7. After the syn-
thesis of the nanoparticle filled seeds and thorough treatment planning, the seeds are injected into the tumor similarly to
a conventional brachytherapy procedure, using needles and a standard template. Subsequently, an alternating magnetic
field (AMF) is applied to induce heat by radiofrequency (RF) induction coils. The AMF does deposit energy indiscrim-
inately to tissues of which the extent of the damage to tissue is not yet known [36]. When magnetic nanoparticles are
exposed to an alternating magnetic field, four different mechanisms can generate heat within the therapeutic system: 1.
Hysteresis loss, 2. Eddy current, 3. Néel relaxation and 4. Brownian relaxation [36, 53, 54].

Magnetic hysteresis occurs when the magnetizing force of a magnetic field is reversed in the opposite direction and in-
ternal friction of the aligned magnetic material opposes this reversal. This phenomenon is induced by an alternating
magnetic field. This friction is overcome by using the magnetising force, losing part of the magnetic energy in the form of
heat, called hysteresis loss [54, 55]. Eddy currents are loops of electrical current induced by a changing magnetic field,
thatloose energy in the form of heat due to the resistance of the material [54]. The SPIO nanoparticles have a layer of iron
oxide. Since oxides have a high electrical resistivity compared to pure metals, the Eddy currents are assumed less signif-
icant for magnetic nanoparticle heating [36]. Additionally, Eddy currents are only significant in materials at larger scale
(>cm) [54]. Because the nanoparticles are significantly smaller in size, the Eddy currents are limited further. Therefore
the heating effects due to Eddy currents are assumed negligible [36].
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Néel and Brownian relaxation only occur in single-domain magnets [36], i.e. the SPIO nanoparticles. Upon switching
the direction of the alternating magnetic field, the magnetic Néel and Brownian moments rotate due to different thermal
relaxation mechanisms. Néel relaxation is the mechanism where only the individual magnetic moment inside the mag-
netic core is re-orientated while the particle remains fixed. The thermal energy is dissipated by rearrangement of atomic
dipole moments [54]. Brownian relaxation refers to the rotation of the entire nanoparticle itself in the carrier liquid, in-
cluding the magnetic moment around their axis [36, 56]. This mechanism generates thermal energy through shear stress
between the nanoparticle and the surrounding material [54]. The heat generated by these mechanisms is transferred to
surrounding cells, not being selective to only cancerous cells. However, since the seeds are injected into the gross tumor
volume, it is expected that the nanoparticles will solely heat the tumor cells. The goal is to heat up the entire GTV above
48°C, killing the tumor cells due to immediate fatal damage [2].

The heat produced can be controlled by the size, concentration and injection location of the nanoparticles, or by the set-
tings of the applied magnetic field, such as strength, frequency and time it is applied. Currently, it is suggested that after
about 20 minutes of thermal ablation, the magnetic field is switched off and no more heat is produced by the nanoparti-
cles. The heat is removed from the tumor site by blood perfusion and by heat diffusion [57]. Then the thermal ablation
part of the treatment is finished. It is assumed that, directly after implementation of the seeds, the radioactive Pd-SPIO
nanoparticles start diffusing simultaneously out of the seeds into the surrounding tissue. Because the diffusion coeffi-
cient is suggested to be small (order of magnitude 1072 [5, 58]), it is expected that this diffusion process will be slow,
resulting in the nanoparticles only having travelled a very small distance during the TA procedure. Therefore it is as-
sumed that the diffusion of nanoparticles has no influence on the spread of the heat.

The second part of the treatment is the LDR brachytherapy, that happens internally in the tumor meaning the patient does
not have to be present in the hospital anymore. The Pd-103 isotopes in the core of the nanoparticles decay over time re-
leasing X-rays and Auger electrons, irradiating the tissue within a 10 cm range and ~0.1 mm range, respectively. (see
Section 2.5.3). The iron-oxide layer does not influence the dose distribution significantly. The shielding effect of the iron
oxide shell has proven to be negligible on the dose profile [3]. Over time, the nanoparticles diffuse to the outskirts of the
tumor too, where the radioactive isotopes damage the still viable cells in the outer layer of the tumor. By damaging rather
than killing the healthy cells, a large part of the healthy tissue is spared [38]. The goal is to have the nanoparticles diffused
sufficiently through the PTV to still deliver a significant radiation dose to the outskirts of the tumor. The diffusive radioac-
tive nanoparticles improve the uneven radioactive dose distribution of the conventional brachyseeds, because they will
spread through the tumor instead of being stationed at their initial location [21]. The radioactive nanoparticles decay
over time to a negligible activity and are slowly removed from the tumor site through the blood vessels. The killed cells
and the nanoparticles are cleared from the blood by the reticuloendothelial system by macrophages [17]. An overview
of the proposed treatment is shown in Figure 2.5.

2.5. Physical Processes Underlying the Proposed Treatment

To gain knowledge of the behaviour of the material in the body and to find out the impact of the treatment to the tumor
destruction, it is necessary to understand the mass and heat transfer processes in the human body. First the temperature
distribution by heating of the nanoparticles is described, followed by the diffusive behaviour of the material through
(tumor) tissue coupled with the radioactive dose distribution.

2.5.1. Heat Transfer in Tissue
To find the temperature distribution over time, a governing energy equation must be found to describe the heat transfer
system. The general energy balance is given by:

aT #b)

T + ﬁ(ﬁ(f) -T@#e) = ?(k(f) . §T(F,t)) + Q@) (2.1)

pcp

including the material specific density p, the specific heat ¢, and the time and space dependent temperature T ). The
second term describes the convection of heat, depending on fluid flow velocity #(#. The third term describes the heat
conduction that depends on the heat conduction coefficient k(#). Conduction is the spontaneous process where heat
flows from a hotter to a colder body and is continuous. The last term represents all heat sources Q (#t) within the system.
To specify the energy balance for body tissue, the generally accepted equation in literature is Pennes’ bioheat transfer
equation (Equation 2.2) [57]. In this Equation convective blood flow is included as a heat sink instead of a heat convection
term. This removal of heat is due to blood perfusion. Pennes’ equation is described by:

T #t) =5
pCp 3t =k -VT@t) + wp@1t) - cp - (T — TED) + Qp(®), (2.2)

where p is the density [kg/m?], ¢p is the specific heat []J/(kg °C)] and k is the thermal conductivity [W/(m °C)], all of
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which are tissue specific and assumed constant. In Equation 2.2, wy, is the blood perfusion rate [kg/(s m®)], ¢, represents
the specific heat of blood [J/(kg °C)], T} is the blood temperature [°C] and Q,, is the metabolic heat generation per unit
volume [W/m?]. The first term of the Equation is the time dependent term, the second the conduction term and the third
term represents the blood perfusion. Blood perfusion refers to the blood passing through vessels in biological tissues,
in order to provide oxygen, deliver important nutrients to tissues and remove waste substances [59]. By multiplying the
blood perfusion rate w; with the specific heat of blood c¢;, and the temperature gradient between the incoming temper-
ature Tj, and local tissue temperature T, the amount of heat removed from or added to the system is calculated per unit
time [W/m3].

Even though Pennes’ bioheat equation is widely accepted, there are several limitations to the equation. Pennes made
some assumptions and simplifications, which make Equation 2.2 not completely accurate to the real physical processes.
First, the blood velocity field is not taken into account in all directions, but only in the direction that removes heat from
the system. This way, the convection is added as a heat sink, with the driving term being the temperature difference [57].
This simplifies the equation strongly, as it disregards the Navier-Stokes relation describing the convective flow, which
would increase the temperature distribution. However, by including this blood perfusion term, Pennes’ equation does
consider heat removal partly, describing the physical process more accurately.

Secondly, he assumed that metabolic heat Q,, is constant throughout the human body. However, it is known that metabolic
heat not only strongly differs between individuals, it also changes throughout the body. Due to muscle activity and at-
mospheric conditions, among other reasons, the metabolic heat generated is not constant. The metabolic heat produced
by exercising muscles is transported by the circulating blood flow to the surface of the body and released to the envi-
ronment [60]. Furthermore, in the equation, the thermal properties per tissue type are assumed constant, as well as the
blood temperature [61]. By assuming a fixed value for the baseline temperature of blood, the temperature difference is
only dependent on the temperature variable [62]. Additionally, the equation does not take other thermoregulation fac-
tors into account, such as shivering and regulatory sweating [63]. By neglecting these factors, blood perfusion is assumed
the only temperature regulating term.

The local blood perfusion rate is also assumed constant in Pennes’ equation [61]. However, it is proven that the blood
perfusion rate depends on tissue, temperature and time [2, 64], although there is no consensus yet in literature on the
absolute relation. The blood perfusion rate dependence on tissue is a result of the vascular network of a tissue type. As
explained in Section 2.2, the vascular structure of a tumor is heterogeneous, having a necrotic core with no convective
fluid flow and a viable shell around it with increased fluid flow compared to surrounding healthy tissue. However, the
size of the necrotic core of a tumor is case specific. The blood perfusion rate also differs per healthy tissue type.
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Figure 2.8: This graph shows three different relations between the rela-
tive blood perfusion rate and the tissue temperature. The red line repre-
sents the constant blood perfusion rate assumed in Pennes’ bioheat equa-
tion (Equation 2.2). The green line shows the relation where blood per-
fusion decreases linearly to zero above T, (2.4). The black line gives the
relation where the blood perfusion rate increases for T < Tjica and de-
crease above Titial (2.5) [2]. The blood perfusion rate is described as the
relative difference between the proposed blood perfusion rate compared to
the initial blood perfusion rate wp;.
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In addition, the thermal ablation treatment itself strongly effects the blood perfusion rate w, as it is argued that blood
perfusion is also dependent on tissue temperature and time. It is known that a cell is destroyed if it is heated above a
certain temperature. This does not only apply to tumor cells, but also to the vascular cells. Stauffer ez @/ suggest this
effect is induced for cells heated above 48°C [2]. Above this temperature, the vascular structure is said to be destroyed
and the blood perfusion rate becomes zero. Additionally, it has been proven experimentally that the blood perfusion rate
first increases with increasing temperature, up to a certain critical temperature T,,. Above this temperature the blood
perfusion rate decreases to zero [2, 64]. Pennes’ bioheat equation assumes a constant blood perfusion, independent of
temperature. In literature alternative relations between the blood perfusion rate and temperature are proposed. Three
different blood perfusion relations are introduced to describe the effect of temperature to blood perfusion, which are
given in Figure 2.8. The first and default expression is a constant blood perfusion rate (Equation 2.3), used in Pennes’
bioheat equation [57]. It assumes no decrease in perfusion rate at higher temperatures, i.e. no dependence on tempera-
ture and time, resulting in wj, being equal to the initial blood perfusion rate wy,;:

(l)b(T) = Wpj- (23)

The decrease of blood perfusion above the critical temperature of 45°C is taken into account in the second relation that
is tested, Equation 2.4. It assumes a constant wj, below T, and a linear decrease in blood perfusion to zero above T,:

Wp; forT <T,,
wp(T) = wpi * (1 —033(T —T,)) forT,<T <48°C. (2.4)
0 for T > 48°C

The third equation is proposed by Stauffer ez /. In literature it is suggested that the blood perfusion rate is first increased
for a small increase in temperature before the vascular system is damaged [2, 64]. This means that blood flow is increased
to remove the excess heat. The relation proposed is:

_(T—Tcr)2
wpi*(1+axe £ forT < T,
— . — _(T_TCT)Z
0p(T) = wpi = F(T) wpi * (1+a)A-y)+y(Q+a)xe £ ) forT, <T<48°C’ (2:5)
0 for T > 48°C

with the assumptions a = 1.5, # =12 and y = 3.1588 [2]. The last two blood perfusion rate equations also depend on time,
because the temperature is time dependent. Figure 2.8 shows the difference between a constant blood perfusion rate, a
linearly temperature dependent blood perfusion rate and a proposed relation, where the blood perfusion rate increases
up to a critical temperature, before linearly decreasing to zero. The impact of these different relations on the temperature
distribution are tested within this study.

In spite of the limitations, Pennes’ equation is simple, with a small number of physical parameters, lending itself to ap-
plications such as this project. Equation 2.2 describes the heat distribution through biological tissue during a normal
state. However, during the proposed treatment, an additional local heat source is added to the system, namely the heated
nanoparticles. The nanoparticle heat Qyp is calculated using:

QNP = SARNP . maSS% - p, [26)

where SAR (Specific Absorption Rate) of the nanoparticles is the power absorbed per unit mass by tissue [W/g] and p
the density of the tissue material [kg/m?]. The mass fraction accounts for the concentration of nanoparticles in the seed
[mass%]. Adding this to Equation 2.2, results in:

oT #.t) =)
pep—— =k VTG + wpi1e) - ¢ - (Tp = TE0) + Q@ + Qnps (2.7)

with Qyp being the nanoparticle heat source added to the system when the AMF is turned on [W/m?]. Generally in liter-
ature, the @,, term is ignored, because the magnitude of the metabolic heat is substantially smaller than other terms in
the equation, such as the nanoparticle heat generation [65]. Equation 2.7 is the final equation used in the computational
model to investigate the temperature distribution over time.

2.5.2. Nanoparticle Transport in Tissue

The physical processes that influence the transport of the nanoparticles over time are included in the convection-diffusion
equation, thatis adjusted as a result of simplifications and assumptions. The general governing equation for the nanopar-
ticles, assuming spatially constant diffusion coefficient D [m?/s], is:

dc#t)
at

+ V(ﬁ(F) c#n) =D - VZC(F,t) + Jsource @) + Jsink#0), (2.8)
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where the first term represents the time dependency of the equation with c(#t) defined as the quantity of interest, being
the time and space dependent nanoparticle concentration [#NP/m3]. When applying the material balance to the human
body, the second term is the convective flow of the material through tissue, with ¥(#) being the fluid flow velocity [m/s]
driven by the blood vascular system and lymphatic system, described in Equation 2.9. The blood vascular system acts
as a fluid source where blood fluid is transported across the vessel walls into the tissue, ¢y, and the lymphatic system
removes the interstitial fluid from the tissue, ¢;. The third term in Equation 2.8 describes diffusion, which is the phe-
nomenon of nanoparticles moving from a higher concentration to an area of lower concentration. Coefficient D is the
diffusion coefficient [m?/s] The last two terms on the right hand side of Equation 2.8 form the source of material added
to the system, due to transvascular fluid exchange by blood [,y (7t) and the sink of material being removed from the
system due to lymphatic vessels J, (7t). The addition of the nanoparticles to the system during the injection, are handled
as the initial condition.

The convective term includes the fluid velocity ¥, which is not constant through the different tissue types. In the
necrotic core region of the tumor, there will not be any fluid transport due to the absence of micro blood vessels and
the lymphatic systems. In the viable tumor region, there is transvascular transport of fluid by the microvessels, but an
absence of a functional lymphatic system is reported. In normal tissues, the fluid is transported via both blood extravasa-
tion, the leakage of fluids from the vein into the surrounding tissue, and lymphatic drainage, where the interstitial fluid is
drained from the tissue into the lymph vessels [28]. Equation 2.9 shows the transvascular fluid velocity for two different
tumor areas and the normal breast tissue.

0 , for necrotic tumor
Vi@ =< ¢y , for viable tumor (2.9)
¢y — ¢, , for healthy tissue

with ¢y, being the transvascular fluids source term by blood vessels [1/s] and ¢; the fluids sink term by lymphatic
drainage [1/s] . Both are driven by interstitial fluid pressure. The equations for ¢, and ¢; are derived by Mahesh ez a/.

Diffusion of the nanoparticles through tissue is the main driving force of the nanoparticle distribution and the rate at
which a material diffuses through a surface is defined by the diffusion coefficient D. In this case, the diffusion coefficient
represents the rate at which the nanoparticles diffuse through the tumor and healthy tissue. The values can be found in
Table 3.2.

The nanoparticle source J 5o, rce (7,t) and sink J s, (7,t) terms represent the transvascular exchange which takes place through
the capillary walls. It is assumed that the walls are semipermeable membranes [28]. The source is described by the tran-
scapillary exchange through blood vessels J;, (#t) and the sink by the exchange through lymphatic vessel walls J; (#t):

I 0 , for necrotic tumor (2.10)
) = .
Vo —P g %C(ﬁt) , for viable tumor and healthy tissue
. 0 , for necrotic and viable tumor
JL@Ee = R . (2.11)
¢Lc@t) , for healthy tissue

with concentration of nanoparticles c(#t) [#NPs/m?], Peclet number Pe, permeability coefficient P [m/s] and the sur-
face area of microvessels per unit volume of the tissue % [1/m] [28]. Equations 2.10 and 2.11 and their corresponding
parameters are derived by Mahesh ef @/ [28]. Due to the thermal ablation at the start of the treatment, all tissue cells
are destroyed, including the vascular structure of the tumor. This means there is no more transport of fluid through mi-
crovessels in the ablated area and its surroundings. This has great influence on the convection of nanoparticles and the
transvascular exchange.

2.5.3. Radiation Transport in Tissue

The goal of the internal radiation of the cancerous cells is to kill all cancerous cells within the PTV. To achieve this, the
dose absorbed by the tumor tissue must be sufficient. The general prescription for breast cancer radiation therapy ranges
between a total cumulative dose of 40 to 60 Gy [22, 23]. The concentration distribution provides information on the num-
ber of nanoparticles at each location for different points in time. To give meaning to this concentration distribution and
to the minimum and maximum concentrations mentioned in Section 2.4, it is necessary to assess what delivered dose
has accumulated at each location.

The nanoparticles are radioactive due to their core of radioactive Palladium-103. Palladium-103 decays to Rhodium-103
by electron capture, emitting X-rays and electrons [66]. The dose distribution calculated in this project makes use of the
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relation between the dose rate and the radial distance from the centre of the radioactive nanoparticle. Dose rate describes
the delivered dose per unit of time for a specified time step, in this study in unit of Gray per hour [Gy/h]. The radial dose
distribution used is provided by van Oossanen ez a/ [3]. By performing Monte Carlo simulations, the spherical radiation
dose distribution for a single nanoparticle was characterized, defining the nanoparticle as a point source. The dose rate
is found by calculating the total delivered dose per hour in the shell at a specific radial distance from the centre. This
dose is expressed as the spherical dose rate delivered at a radial distance by a single nanoparticle with a Palladium-103
decay rate of ~100.000 decays per hour. The radial dose distribution is given in Figure 2.9. This Figure shows on a double
logarithmic scale the dose delivered by the electrons, which are more dominant at shorter distance, and the dose deliv-
ered by X-rays, which are more dominant at larger distances. The influence of the iron-oxide shell shielding the radiation
is included in these simulations [3]. It is assumed that each nanoparticle contains the same number of Palladium-103
nuclei in the core, meaning the dose distribution of Figure 2.9 applies to every nanoparticle.

The radioactive delivered dose rate over time is calculated by calculating the location specific delivered dose over time
D;r.t). The delivered dose at a specific location r; equals the sum of the delivered dose rate of each nanoparticle in the
system n. The distance 7;; between the location of interest ; and the centre of a nanoparticle 7; determines the dose rate
by that specific nanoparticle Dij (#)- The dose rate at a specific location is described by equation:

n
Diroty = e Z Dy (ip), (2.12)
j=1

where D;(r:,t) is the cumulative dose rate at a specific time at point i in [Gy/h]. Dij(fij) is the dose rate at location i de-
livered by a single nanoparticle j in [Gy/(h-NP)]. The exponential term represents the radioactive decay factor, which
corrects for the relative decrease in activity of the nanoparticle over time. A decrease in activity results in lower dose
rate. By calculating the dose at a specific location over time, the cumulative delivered dose per location is found. Lastly,
these local cumulative doses are used to get the total cumulative dose distribution. By comparing the dose distribution
to the maximum acceptable dose to human cells, it can be evaluated whether the delivered dose is sufficient to kill all
cancer cells in the PTV.

Radial combined dose distribution of 5 nm Pd core with 20 hm Fe shell
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Figure 2.9: The radial dose distribution of combined radiation of a single nanoparticle with
a5 nm palladium core and 20 nm iron oxide shell. It uses the simulated results of the energy
spectra of the electrons and photons leaving the nanoparticle. On the y-axis the relative
delivered dose rate Dij by ~100.000 Palladium-103 decays per hour is given for different
distances from the centre of the nanoparticle 7y; [3].



Methodology

This chapter covers the method used to perform the research and includes the required information of the design of the
built models. First, the numerical method is described, followed by the step-by-step description of the built temperature
model, concentration model and dose distribution model, including assumptions and simplifications. Lastly, all physical
properties and variables are specified.

3.1. Finite Element Method as Numerical Approach

The software program used to build and run the diffusion and temperature models for the project is Matlab (by 'The
MathWorks, Inc’). It is a programming and numeric computing software used to analyze data, develop algorithms and
create models [67]. Within the software the 'Partial Differential Equation Toolbox’ (PDE Toolbox) is included, which is
the main package used for the project. The PDE Toolbox is a solver for partial differential equations (PDEs) in both 2D
and 3D using the Finite Element Method (FEM) [68]. In Figure 3.1 a block scheme of the FEM approach is given.

computational
variables R
geometry .
Finite
PDE. BC. IC results
Sk > Element >
coefficients N Method
time scale R

Figure 3.1: Block scheme of the Finite Element Method. It shows on the left the variables
that are required input to solve the problem. On the right hand side it is shown that the
results are the output of the solved problem.
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Figure 3.2: General overview of the process steps of the built temperature and concentration models. The phases are based on the required
steps for the FEM approach described in Section 3.1.

The Finite Element Method can be used to calculate static and time dependent problems of systems of PDEs, e.g. diffusion
and heat transfer problems. An overview of the process of the FEM approach is given in Figure 3.2. These process steps
are based on the numerical steps taken within the FEM approach to solve a time dependent problem are:

1. Create a geometry in 2D or 3D, forming the computational domain representing the control volume;

18
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2. Create a mesh: divide the geometry into smaller elements, mesh elements. Each element is described by its mesh
vertices (X, Y, (Z) coordinates of element nodes);

3. Set up a general PDE for the system and define the coefficients for each element. The coefficients depend on the
problem type and terms included in the PDE.

4. Formulate boundary conditions (BCs) and initial conditions (ICs) for each element;
5. Define the time scale over which the problem must be calculated and solve the system of PDEs for each time step.

6. Interpret the outcomes visually by plotting the results of the PDEs.

To solve a system of PDEs over the domain of interest, the Matlab built-in function 'solvepde’ is used. First, a geometry is
created, computational domain (), which is then divided into triangles (2D) or tetrahedra (3D), which will form a mesh of
smaller triangular subdomains. Simple PDEs on complex geometries must be discretized on the mesh elements to find
discrete solutions. The toolbox starts with the time-dependent equation in the form:

Ju
Jat
with d, ¢, a and f being problem specific coefficients. The first term is the first order time derivative of the quantity of
interest and the second term represents the second-order space derivative. The right hand side of the equation repre-
sents the source term. The definition of the terms in Equation 3.1 depends on the problem they describe. The coefficients
d, ¢, a and f can be scalars, but also a function of u or partial derivative of u. Solving this partial differential equation
mathematically in 2D would yield an equation for u(x,y,t), which represents the quantity of interest as a function of time
and space. For the heat problem, this quantity is temperature (7)), where for the diffusion problem, it is the concentration
(c). To numerically solve Equation 3.1, which is called the strong formulation, it is integrated to derive the weak formu-
lation from it. This is done by multiplying both sides with the test function ¢; and integrating over the domain Q. The
test function ¢; is a location specific function that has value 1 at location i and is 0 at all other locations. This concept is
schematically visualized for a 1D situation in Figure 3.3. The weak formulation describes for each location a solution of
u;, which is only true at that location, because when multiplied by the location specific test function ¢;, the solution is
only defined at location i. The weak formulation of a PDE cannot be solved numerically over the whole domain Q. There-
fore, it is required to define sub-domains called finite elements, by discretizing the domain. The solution per element uj,
is then approximated with element-specific polynomials u{l, using linear basis functions ¢,. The piecewise solution is
approximated by:

d— —-V(cVu)+a-u=f, (3.1)

N
Up@yt) = Z up () - Py, (32)
j=1
where h represents a specific sub-domain, i.e. a mesh element, j represents a mesh node of that element and N is the total

number of mesh nodes per element [69]. u{l is the solutions per mesh node, and q,’){l are the node specific basis functions,
which have a specific value at node j and are 0 at all other nodes. The element specific solutions u; are substituted into
the weak formulation and projected on the test functions by interpolation, creating a system that can be expressed as
matrix-vector system:

M v +KU=F (3.3)
dt - '
where M is the mass matrix, i—lt] the time derivative of U, K the stiffness matrix and F the load vector. This system is

solved, resulting in the desired solution U. This matrix contains for each time step the coefficients u{; that correspond to
the value of the approximate solution at mesh node j [68]. This method of numerically solving a PDE is used to determine
the temperature and concentration profiles over time, which is more elaborately explained in Sections 3.2.2 and 3.2.3.

i(x)

Xj-1 Xj Xi+1

Figure 3.3: One dimensional representation of a test function ¢;, showing
it has a non-zero value at x;, resulting in a linear relation over x between
Xi-1 and Xit1-
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3.2. Main Simulation Steps of Built Models

The structure of the built models is based on the steps required for the FEM approach described in Section 3.1. Steps
1 and 2 are similar for both the temperature and concentration model and thus described generally in Section 3.2.1.
Steps 3 to 6 are model specific, due to the use of different quantities of interest (T and c), PDEs, BCs, ICs and time scales.
Therefore, both models are considered separately in Sections 3.2.2 and 3.2.3. Lastly, the dose calculations performed on
the concentration results are described in Section 3.2.4. The design choices in the form of assumptions or simplifications
are explained and justified in these sections.

3.2.1. Defining Geometry and Subdomains

The first two steps in the FEM approach are to create a geometry and to convert it into a mesh. The geometry is the
total domain over which the problem is set up and must have the same dimensions and shape of the volume of interest.
The goal is to apply the proposed treatment to human patients with early stage breast cancer, making the ultimate target
geometry equal to a 3D breast image of a specific patient. However, at this stage of the computational simulation of the
therapy, a simplified basic geometry is used, to be able to first build a general simplified model. The 3D basic geometry,
visible in Figure 3.43, is a hemisphere containing a spherical tumor of 4 cm diameter created in 'FreeCAD’ and imported
into Matlab. This geometry is then simplified by creating a 2D geometry (Figure 3.4b) in Matlab, after which a cutout is
made of the breast including the tumor and a part of the surrounding breast tissue (Figure 3.4c). This is justified, seeing
that the goal of the treatment is to not have temperature or nanoparticles spread (far) outside the tumor, making the
breast tissue further outside the tumor unnecessary to include. The tumor is then divided into two subdomains. The
first is the GTV (diameter d = 4 cm), which is the area of interest for the thermal ablation part of the treatment, and the
second the PTV (diameter d = 5 cm), which is the area of interest for the radiation part. Since the simplified tumor is
spherically symmetric, Figure 3.4c represents every intersection through the centre of the 3D tumor. Only this geometry
is used throughout the project to generate the results found in Chapter 4.
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Figure 3.4: Overview of different geometries of a breast with in 3D, 2D and a cut-out of the 2D geometry. Also the dis-
cretized mesh of the geometry in 3.4c is given.



3.2, Main Simulation Steps of Built Models 21

Figure 3.4c shows the domain over which the PDEs problems need to be solved using the FEM approach. This domain is
divided into three subdomains, namely the GTV, the PTV and the breast tissue surrounding the tumor. These subdomains
are discretized into smaller mesh elements. For 2D geometries these mesh elements are triangles of which the vertices
are called mesh nodes. The size of the mesh elements can be fixed to a minimum or maximum. The size of the mesh
elements determines the level of detail in the geometry, but also influences the running time of the model. The seeds are
assumed to have a diameter d = 2 mm and length [ = 5 mm, as previously described in Section 2.4.1 and visible in Figure
3.5c). Based on the size of the seeds and a sensitivity analysis on the running time, the maximum length of the sides of an
element (hy,q, ) is settobe 0.5 cm. An example of the mesh grid of the used geometry (Figure 3.4c) is visible in Figure 3.4d.

XL

(a) Conventional brachytherapy template (b) Schematic of seed including cross sections (c) Schematic of seed including size

Figure 3.5: (a) The brachytherapy template is used for implantation of the seeds. The grid of holes determine the seed locations in X and Z directions.
The seeds are implanted within the tumor with needles that fit the holes in the template. (b) A nanoparticle seed including XZ and YZ planes; (c) The
nanoparticle seed including its sizes in diameter and length.

The implanted seeds containing the nanoparticles are not taken into account as subdomains of the geometry, but are de-
fined as locations within the subdomains where certain properties are different. In the temperature model the seeds are
implemented as location specific heat sources and in the concentration model the seeds are implemented by assigning an
initial concentration of nanoparticles in the seeds to the seed locations as initial conditions. The seed locations are prede-
fined during building the model and have been optimized for treatment planning to fulfill the goals described in Section
2.4. The locations of the seeds are defined in three dimensions. Due to the fact that the seeds are assumed cylindrical,
the seed locations are not symmetric in all directions. Figure 3.5b shows the two intersection planes through a seed that
are analysed within the project, namely the XZ and YZ planes. The locations where the seeds can be implemented in the
XZ plane are limited by the grid of the brachytemplate used during the implantation procedure. This template has a fixed
distance between the injection points, either 5 mm or 10 mm, meaning the distance between the seeds in X and Z direc-
tion is fixed. The seed injection points form the basis of default seed locations of the XZ plane, as the location possibilities
are limited by the injection template, visible in Figure 3.5a.
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Figure 3.6: Default seed locations for (a) the XZ plane and (b) the YZ plane in 2D. (c) The 3D seed locations in a spherical tumor. The
seeds are positioned inside the GTV (smallest circle), which is surrounded by the PTV (larger circle) and the breast tissue.

The seed locations for the YZ plane have more degrees of freedom, since the depth at which the seeds are implanted
can be modified, meaning the the seeds are not fixed in the Y dimension. However, the distance between the seeds is
fixed, because, to be able to separate the seeds, there is a spacer placed between the seed within the injection needle.
This distance is equal to the length of the seeds (Figure 3.5c), making the distance between the seeds in the Y direction
5 mm [21]. The default seed locations with which the model is tested are shown in Figure 3.6b. The difference in depth
between the neighbouring rows is to create a more homogeneous distribution of either temperature of concentration.
To make sure the results of the models would be relevant, the seed locations were based on the concentration results.
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It was investigated for what seed locations in both XZ and YZ planes the nanoparticles would spread through the tumor
tissue, but would not diffuse too far out of it, within 17 days. This lead to the default seed injection points in the XZ plane
and YZ plane, shown in Figures 3.6a and 3.6b, respectively. Figure 3.6c shows the seed locations in 3D, but since the
models are in 2D, the distributions are investigated for both XZ and YZ intersections of the tumor to gain knowledge on
the distribution profiles in different directions.

3.2.2. Temperature Distribution Calculation
The 2D temperature model is built to find the temperature profile of the heated nanoparticles over time. The used PDE
is based on the equation that describes the general energy balance (Equation 2.7), but is simplified to:

aT
pep o kV2T = wyc,(Ty —T) + Qnp, (3.4)

where the metabolic heat is neglected. Connecting Equation 3.4 with Equation 3.1, the equation implemented into the
model has the following structure:

du

d
ot

—V(cVu) = f, (3.5)

where d is the coefficient of the time dependent term being equal to pcp. Coefficient c represents the tissue specific ther-
mal conductivity k. The right hand side of Equation 3.4 is the sum of all heat sources, represented with f. As explained
in Section 3.1, coefficient f can be a function of u and since the blood perfusion term is interpreted as a heat sink, source
coefficient f includes the blood perfusion. Qyp is the heat generated by the nanoparticles and is dependent on the Specific
Absorption Rate (SAR) value of the nanoparticles and nanoparticle concentration in the seed (See Equation 2.6). Vari-
ables p, cp, k and Qyp are all assumed constant. For Qyp this means the heating up and cooling down of the nanoparticles
are neglected. The SAR value of the nanoparticles is assumed constant, because the magnetic field cannot be changed
through the tumor volume. The whole tumour will have an equal amount of magnetic radiation, because the magnetic
field is too wide and cannot be narrowed down to the order of magnitude of the tumor [70]. To have different heating
power through tumor, either the concentration of nanoparticles must be changed or the magnetic field strength.

The blood perfusion term, however, is more complex. Within the term, the blood temperature T}, and blood specific heat
cp are assumed constant for each node, while the time dependent temperature is not constant. The exact relation be-
tween temperature and blood perfusion rate w,, is not known, except that it is not constant. It is tissue specific, with two
different possible values for tumor tissue. It is assumed in the model that the tumor tissue is fully viable. This simplifica-
tion is made, because the size of the necrotic core is patient specific and can therefore not be generalized. The influence
of the necrotic tissue on the temperature distribution is investigated in Section 4.2.1, as well as the temperature and time
dependence of the blood perfusion rate. The sensitivity analysis will show the influence of the different blood perfusion
rate equations on the temperature results. Lastly, the convective term is neglected in Pennes’ bioheat equation, as stated
in Section 2.5.1.

To be able to use the Matlab PDEToolbox, only the boundaries at the outer edges of the geometry need to be defined.
There are two types of boundaries, namely the boundaries between the interior and the exterior of the geometry and
boundaries between subdomains. The latter is not specified for FEM, even though coefficients are discontinuous be-
tween subdomains [68]. In the case of the geometry in Figure 3.4c only the boundary conditions at the four sides of the
healthy tissue need to be specified. There are two types of boundary conditions defined in Matlab, being the Dirichlet
or generalized Neumann boundary conditions. The Dirichlet boundary condition specifies the value that the unknown
function needs to maintain along the boundary of the domain. This means that the boundary has a fixed value. The
second, the Neumann boundary condition, specifies the flux, i.e. the derivative of the unknown solution, over the bound-
ary. Because heat is transferred through tissue and thus can also be transferred to tissue outside the control volume, the
boundary condition can be described with an outgoing heat flux over the boundary. The boundary condition type for
the temperature model is therefore specified as the Neumann boundary condition. Since convection is neglected within
Pennes’ bioheat equation, the boundary flux is described by the outgoing conductive flux gJ,,; [W/cm?]. This flux can be
described with, for example at the left boundary of geometry in Figure 3.4c atx = 0:

dT(x,y,t)

Goutxyt)| = k= (3.6)

x=0 x=0

where k is the conduction coefficient [W/(cm-°C)] and Z—z the temperature gradient over the boundary at x = 0 in the
x-direction [°C/cm]. This boundary condition is specified for all four geometry boundaries of the 2D geometry.

In the next part of the model, the initial condition for each mesh node is defined. The initial condition must represent
the initial body temperature at a specific location. The initial temperature of tissue is assumed 37°C for both tumor an
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healthy tissues, which is equal to the generally accepted average normal body temperature [71].

The total time for which the temperature profile is simulated, is 60 minutes. This includes 20 minutes of heating with
the alternating magnetic field and 40 minutes of cooling down of the system. To obtain accurate results within a reason-
able running time, the influence of the time step size to the results was analysed, after which a step size of 0.1 minutes
is selected. There was no significant difference found in results if a shorter time step was used, but it did have a longer
running time. This time step means that the temperature is calculated every 6 seconds for a total length of 60 minutes.

Within the model, the spread of the nanoparticles before t = 0 min and during the 60 minutes of investigation, is neglected.
Even though the nanoparticles can already diffuse out of the seeds during implantation time (t < 0 min) and during the
thermal ablation treatment (0 < t < 60 min), it is assumed that the nanoparticles remain at their initial locations. This can
be explained by the small diffusion coefficient and these assumptions are supported by the concentration results after 60
minutes, given in Appendix C in Figure C.2b. Lastly, the warming up of the seeds is excluded from the process, meaning
that at t = 0 the heat spread by the seeds is already at its maximum. Finally, the model can start running to generate the
results, being the temperature at each mesh node for each time step. The temperature results are then analysed, which
can be found in Chapter 4.

3.2.83. Nanoparticle Concentration Distribution Calculation
The concentration model is built to find the concentration profile of the nanoparticles over time in 2D. The PDE used for
the model is based on the equation that describes the general material balance (Equation 2.8), but is simplified to:

dc )
Frie DV4c = 0. (3.7)

Equation 3.7 includes the time dependent term and diffusion term with D the diffusion coefficient [cm/s], but neglects
the convection and source terms of the general PDE. The driving force of these last two terms is the vascular flow of blood
and lymph fluid. As explained in Section 2.5.1, the vascular structure of the tumor tissue will be destroyed after thermal
ablation. This results in a lack of convective flow of the nanoparticles in the ablated parts and lead to the removal of the
convective and transvascular exchange terms in the PDE. For simplicity reasons this is done for the entire domain, so
also for the viable tumor and healthy tissue. Translating these simplifications to Equation 3.1, the rearranged equation
implemented into the model is:

ou
at
where d is the time dependent coefficient being equal to 1. Coefficient c represents the diffusion coefficient D, which is
assumed constant and is tissue specific. This means that the diffusion coefficient of each subdomain, being healthy tissue
(F1), GTV (F2) and PTV (F3), is assigned to all mesh nodes within that domain. The values used for D can be found in
Table 3.2. Furthermore, it is assumed that the nanoparticles diffuse uniformly through the tumor, resulting in a homoge-
neous spread of nanoparticles from the seed. However, Darvishi e @/ argue that there are parameters that can influence
this uniform spread of nanoparticles [72].

d— —V(cVu) =0, (3.8)

As explained in Section 3.2.2, only the boundaries at the outer edges of the geometry need to be defined. Again, only
the boundary conditions at the four sides of the healthy tissue in Figure 3.4c need to be specified. For the concentration
model the boundary conditions are of the Neumann type, because the concentration of the nanoparticles is not fixed but
depends on the outward flux of nanoparticles J over the boundary. The concentration flux over the left boundary atx = 0
can be described by:

> dC(x,y,t)
Jowtwyn| =-D—r—| , (3:9)
- X -
x=0 x=0
where D is the diffusion coefficient and % is the concentration gradient over the boundary at x = 0. This boundary con-

dition is specified for all four geometry b(;cundaries of the 2D geometry.

In the next part of the model, the initial condition for each mesh node is defined. The initial condition must represent
the initial concentration of nanoparticles at a specific location. The initial concentration of material is zero at all places
except at the seed locations. The seeds are not included in the geometry, but are separately defined as explained in Sec-
tion 3.2.1. The initial concentration is equal to the concentration of nanoparticles in the seed and is assigned to the mesh
nodes that lay within the seed volume. For the XZ plane this means that all nodes within seed diameter distance from
the predefined seed centre get assigned the initial concentration and for the YZ plane all nodes within the area of the
intersection through the seeds get assigned the initial concentration. The seeds are implemented within the tumor by
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the initial conditions.

Total time that the diffusive behaviour of the nanoparticles is checked is 17 days, which is equal one halflive of Pd-103. To
obtain accurate results within a reasonable running time, the influence of the time step size to the results was analysed,
after which a step size of 1 houris selected. The nanoparticle distribution is thus calculated per hour for a total length of 17
days. Att =0, all seeds have already been implanted, and similar to the temperature model, the diffusion of nanoparticles
during implantation time is neglected. Since the implantation procedure time is expected to be less than an hour and the
diffusion of the nanoparticles is proven to be negligible for the first 60 minutes (See Figure C.2 in Appendix C), the change
in outcome is assumed insignificant compared to the total time scale. After defining the time step and scale, the model
can start running to generate the results, being the concentration at each mesh node for each time step. The results of
the relevant concentration distribution can be found in Appendix C.

3.2.4. Dose calculation

The dose absorbed by the material is calculated using the dose rate at a specific location delivered by the nanoparticles
surrounding it and is based on the radial dose distribution of a single radioactive nanoparticle (see Figure 2.9). This dose
distribution is transformed into a 2D dose distribution for a single nanoparticle and is scaled to a nanoparticle activity
relevant for this project, based on the activity of a brachyseed currently used in the clinic (70 MBq) [3]. This is done
by circular interpolating of the radial dose distribution, taking the radial distance as the radius of the 2D interpolated
circle. Subsequently, the interpolated 2D dose distribution of a single nanoparticle is converted to a voxel based grid
of 0.05 by 0.05 cm, visible in Figure 3.7. Similarly, the results of the concentration model are converted from a triangu-
lar mesh grid to a voxel based grid of the same voxel size. The dose distribution is evaluated per time step, being one hour.

2D voxelized dose rate distribution of a single nanoparticle
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Figure 3.7: Voxelized 2D dose rate distribution of a single nanoparticle. Based on
the radial dose distribution in Figure 2.9, which is first interpolated to 2D and then
converted into a voxel mesh grid of size 0.05 by 0.05 cm.

Each concentration voxel with a concentration of nanoparticles higher than zero is taken as a radioactive point source.
This way only the locations that deliver dose to their surroundings are included. Then for a specific voxel with centre
17, the total dose received is calculated per time step, D;(r;t,At). This is done by evaluating the dose delivered by each
concentration voxel with non-zero nanoparticle concentration with centre r;, multiplied by the number of nanoparticles
within that voxel and the exponential decay factor at time t. To ultimately calculate the delivered dose per time step,
the sum over all voxels v delivering dose to location r; is multiplied by the time step. This calculation is described by
equation:

v
D;(rytar) = et Z Dij(Fij) “Ci(rjt) - S - At, (3.10)
j=1
where A is the decay factor [1/s], t is the time passed since t=0 [s] and At is the time step size, being 1 h. The sum is taken
over all voxels v having non-zero nanoparticle concentration. Per voxel the dose rate D; @) [Gy/(h-NP)] is evaluated by
calculating the distance between r; and 7;. Because the used dose distribution is for a single nanoparticle, the dose rate is
multiplied by the number of nanoparticles present in voxel j. This number is found by multiplying the nanoparticle con-
centration ¢;(r;.t) [#NP/ cm?] with the 2D voxel volume S [cm?], which is equal for all voxels. The calculations in Equation

3.10 are done for each voxel and for each time step. Finally the dose is accumulated for every time step to find the total
cumulative delivered dose.
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The time between the radionuclide production, the synthesis of seeds, the injection procedure and the start of the treat-
ment is not taken into account, meaning that the radio-isotopes have decayed for some time before the nanoparticles
start to diffuse. This influences the decay factor and thus the radioactivity of the nanoparticles, but does not influence
the dose distribution profile as it gives the relative dose and not the absolute.

The concentration distribution per time step is used to calculate the delivered dose per time step. By accumulating the
delivered doses per time step, a total cumulative dose distribution through the tumor is obtained after 17 days. To reduce
simulation time, the remaining dose, deposited in the period after the first half life, is calculated using the last concen-
tration distribution of nanoparticles after 17 days. This is multiplied by the number of time steps up to 85 days, being
the end of the fifth half life period. After five half lives the remaining activity is only 3.1%, adding negligible dose from
that point on to the total cumulative dose. The delivered dose per region depends on the concentration of radioactive
nanoparticles, the diffusion rate through the tissue and to the total activity of the nanoparticles. First, for a higher num-
ber of nanoparticles, i.e. a higher initial concentration or more seeds, the total cumulative dose will be higher. For higher
diffusion rate, the nanoparticles are spread more homogeneously over the tissue, resulting in a more homogeneous dose
distribution. This will not change the total cumulative dose over the whole volume, but only the local cumulative dose.
The last parameter, the activity, determines the dose as a function of distance from the centre. The activity linearly in-
creases or decreases the total dose.

3.3. Physical Properties and Variables

To describe the behaviour of the material during the treatment, several constants and material properties need to be
known. These properties are found in literature and are assembled in Tables 3.1 and 3.2. The properties are divided into
the mass transfer and the heat transfer. The table also includes variables required for the calculations. As described in
Section 2.1, breast cancer most commonly starts in the glandular tissue instead of the fatty tissue. Therefore the values
used for breast tissue properties are of glandular tissue.

Table 3.1: Default parameter values for temperature model. All parameters extracted from temperature properties review executed by Camilleri
et al. [4]. Specific absorption rate, concentration fraction and nanoparticle heat source determined during project execution.

Heat coefficients and Symbol Unit Breast Tumor Blood NPs NP seeds
variables fat gland viable  necrotic

Density p g/cm? 0.93 1.07 1.07 1.07 - - -
Specific heat capacity cp J/gK 2.22 3.40 3.61 3.61 3.62 - -
Thermal conductivity k W/cm-K 1.71E-3  3.28E-3  5.11E-3 5.11E-3 - - -
Blood perfusion wp-cp, W/em?-K 3.21E-3 3.21E-3  1.75E-2 0 - - -
Blood perfusion rate wp g/s-cm? 8.86E-4 8.86E-4 4.83E-3 0 - - -
Specific absorption rate NP SARyp W/g - - - - - 100 -
Concentration fraction NPs in seed mass% - - - - - - - 0.1
Heat NPs Qnp W/cm? 9.32 10.66 10.66 10.66 - - -
Initial temperature T; K 310.15 310.15 310.15 310.15 310.15 - -

Table 3.2: Default parameter values for concentration model

Material coefficients Symbol Unit Breast Tumor NP seeds
and variables fat gland viable necrotic
Density [4] ) g/cm? 0.93 1.07 1.07 1.07 -

Diffusion coefficient [6, 73] D cm/s 1.63E-5 1.63E-5 2.20E-8 2.20E-8 -
Initial concentration [3, 5, 58] [of] #NP/cm? - - - - 7.97E+9




Results and Discussion

This chapter describes the results gained during the project. First the initial results from the temperature and concentra-
tion models are given in Section 4.1. The temperature, concentration and dose models are used to study the behaviour of
the nanoparticles in the human body, using properties from literature. This includes the temperature and dose distribu-
tion results in the XZ and YZ planes. Secondly, a sensitivity analysis is done to evaluate the impact of the input variables
to the outcome of the model for the XZ plane, included in Section 4.2. This is done for the physical properties and vari-
ables first. Subsequently, variables that are adjustable during treatment planning are analysed by finding the sensitivity
of the treatment outcome to these variables. Lastly, treatment optimization is discussed. since the models can be used
for optimization of the adjustable variables for treatment planning too. The sensitivity analysis is done for the XZ plane
of the 2D geometry in Figure 3.4c and the optimisation for the YZ plane as well.
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Figure 4.1: Temperature results of default settings. Temperature distribution profiles after 20 minutes (a) in XZ direction and (b) YZ direction. (c)
Temperature intersection profile through the centre of the tumor, for the XZ (blue) and YZ (orange) planes. The vertical lines indicate the outer shell of
the GTV and PTV. The dotted horizontal lines indicate the limits to fulfill the treatment requirements. (d) Maximum, minimum and average temperatures
in the GTV over time for both XZ and YZ planes.
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4.1. Reference Results using Default Parameters

The temperature and dose distribution are simulated using the default properties and variables given in Tables 3.1 and 3.2
and using the default seed locations given Figure 3.6. These results are considered the reference case, for the sensitivity
analysis in Section 4.2.

4.1.1. Default Temperature Distribution
The temperature distribution results after 20 minutes of heating the nanoparticles are gained using the temperature
model. For the thermal ablation to be successful, the temperature distribution must meet the following requirements:

1. The minimum temperature within the GTV must reach a temperature of 48°C,
2. The maximum temperature within the area surrounding the PTV must not reach temperatures higher than 45°C.

The default temperature profiles for the XZ and YZ planes are generated and visible in Figures 4.1a and 4.1b. The in-
tersection graph of both the XZ and YZ planes is visible in Figure 4.1c and Table 4.1 gives the maximum, minimum and
average values in three areas of interest. It is shown in the Figures 4.1a and 4.1b that the heat spreads homogeneously
from the seeds, which can be explained seeing that the tumor tissue specific heat properties are assumed constant within
the GTV and PTV. This is physically not the case, having influence on the homogeneity of the heat spread. In reality, the
distribution would be influenced for example by part of the tumor being more dense or having a different blood per-
fusion. This can lead to a more heterogeneous distribution. However, the heat properties are different between tumor
tissue and healthy tissue, explaining the discontinuities in temperature gradient at 1.5 cm and 6.5 cm in Figure 4.1c, both
representing the interface between the PTV and the healthy tissue.

Furthermore, the temperature of the centre seed is higher than that of the surrounding seeds, visible in Figure 4.1c. This
is because the centre seed cannot loose its heat properly to its surroundings, since it is surrounded by other seeds The
centre seed has a smaller temperature difference between its peak and the temperature sinks at 3.5 cm and 4.5 cm, than
e.g. the left seed with the tissue at 2.5 cm. Figure 4.1d shows the maximum, minimum and average temperature in the
GTV over time, for both XZ and YZ planes. The maximum temperatures over time represent the centre seeds. After switch-
ing off the AMF at 20 minutes, the temperature in the centre decreases fast at first to its surroundings. However, within
one minute the temperature difference between the centre seed and the outer seeds is decreased, resulting in a smaller
temperature difference at the centre with its surroundings and thus smaller temperature gradient driving heat conduc-
tion. From this time on, the temperature decreases slowly in the centre following the course of the parabolic temperature
peak. This behaviour is visible in Figure B.1 in appendix B. This partly explains the anomaly in temperature gradient in
Figure 4.1d between 20 min and 21 min. Another reason for this discontinuity is the time step. Because the temperature
gradient decreases strongly within one minute and the time step is 6 seconds, the graph does not show a continuous line.

The requirements are tested using the calculated maximum, average and minimum temperature in the different areas,
being the GTV core, the PTV surrounding it and in the area of 1 cm surrounding the PTV. The second requirement of
the thermal treatment is not met when interpreting these results, even though the first requirement is. The XZ plane
shows a minimum temperature in the GTV after 20 minutes of 51.2°C, which is higher than the required 48°C, meaning
the temperature in the whole GTV is higher than 48°C in the XZ plane. This is also the case for the YZ plane. However, the
maximum temperatures in the area of 1 cm surrounding the PTV show maximum temperatures of 46.9°C and 58.5°C in
the XZ and YZ planes, respectively. These are higher than 43°C, meaning that the second requirement is not met.

4.1.2. Default Cumulative Delivered Dose Distribution

The dose distribution results after 84 days are gained using the concentration and dose calculation models. The required
cumulative dose used to determine the minimum concentration of nanoparticles through the tumor is 60 Gy. The re-
quirements for a successful treatment are the following, as it is essential that all cancerous cells are destroyed by the
radiation:

1. The minimum cumulative dose within the PTV must reach a minimum of 60 Gy;
2. The maximum cumulative dose outside the PTV must not reach a dose higher than 60 Gy.

The reference dose distribution is calculated using the concentration distribution results for which the default properties
stated in Table C.1 were used. The cumulative dose results are visualized in Figure 4.2. Figures 4.2a and 4.2b include con-
tour lines of the 1 Gy, 15 Gy and 30 Gy dose received after 84 days, corresponding to 1.7%, 25% and 50% of the minimally
required cumulative dose, respectively. As explained in Section 3.2.3, the concentration distribution is only calculated for
the first half-life of Pd-103, being 17 days. This, however, includes only 50% of the radiation of the palladium-103 while
the other 50% still will be emitted. Therefore, a rough estimate of the remaining dose is calculated, up to 85 days. This
number represents the five half-lives, decreasing the activity to 3.1% of its initial value. For this calculation the concen-
tration distribution at day 17 is used, neglecting the continuing diffusion of the nanoparticles. This estimate does provide
a more accurate value for the total delivered dose, even though the dose distribution would in reality be spread wider.
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Figure 4.2: Cumulative dose results of default settings. Dose distribution profiles after 85 days (a) in XZ direction and (b) YZ direction. (c) Cumulative
dose intersection profile through the centre of the tumor, for the XZ (blue) and YZ (orange) planes. The vertical lines indicate the outer shell of the
GTV and PTV. The dotted horizontal line indicates the minimum required dose inside the PTV and the maximum dose outside the PTV. (d) Maximum,
minimum and average dose in the GTV over time for both XZ and YZ planes. The maximum dose represents the centre seed, the minimum the edge of
the GTV furthest away from a seed and the average is taken over the whole GTV.

The highest dose is delivered inside the seeds, reaching maximum doses up to 62.3 Gy in the YZ plane. This high dose
compared to the dose delivered further away from the seed is mainly caused by the electrons that only have a range of a
few micrometers [3]. For the XZ plane, the dose is spherically distributed around the seeds, resulting in a circular dose
distribution per seed. In the YZ plane the cross-section of the cylindrical seeds is simulated, making the distribution in
the tissue surrounding the seed slightly less spherical. Even though the dose delivered is not affected by neighboring
nanoparticles, the concentration spread is influenced by nanoparticles surrounding it. Similar to the temperature distri-
bution, the concentration gradient depends on the magnitude of the difference between two locations. This is the reason
for the non-homogeneous dose distribution between seeds. Also, because the delivered dose at a specific location is a
sum of all energy deposited at thatlocation from its surrounding. The dose is higher at the locations closer to more seeds,
for example between the seeds, as visible in Figure 4.2c. It is therefore suggested that the total cumulative dose distribu-
tion strongly depends on the seed locations.

Similar as in the temperature results, the difference in cumulative dose between the XZ and YZ plane is a result of the
larger seed cross section in the YZ direction. The seeds contain more nanoparticles in the YZ direction than in the XZ
direction, meaning more nanoparticles diffuse out and irradiate tissue in the YZ plane. This effect is observed in the max-
imum, minimum and average cumulative dose over time in Figure 4.2d, where the YZ dose is constantly higher than the XZ.

After 85 days the minimum delivered doses in the PTV area for XZ and YZ planes are 1.37E-5 Gy and 1.38E-5 Gy, re-
spectively. Both values are a lot lower than the minimally required dose of 60 Gy, meaning that the first requirement is
not met after 85 days. The maximum cumulative dose in the area surrounding the PTV after 85 days in the XZ and YZ
planes, respectively, are 3.75E-4 Gy and 5.52E-5 Gy. This does meet the second requirement, though this requirement
is meaningless if the first is not met. It is expected that, after optimization, the goal to create a perfect circular distribu-
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tion around the seeds will not be achieved, especially in the YZ direction, which will lead to the maximum dose in the
area surrounding the PTV being higher than the minimum inside the PTV. Considering this, it is suggested that the first
requirement is identified as more important to satisfy, because total eradication of the cancer is essential to achieve full
recovery and to decrease the chances of recurrence. Lastly, it is proven that by comparing both dose and temperature
distributions, the dose part is limiting to the treatment. This can be concluded, because the temperature distribution is
overshooting, while the dose distribution does not meet minimum dose requirement in the PTV.

Table 4.1: Results of default coefficients and parameters for temperature at t = 20 min and delivered dose at t = 85 days. It gives the
maximum, average and minimum values of the parameters of interest within the GTV, PTV area around the GTV and the area of 1 cm
outside the PTV.

Parameter Unit GTV PTV PTV+1cm

of interest max av min max av min max av min
XZT °C 97.4 67.2 51.2 54.9 48.9 45.3 46.9 41.3 38.8
YZT °C 194.4 114.2 70.5 75.1 63.8 56.2 58.5 46.6 40.6
XZ Dose Gy 3.25E+1 4.17E+0  3.70E-3 6.35E-1 3.03E-2 1.37E-5 3.75E-4 193E-5 8.09E-6
YZ Dose Gy 6.23E+1  1.02E+1  2.50E-3 9.19E-2 5.30E-3 1.38E-5 5.52E-5 4.79E-6  3.00E-7

4.2, Sensitivity Analysis

A sensitivity analysis is used to study uncertainties in model outputs as a result of uncertainties in model inputs. The
aim of the sensitivity analysis is to investigate the influence of a parameter value of the models on the results. These
parameters can be divided into physical properties and variables that cannot be adjusted and properties that can be ad-
justed to optimize the treatment. The sensitivity of the first category parameters is analysed by comparing the results
to the minima and maxima of the properties found in literature or by switching on or off parts of the model. This way it
is known what elements of the model or treatment have negligible impact and which properties need to be well known
before starting the treatment. This is done for the temperature and concentration model separately. The second cate-
gory parameters consists of the five adjustable variables that can be altered during treatment planning. Their effect on
the results of both temperature and dose distribution are tested.

The sensitivity of the model to a certain variable is quantified using the sensitivity index (SI). The sensitivity index is
calculated using the on-at-a-time method, where the results are a result of the change of a single parameter. The larger
the sensitivity index, the larger the impact of change of the input variable on the results. It gives the percentage of change
in the outcome variable as a result of the percentage of change in input variable:
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4.2.1. Sensitivity of Temperature to Model Parameters

As explained in Section 3.2.2, the temperature model is based on Pennes’ bioheat equation (Equation 2.7). In this section
the significance and effect of each term is evaluated. The first term in the equation is the time dependent term. Since the
temperature changes over time, the system is time dependent and this term is required.

The default tissue types used in the model are homogeneous glandular breast tissue for the healthy tissue and fully viable
tumor tissue. However, the tissues of interest differ per patient case. The breast tissue type depends on the original tis-
sue where the cancer started growing. Breast cancer can start in the fatty tissue or glandular tissue, of which the last can
be divided into lobular and ductal. Tumor tissue is split into viable and necrotic tissue, the main difference being blood
perfusion rates. Additionally, the values found in literature (shown in Tables 3.1 and 3.2) vary, e.g. due to measurement
inaccuracies and properties being patient specific. For breast tissue properties, the influence on the results of a variable
is evaluated using the minimum and maximum values found in literature for all of the breast tissue types. This way the
influence of the breast tissue type is tested. The influence of tumor tissue type is evaluated separately in the section of
blood perfusion rate.

The impact of the variables are evaluated on the basis of influence on the temperature values and on the distribution
of temperature. The first is investigated by calculating the maximum, average and minimum temperature in different
areas of the geometry at 20 minutes and in the GTV over time. The first is used for calculating the sensitivity index. For
the second criterion the distribution profile in 2D and the intersection through the centre of the tumor are used. The
sensitivity analysis is executed only for the XZ plane.

Blood perfusion rate: Necrotic core
As explained in Section 2.5.1, the blood perfusion rate depends on tissue type, temperature and time. First, the tissue
type dependence is evaluated. For different necrotic core sizes the temperature dependence is investigated, the diame-
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Figure 4.3: Temperature profiles in XZ plane after 20 minutes of all tested necrotic core diameters (0 cm, 1 cm, 2 cm, 3 cm and 4 cm). The colormap
axis is the same for all diameters, its maximum being equal to the maximum temperature reached for a necrotic core of 4 cm diameter (119°C). The
profiles show that the profiles differ and also the temperatures reached are higher, due to a lack of blood perfusion.

ters being 0 cm, 1 cm, 2 cm, 3 cm, 4 cm. The blood perfusion rate is held constant over time. The results are shown in
Figure 4.4. It is clearly visible that the temperature in the GTV increases with a larger necrotic core for the maximum,
minimum and average temperatures. Also, the amount of temperature difference changes with different necrotic core
sizes. A larger necrotic core means less heat removed in the entire GTV, while an equal amount of heat is added. The
result is an increase in minimum temperature at the edge of the GTV. Even though the diameter of the necrotic core

increases linearly between the tested cases, the area without blood perfusion increases with a 1. This explains the
larger increase in minimum temperature for larger necrotic diameters. Oppositely, Figure 4.4c shows a smaller increase
in maximum temperature for larger diameter. The results suggest that the effect on the maximum temperature is smaller
between necrotic cores of 3 and 4 cm, than on the maximum temperature between 2 and 3 cm. If close to the centre of
a seed, heat is removed by blood perfusion, the temperature difference is larger than when the tissue surrounding the
seed is necrotic. A larger temperature difference increases the amount of heat diffusing away from the seed, resulting in
a lower maximum temperature. If the necrotic diameter increases, the influence of the blood perfusion on the maximum
temperature decreases. This explains the smaller difference in maximum temperature for larger necrotic core diame-
ters. The temperature over time graphs are supported by the temperature values given in Table 4.2 at 20 minutes. These
results are sensible, because with a larger necrotic core there is less blood flow in the tumor; resulting in less heat being
removed from the system. Figure 4.5a supports that the temperature increases with a larger necrotic core.

The second criterion that is investigated is the influence of necrotic tumor tissue on the distribution of the heat. The
results in Figures 4.5a and 4.3 show that for different necrotic core diameters the temperature distribution is spread
differently through the tissue. The distribution profiles are clearly show that for larger diameters the heat is contained
inside the necrotic core, resulting in higher temperatures compared to smaller diameters. As a result of less removal of
heat, the temperature in the viable tumor tissue surrounding the necrotic core is also higher for larger diameter. This is
validated by the intersection profiles (Figure 4.52).
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Figure 4.4: Temperature over time for different necrotic core diameters, being 0 cm, 1 cm, 2 cm, 3 cm and 4 cm. A larger necrotic core means a larger
part of the tumor without blood perfusion and thus leads to a higher temperature and wider spread.
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Figure 4.5: The vertical lines indicate the outer shell of the GTV and PTV. (a) Overview of the intersection through the centre of the tumor for different
necrotic core diameters (0 cm, 1 cm, 2 cm, 3 cm and 4 cm) after 20 minutes. It shows that higher temperatures are reached in the necrotic areas,
where no heat is removed. (b) Overview of the intersection through the centre of the tumor for different blood perfusion relations. The linear relation

(Equation 2.4; blue) and scaling function (Equation 2.5; yellow) give the same results. The default blood perfusion relation is constant (Equation 2.3;
red)

Blood perfusion rate: Temperature and time dependence

The blood perfusion rate is dependent on temperature too, because the vascular system gets damaged when heated above
a certain temperature [2, 64]. The result is a lack of blood perfusion and no more heat will be removed from the system
in that area by blood perfusion. Three different equations are tested to describe the effect of different blood perfusion
relations depending on temperature. The first is the constant blood perfusion rate assumed in Pennes bioheat equation,
Equation 2.3. The second equation includes the decrease in blood perfusion above a critical temperature T, = 45°C to
zero at 48°C, described in Equation 2.4. The third Equation is proposed by Stauffer e/ @/, who suggest that the blood per-
fusion rate is first increased for a small increase in temperature before the vascular system is damaged, after which the

blood perfusion rate decreases to zero [2, 64]. These blood perfusion rates also depend on time, because the temperature
is time dependent.

Figure 4.5b shows the temperature intersection through the centre of the tumor. The linear equation and the scaling
function F(T) equation proposed by Stauffer ez @/ give almost the same temperature results after 20 minutes. This sim-
ilar behaviour is confirmed by the temperature results in Table 4.2. This suggests that the blood perfusion increase for
temperatures below 45°C has insignificant impact on the temperature during the first 20 minutes of the simulation. This
can be explained by the fact that the average temperature in the GTV is increased to 48°C in approximately 3 minutes,
Figure 4.6b. From this time on the temperature results deviate from the constant case, also in the minimum and maxi-
mum temperature graphs, Figures 4.6a and 4.6¢ respectively. This is noteworthy seeing that at t = 3 min the minimum
temperature has not reached 48°C yet.
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Figure 4.6: Temperature over time for different blood perfusion relations: constant (blue), linear (red) and scaling function F(T) (yellow). The tem-
perature increases more strongly for the linear and F(T) functions, because after reaching 48°C there is no more blood perfusion. Also, after the AMF
is switched off at t = 20 min, the temperature decreases more slowly, because no heat is removed in the areas that have been heated above 48°C.
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The temperature behaviour after the AMF is switched off is interesting as well. Figure 4.6a shows that the minimum tem-
perature of the non-constant functions keeps increasing for a longer period than for the constant blood perfusion. This is
explained by the fact that vascular system inside the GTV is destroyed and that the heat can only be removed in the area
far outside the GTV. The minimum temperature in the GTV is increased for a longer time before the total temperature of
the system is decreased. Also, the average and maximum temperatures decrease more slowly for the non-constant cases.
This is sensible, seeing that the heat cannot be removed inside the GTV. To summarize: the effect of the blood perfusion
equations related to the temperature over time is that it results in a higher overall temperature and a higher temperature
distributed through the tumor. The results show that a different blood perfusion relation has significant impact on the
temperature distribution.

It should be noted that the different blood perfusion equations are also influenced by the SAR value and the tissue type.
If for example the SAR value would be lower, less heat would be added by the nanoparticles, resulting in longer time to
reach the higher temperatures. This will probably influence the effect of the blood perfusion relations and could make
the difference between the linear and scaling function more significant. This is not investigated.

Blood perfusion rate: Minimum and maximum

Lastly, the effect of the blood perfusion rate is tested for a minimum and a maximum value found in literature. In Figure
4.8a the influence of the blood perfusion rate when assumed constant is visible. The overall temperature decreases with
higher blood perfusion rate, because more heat is removed from the system. Also the spread of temperature is different.
For a smaller w,, the heat is removed slowly and has more time to spread further from the seed centres than for large
wy- It is also worth noting that the centre seed generally has a higher temperature because it cannot loose its heat to its
surrounding as easily as the seeds on the outside. For large blood perfusion rates, this is not the case, because the heat
is removed faster from the system by blood perfusion than by conduction. The result is that the temperature difference
between the seeds becomes smaller.

Figure 4.7a indicates that not only the maximum temperature of a system with a high w), is lower, it also reaches steady
state. The system finds a balance between the addition of heat by the nanoparticles and the removal of the same amount
of heat by blood perfusion. Furthermore, the temperature decreases faster after the AMF is switched off for a larger blood
perfusion rate than for a smaller blood perfusion rate. The anomaly in temperature decrease found for smaller blood per-
fusion rates caused by the inability of the centre seed to loose its heat to its surroundings is not present for larger blood
perfusion rates. This can be explained by the same concept that the heat from the centre seed is removed primarily by
blood perfusion rather than heat conduction.

Table 4.2 shows that the effect of the temperature in the GTV is stronger when the w,, is increased than when decreased.
This non-linear effect is investigated and it seems that the temperature decreases exponentially with increasing blood
perfusion rate (Figure 4.7b). All results regarding the blood perfusion rate value show that the impact of the blood per-
fusion rate to the temperature results is significant, seeing that the temperatures decrease exponentially and heat is less
far distributed with increase blood perfusion rate.
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Figure 4.7: (a) Temperature over time for different blood perfusion rates: minimum (red), default (blue) and maximum (yellow). For a smaller blood
perfusion rate, higher temperatures are reached. Also, the temperature is removed slower from the system with smaller blood perfusion. (b) The
investigated relation between temperature and blood perfusion rate suggests an exponential relation, where the maximum temperature decreases
with increasing blood perfusion rate. The blood perfusion rate is assumed constant over temperature and time.
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Figure 4.8: (a) Intersection through the centre of the tumor for different blood perfusion rates after 20 minutes of heating, showing wider temperature
distribution for smaller blood perfusion rate. (b) Intersection through the centre of the tumor of different heat conduction rates. A smaller heat
conduction coefficient means slower spread of heat. It results in higher local temperatures and a smaller distribution.

Heat conduction

The rate of conduction is a material specific constant and has influence on the temperature distribution. For a higher
conduction rate, heat spreads faster through a material. This leads to the the hypothesis that for higher heat conduction
coefficient the temperature profile has lower temperature peaks and is spread more homogeneously through the tumor.
In Table 4.2 the results of changing the conduction rate to a minimum and maximum found in literature are shown. It is
clearly visible that even though the heat conduction rate increase is smaller compared to the minimum tested value, the
temperature increase is significantly larger. This is validated by the sensitivity index for the heat conduction coefficient
in Table 4.3. Slower spread of heat increases the maximum temperature significantly, while returning a lower temper-
ature in the PTV and outside it. Figure 4.8b shows the temperature of the intersection through the centre of the tumor.
It is visible that for a small k the maximum temperature is higher, while further away from the seeds the temperature is
lower, compared to the larger values of k. The maximum temperature in the GTV (Figure 4.9¢) is higher for k,;,;,,, while
the minimum temperature is lowest (Figure 4.9a), compared to the other values. All three Figures confirm the tempera-
ture results of the different areas of interest, found in Table 4.2.

Despite the influence of the heat conduction rate on the temperature, Figure 4.8b also shows that there is no significant
difference in temperature profile through the GTV area. The maximum temperature does not determine the performance
of the treatment, since it is the minimum temperature inside the GTV that determines whether the treatment worked.
Considering this, the influence of the heat conduction rate on the first treatment goal could be assumed insignificant,
within the range found in literature. However, the second requirement that formulates a maximum acceptable temper-
ature outside the PTV is influenced strongly by the heat conduction, meaning that the results are far from accurate if
the input heat conduction coefficient proves to differ strongly from its theoretical value. Therefore, information on the
magnitude of the heat conduction coefficient is necessary to perform relevant temperature distribution simulations.
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Figure 4.9: Temperature over time for different heat conduction coefficients. A larger heat conduction coefficient leads to lower maximum temperatures
and faster removal and results in a wider spread of heat, and thus a higher minimum temperature in the GTV.
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Magnetic nanoparticle heat source

The nanoparticle heat source Qyp depends linearly on the Specific Absorbtion Rate (SAR) value of the nanoparticles, the
concentration (mass%) of nanoparticles in the seed and the density of the tissue material, see Equation 2.6. The effect of
the Qup on the temperature and distribution is tested by using the minimum and maximum SAR;eed (= SARyp-%mass).
The results are visible in Figure 4.10. In literature it is found that the SAR value is linearly related to temperature [74],
which is confirmed with the sensitivity values of this model in Table 4.3. The difference in temperature is also visible
in Figure 4.10c. Also, the peaks of the centre seeds are higher for high Qyp. This is sensible, because even though the
absolute temperature difference is bigger, the relative temperature difference between the centre and outer seeds is the
same for the different Qyp values.

The temperature spread distance is not affected by the change in Qyp, which means that the Qyp does not influence the
temperature distribution. In Table 4.3 it is shown that the sensitivity of the treatment results to the Qpp is very strong.
It is verified that knowledge on the Qyp is required for the treatment.
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Figure 4.10: Different Qyp values: minimum (blue), default (red) and maximum (yellow). A higher Qyp leads to higher temperatures, with no change
in profile.

The results of the sensitivity analysis are assembled in Table 4.2. It shows for each parameter of the model and system the
direction of the change and whether the change is significant. The model is sensitive to the tumor tissue consistency, the
blood perfusion rate and the nanoparticle heat source. These parameters influence the results strongly and their effect
must be considered when interpreting the results using the model.

Table 4.2: Temperature results of sensitivity analysis of parameters evaluated using minimum, default and maximum values. For each
parameter the maxmimum, minimum and average concentrations are found for the GTV, PTV area around the GTV and the area of 1 cm
outside the PTV. [2, 4]

Variable Unit Value GTV PTV PTV+1cm
Tmax Taw Timin Tmax Tav Tnin Timax Taw Timin
Necrotic core
dy=0cm cm 0 97.4 67.2 51.2 54.9 489 453 46.9 41.3 38.8
dy=1cm cm 1 105.5 68.9 51.7 55.5 49.2 456 47.1 414 3838
dy=2cm cm 2 112.3 72.2 52.7 56.3 498 46.0 47.5 41.6 38.8
dy =3 cm cm 3 117.8 78.4 55.5 59.1 51.8 475 49.0 42.2 39.1
dy=4cm cm 4 119.6 81.3 58.7 62.8 543 49.2 50.9 43.0 393
Blood perfusion
constant W/cm3-K - 97.4 67.2 51.2 54.9 489 453 46.9 41.3 38.8
linear W/cm3-K - 120.5 83.4 61.9 66.2 57.9 52.6 54.6 455  40.7
scaling function W/cm3-K - 120.5 83.4 61.9 66.2 579 526 54.6 455 407
wp min W/cm3-K  3.56E-3 106.4 73.5 55.5 59.4 52.5 484 50.2 43.3 39.8
wp max W/cm3-K  2.16E-2 65.7 46.3 39.3 41.5 39.0 381 38.8 378 373
Conduction rate
kegr normal W/cm-K 5.11E-3 97.4 67.2 51.2 54.9 489 453 46.9 41.3 38.8
Kegr min W/cm-K 2.80E-3 118.3 71.6 49.1 55.0 46.6 423 443 39.6 378
Keff max W/cm-K 5.94E-3 92.8 65.7 51.0 54.2 48.5 452 46.4 41.8 394
Heat source NP
SAR seed normal W/g 10 97.4 67.2 51.2 54.9 489 453 46.9 41.3 38.8
SAR seed min W/g 1.25 43.0 40.5 38.7 39.1 384 38.0 38.2 37.5 37.2
SAR seed max W/g 20 1579 97.51 65.5 72.9 60.7 53.6 56.7 45.7  40.5
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Table 4.3: Sensitivity index of every parameter in the temperature model. It shows the relation be-
tween the tested parameter and the effect on the minimum temperature in the GTV (left) and the
maximum temperature in the area surrounding the PTV (right). These temperatures are the values
of interest to check whether the temperature requirements are met. The parameters are ranked from
large impact to small impact.

SI SI

Parameter GTV Parameter PTV +1cm

Tmin Tmax
Qnp min 0.28 Ketr max -0.34
Qnp max 0.28 Qnp min 0.21
Kegf max -0.26 Qnp max 0.21
wp min 0.18 wp min 0.15
dy 4 cm 0.15 dy 4 cm 0.085
dy 3cm 0.11 dy 3cm 0.059
dy 2cm  0.059 wp max -0.034
wp max  -0.046 dy 2cm 0.027
dy lcm  0.040 dy 1cm 0.022
Kegr max  0.010 Kegr min 0.022

4.2.2. Sensitivity of Concentration and Dose Results to Model Parameters

As explained in Section 3.2.3, the concentration model is based on Equation 3.7, including solely the time dependent
concentration term and the diffusion term. Since the dose calculations are based on the concentration results, these pa-
rameters can be of influence on the dose distribution. In this section the significance and sensitivity of the dose results
to the diffusion coefficient D and the initial concentration c; are evaluated.

The default breast tissue type used in the model is homogeneous glandular breast tissue, similar to the temperature
model. The tumor tissue is assumed fully necrotic, as a result of the thermal ablation. When the tumor would be assumed
fully viable, the convection terms could not be neglected, changing the PDE that described the system. This is expected to
effect the concentration profile strongly, because then there would be another process having influence on the transport
of the nanoparticles. The values for D and c; used as default values (shown in Table 3.2) might vary due to assumptions
made or due to the variety of values reported in literature. These differences can exist due to measurement inaccuracies,
not perfectly comparable set-ups or properties being patient specific. The sensitivity of the model to these value ranges
of the different properties is tested. The effects are evaluated on their dose distribution and influence on reaching the
identified treatment goals. This is investigated by calculating the maximum, average and minimum delivered cumulative
dose in different areas of the geometry, over time. The areas are defined as follows: the GTV core, the PTV surrounding
it and in the area of 1 cm surrounding the PTV. Also the distribution profile in 2D, the intersection through the centre of
the tumor and the dose over time are generated for the XZ plane. The relevant results are presented in this section.
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Figure 4.11: Intersection through the centre of the tumor after 17 days for
different initial nanoparticle concentrations in the seeds. It shows a higher
overall dose for higher initial concentration with no change in distribution.
The tested initial concentrations were increased with a factor 102. This
exact difference is visible in the intersection graph.

Initial concentration

The initial concentration of nanoparticles in the seeds is determined by the total amount of nanoparticles in the seeds.
The maximum concentration is limited by the synthesis of the seeds, which can for example differ due to uncertainties
during synthesis. The initial concentration cannot exactly be determined afterwards. It has been found that for a different
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initial concentration the relative nanoparticle distribution remains the same and only the total concentration changes. By
using these concentration results to calculate the dose distribution, the same trend was found in the results of the dose
model for different initial nanoparticle concentrations. The tested initial concentrations were increased and decreased
with a factor 102. This exact difference is found in the delivered dose results in Table 4.4. The figures representing the
maximum, average and minimum delivered dose after 17 days in the GTV in Figure 4.13, prove that over time the dose
distribution is the same for the three different cases. Only the colorbar values and the iso-dose lines change with differ-
ent initial condition. It can therefore be said that the distribution of the dose is not influenced by a difference in initial
concentration, while the total dose delivered is. The dose in the centre of the seeds is highest, because the highest con-
centration of nanoparticles is found at those locations. The emitted electrons do not travel far through tissue, resulting
in high local dose at the centre of the seeds. The iso-dose lines and the results in Table 4.4 show that the dose level in the
PTV is negligible for the default and minimum initial concentrations within 17 days.

Additionally, the intersection graph, Figure 4.11, and the dose over time graphs in Figure 4.13, give three identical repre-
sentations of the dose. The only difference is a linear increase in value. The sensitivity values shown in Table 4.5 confirm
that the change in dose distribution linearly depends on the change in initial concentration. These results show that the
dose distribution is fairly sensitive to the initial concentration, as it ranks among the highest sensitivity indices.
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Figure 4.12: Dose distribution profiles in XZ plane after 17 days for different initial nanoparticle concentrations. The profiles show that the dose
increases with increasing concentration, while the relative dose distribution remains the same.
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Figure 4.13: Concentration of nanoparticles over time for different initial concentration in the seeds: minimum (blue), default (red) and maximum
(yellow). A higher initial condition leads to a higher concentration and thus a higher dose. The relation is linear and does not influence the dose
distribution.

Diffusion coefficient

The diffusion coefficient represents the rate at which a material is spreads through a volume. For this study, it is ex-
pected that a larger diffusion coefficient means faster transport of the nanoparticles through the tumor, resulting in a
more homogeneous spread of nanoparticles. This expected result is confirmed by intersection Figure 4.14a and the 2D
distribution profiles of different D (Figure 4.15). The distribution profile strongly differs for changing diffusion coeffi-
cients. A larger D results in a wider distributed concentration profile, which means that the radiation is emitted from
wider spread locations and thus the dose is more homogeneously spread. However, since the amount of dose delivered
remains the same, the maximum dose at the seed locations decreases, visible in Figure 4.14. Figures 4.14b and 4.14c
show that the minimum dose of the D, .4 is highest compared to the other tested diffusion coefficients, while the maxi-
mum concentration is lowest.

Furthermore, in Figure 4.14b it is shown that for the zero, minimum and default D values, the minimum dose over time
in the PTV area looks similar, while in the maximum dose over time graph different dose values over time are found. This
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unexpected result can be explained when looking closely to Figure 4.14b and to the minimum dose results in Table 4.4.
The minimum cumulative doses do differ, but only slightly due to the low absolute dose. Table 4.5 gives the sensitivity
of the model to the diffusion coefficient. The results show that the model is more sensitive to an increase in diffusion
coefficient than a decrease. Because the default diffusion coefficient is significantly small already, an even smaller D will
not influence the spread within the 17 day time scale.

The diffusion coefficient of the nanoparticles described in this study through tumor and breast tissue is not yet verified. In
previous research a diffusion rate of the order of magnitude 10~® was measured [5], however, for other experiments, the
nanoparticles showed zero diffusive behaviour. Seeing that the diffusion coefficient is not yet known, the effect of non-
diffusive nanoparticles on the dose distribution is studied as well. The results show that without diffusion of nanoparti-
cles the dose spread is only slightly through the tissue. These results were expected and show that the dose requirements
will not easily be met if the nanoparticles do not diffuse through tissue.
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Figure 4.14: Effect of different diffusion coefficients: minimum (blue), default (red), maximum (yellow) and D is zero (green). (a) Intersection through
the centre of the tumor after 17 days for different diffusion coefficients with logarithmic axis representing the cumulative dose; (b) Maximum dose over
time; (c) Maximum dose over time. Higher diffusion coefficient leads to faster spread of nanoparticles through tissue, resulting in lower overall dose,
but wider distribution.
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Figure 4.15: Dose distribution profiles in XZ plane after 17 days for different diffusion coefficients. The profiles show that the distributions differ
strongly, especially for large D.

Table 4.4: Concentration results of sensitivity analysis of parameters evaluated using minimum, default and maximum values. For each parameter the
maxmimum, minimum and average cumulative dose is found for the GTV, PTV area around the GTV and the area of 1 cm outside the PTV. [5, 6]

Variable Unit Value GTV PTV PTV +1cm

Dosepmax  Dosegy,  Dosepin Dosepqx  Doseg,  Dosepin  Dosepax Dosegy, Dosenin
Diffusion rate
Degs normal cm/s 2.20E-8 2.54E+1  3.67E-4  2.16E+0 1.36E-1 2.73E-6  5.14E-3 9.10E-5 7.13E-8 1.03E-5
Degs min cm/s 6.4E-9 5.00E+1  2.48E-5 2.16E+0 1.40E-3 2.14E-6  5.39E-5 1.28E-5 6.42E-8 1.19E-6
Dgr max cm/s 1.5E-5 9.40E-1 4.69E-1  5.51E-1 4.81E-1 4.29E-1  4.50E-1 4.32E-1 3.80E-1 4.04E-1
D Zero cm/s 0 9.24E+1  2.04E-5 2.07E+0 4.13E-4 1.90E-6  3.24E-5 1.07E-5 5.93E-8 1.04E-6
Concentration of NPs
[of] #NP/cm? 7.97E+9 2.54E+1  3.67E-4  2.16E+0 1.36E-1 2.73E-6  5.14E-3 9.10E-5 7.13E-8 1.03E-5
¢; min #NP/cm? 7.97E+7 2.54E-1 3.67E-6  2.16E-2 1.40E-3 2.73E-8  5.14E-5 9.12E-7 7.13E-10  3.25E-8

C; max #NP/cm?  7.97E+11 2.54E+3 3.67E-2  2.16E+2 1.36E+1 2.73E-4 5.14E-1 9.10E-3 7.13E-6 3.25E-3
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Table 4.5: Sensitivity index of every parameter in the concentration model to the cumulative delivered
dose distribution. It shows the relation between the tested parameter and the effect on the minimum
dose in the PTV and the maximum dose in the area surrounding the PTV. These delivered doses are
the values of interest to check whether the delivered cumulative dose requirements are met. The
parameters are ranked from large impact to small impact for both results of interest separately.

Parameter St Parameter S
Dose,,in Dose ax
PTV PTV+1cm
D max 230.3 D max 7.0
[} max 1.0 D min 1.2
Ci min 1.0 [of} max 1.0
D min 0.3 [ min 1.0
D 0 0.3 D 0 0.9

4.2.3. Sensitivity of Temperature and Dose to Optimization Variables

Most parameters in the models are physical properties or patient specific variables that cannot be influenced, but there
are five adjustable variables that can be optimized during treatment planning. The first two are the seed concentration
¢; and the seed location. These two have influence on the temperature and delivered dose. For the thermal part of the
treatment, also the strength of the magnetic field H and the time t it is switched on can be changed. For the dose opti-
mization, the activity of the nanoparticles A is the only adjustable variable. All other parameters within the model are
physical properties or computational variables. The sensitivity of the models, and thus the treatment, to those adjustable
variables is investigated by varying the default values 10% in positive and negative direction. The sensitivity indices
resulting from this is given in Table 4.6. It distinguishes for each adjustable variable the effect on the temperature and
dose, except for the seed location. The effect of this variable is explained in Section 4.3. The activity does not affect the
temperature results, so the temperature is not sensitive to that adjustable variable. Similarly, the magnetic field strength
and time do not affect the dose distribution, meaning the dose is not sensitive to these adjustable variables.

Temperature Optimization

First, the effect of the adjustable variables on the temperature are investigated, starting with the concentration of the
nanoparticles in the seeds. The concentration of nanoparticles is related to the heat generated by the seeds, because
Qseeq depends on the SAR of the nanoparticles and on the concentration of nanoparticles in the seed. The results will
therefore have an equal sensitivity to the concentration of the nanoparticles as they have to the Qyp. The sensitivity of
Qnp has been investigated already in Section 4.2.1 and has been confirmed by the sensitivity of the temperature to the
nanoparticle concentration. For a lower concentration, the overall temperature decreases linearly.

The second variable is the alternating magnetic field strength, H. This variable is related to the Qyp too. The SARyp in-
creases with increasing magnetic field strength, according to the proportionality relation SAR « H? [75, 76]. The SARyp
value has proven to increase the temperature linearly (see Section 4.2.1), making the AMF strength a variable that can
increase or decrease the temperature, without changing the distance the heat travels. The temperature results are more
sensitive to a 10% change in magnetic field strength due to the quadratic relation, showing that the temperature is most
sensitive to the magnetic field strength.

The third adjustable variable is the time t the AMF is switched on. Results are shown in Figures 4.16a, 4.16b and 4.16c.
Over time, the heat spreads through the material, causing the temperature distribution to be spread more widely through
the material if the AMF is switched on longer. Also, more time leads to more heat added to the system by the nanoparticles,
resulting in higher temperatures. The sensitivity indices of the adjustable variables on the temperature distribution are
shown in Table 4.6. The temperatures used to calculate these are the temperatures at the time the AMF is switched off,
so at 18 min, 20 min and 22 min.

Minimum temperature in GTV over time Average temperature in GTV over time Maximum temperature in GTV over time
54 for different AMF times 70 for different AMF times 100 for different AMF times
=—t=18 min —t=18 min =t =18 min
52 - =t =20 min =1t =20 min =t =20 min
=22 min 65 t=22 min 20 t=22 min
_50 P ~
) 060 O 8o
2_48- 3 L3
[ [ [l
S 55 ElRC
g 44 - g g
o a 50 2 60
€ 4 £ £
2 1@ 45 2 50
40-
38 40 40+
36 35| : 30 ‘
10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min) Time (min)
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Figure 4.16: Temperature over time for different AMF times. The temperatures increase when the AMF is switched on for a longer time.
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Dose Optimization

To reach the treatment goals of the radiation part, the seed locations, the nanoparticle concentration and the nanopar-
ticle activity are the only adjustable variables. The sensitivity of the dose distribution to the initial concentration of the
nanoparticles in the seeds has already been investigated in section 4.2.2. The overall cumulative dose will increase lin-
early, while the distribution profile will remain the same, resulting in the same sensitivity indices for -10% and +10%
concentration.

Secondly, the radioactivity of the nanoparticles is adjustable, even though it is not the preferred variable. This is because
the Pd-103 radionuclides are delivered with a standard activity value. Changing this value would be either costly, if a
customized activity is requested by the supplier, or a waste of radiation, when waiting for the activity to decrease over
time ifalower activity is required. The relation between the activity and the delivered dose is proportional to the influence
ofthe concentration to the delivered dose. This is, because having more nanoparticles to irradiate the tissue is the same as
when the same number of nanoparticles have higher activity. From this relation it follows that the same sensitivity index
is found for the activity as for the initial concentration. Nanoparticles with a lower radioactivity will have a lower dose
rate, while keeping an equal dose distribution. The sensitivity indices of the adjustable variables on the dose distribution
are shown in Table 4.6. It can be concluded that the delivered dose has equal sensitivity to the initial concentration as to
the activity.

Table 4.6: Sensitivity index of adjustable variables for treatment optimiza-
tion. It shows that only two variables influence the dose, with the same sen-
sitivity index, and three variables affect the temperature. The nanoparticle
concentration affects both temperature and dose distribution.

Sensitivity Index
Parameter GTV PTV+ 1cm PTV PTV + 1cm

Tmin Tmax Dosemin Dosemax
Ci min 0.28 0.21 1.0 1.0
Ci max 0.28 0.21 1.0 1.0
A min - - 1.0 1.0
A max - - 1.0 1.0
H min 0.53 0.40 - -
H max 0.59 0.44 - -
t min 0.18 0.16 - -
t max 0.16 0.14 - -

4.3. Treatment Planning Optimization

The purpose of treatment planning is to formulate a patient specific plan to help the patient to a healthier condition. As
indicated in Figure 2.7, it is necessary to have knowledge of the state of the condition of the patient, before treatment
planning is started. It includes everything to do with the diagnosis, such as images of the tumor. Also knowledge of the
most sensitive parameters, identified in Section 4.2, is required. The treatment plan itself consists of a treatment pro-
posal, based on the patient specific conditions and physical properties, to reach the goal of the therapy. It includes the
selected parameter options for the adjustable treatment variables.

Apart from simulating the treatment, the goal is to ultimately use the built models for optimization of the treatment
planning. In this section an approach for treatment optimization of both the XZ and YZ planes is described based on the
results of the reference case in Section 4.1. The hypothetical tumor studied in this project is the spherical fully viable
tumor (dgry = 4 cm, dppy =5 cm) in Figure 3.4c with physical properties defined in Tables 3.1 and 3.2. Currently, the
optimization is done by adjusting a single variable, checking the improvement and deciding the next step.

The optimization parameter that affects the temperature and dose distribution simultaneously is the seed location. This
includes both the number of seeds and the location of those seeds in the tumor. More seeds would increase the overall
temperature and dose, since there will be more nanoparticles to heat up or irradiate the tissue. Figure 3.6c shows the
locations of the seeds in the 3D tumor volume, being 21 seeds in total. As stated in Chapter 2, the average number of
seeds implanted is 100 during a LDR brachytherapy prostate tumor treatment of average size. This number is signifi-
cantly higher than used in the reference case. Also, the location of the seeds has influence on how far the heat has spread
or how deep the decay products will deposit their energy in the tissue. If the seeds are placed further away from the cen-
tre of the tumor, the heat and nanoparticles will spread further outside the GTV, resulting in a higher temperature and
cumulative dose, respectively. Changing the location of the seeds is, however, limited by the brachytemplate distance.
The distance between seeds in the XZ plane can be either 5 mm or 10 mm and in the YZ plane the seeds are separated by
spacers, of 5 mm length. The location in the Y direction, depth into the tumor; is free of limits as the depth of the deepest
seed is variable. Overall, a larger distance between the seeds is preferred if looking at patient comfort, but this must be
possible when looking at the dose requirements. The seed location variable can be used to adjust the temperature and
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dose differences between the XZ and YZ planes. The number of seeds can be changed to increase or decrease the total
result, both temperature and cumulative dose. It is expected that adding seeds will significantly increase the temperature
and delivered dose. To find the sensitivity of these results to the number of steeds, different seed location formations need
to be compared. Also, because all tumors are patient specific, the tumor can differ in shape. Optimizing seed locations
and number of seeds is then a good way to achieve the treatment goals. Furthermore, optimizing the seed location and
number for the specific and unrealistic case in this study is not meaningful, as nothing general can be concluded from
those results.

Despite the tumor specificity, a general optimization approach has been built that can be used as an optimization guide-
line. Based on the reference results, the temperature requirement of a minimum temperature of 48 °C in the GTV area is
reached, but the temperature outside the PTV is too high. This means that the thermal ablation part reached too high tem-
peratures, even though it successfully ablated the GTV. On the other hand, the dose requirements were not met, because
the minimum dose in the PTV was below 60 Gy. Due to the large differences in achieving the treatment goals between
temperature and cumulative dose, it is not recommended to change the seed number or location, as changing those vari-
ables will have impact on both treatment parts. Nevertheless, the seed locations can be changed between the XZ and YZ
plane, to decrease the large difference in distribution between those planes for temperature and cumulative dose.

Because it is strongly preferred to not change the activity of the nanoparticles, the seed location, number and initial con-
centration are the only adjustable variables left to reach the cumulative delivered dose. Because the consequences of
changes in these variables to the temperature distribution can be compensated by the H and t, the dose optimization
should be done first. The preferred variable is the initial nanoparticle concentration, because the dose is more sensitive
to that variable than temperature, as shown in Table 4.6. The results of the reference case suggest that the dose is not
delivered far enough through the tumor, while the area close to the seeds receives high enough dose. Therefore, it might
seem beneficial to place the seeds further away from the centre of the tumor, while lowering the initial concentration of
nanoparticles in the outer seeds. This is, however, not a preferred solution, because it will be challenging to synthesise
seeds with different concentration, so if possible, this option is to be avoided. Additionally, it is expected that there will
be a maximum to the amount of nanoparticles that can be added to the seed as well.

The temperature distribution after increasing the nanoparticle concentration will be undesirably high. Consequently,
the magnetic field strength H and the time ¢ the field is turned on can compensate for this increase. Both variables
are easily adjusted and can still be adjusted during the treatment in contrast to the activity, seed location and initial
concentration. Those variables are fixed immediately after the start of the treatment. By decreasing the H, the dose
optimization effects are compensated best, since the sensitivity index is highest. Additionally, if the time is decreased,
not only the total temperature is decreased, also the distribution is altered. The heat will have had less time to spread
through the tissue, which can be beneficial for achieving the goal of not reaching high temperatures outside the PTV. Table
4.7 gives an overview of the possible solutions to tackle a specific problem in meeting the requirements. It also describes
the consequences of the solution.

Table 4.7: Overview of the possible solutions to tackle a specific optimization problem in an attempt to meet the requirements.
It also describes the consequences of the solution to the results it affects.

Problem Adjustable Variables Result
Difference between XZ and YZ Seed location Better comparable results between XZ and YZ
Seed number
Temperature and dose too high/low  Seed number Change of total temperature, total dose and distribution
Seed location Effect on distribution of temperature and dose
NP concentration Increase/decrease of total temperature and dose
Dose too high/low NP concentration Change in total dose, but also in temperature
Activity (not preferred)  Increase/decrease of total dose
Temperature too high/low NP concentration Effect on total temperature, but also on dose
Magnetic field strength ~ Increase/decrease of total temperature
Time Effect on total temperature and distribution
Temperature too high outside PTV Time Larger temperature decrease outside PTV than inside

4.4, Critical Notes

The complexity of the human body is a source of research inspiration, but also makes research in the medical field a dif-
ficult task. Every human body works differently making it impossible to find a single value for physical properties and
mechanisms. This makes models simulating body processes uncertain. In addition to the physical uncertainties, multiple
assumptions and simplifications have been made, leading to the results being less accurate. However, the models give an
indication of the order of magnitude of the results and the sensitivity of the model and treatment to certain properties
and variables. The variables to which the models are highly sensitive need to be known, to be able to simulate the therapy
accurately. The temperature model is sensitive to all investigated variables, i.e. necrotic core diameter, blood perfusion
relation and rate, heat conduction coefficient and nanoparticle heat. The necrotic core diameter is a physical property
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that is patient specific and must be investigated during the diagnosis stage. These sensitivity results suggest that tumors
with larger necrotic cores are heated up faster to higher temperatures and decrease in temperature more slowly than
tumors with an active vascular structure. However, if a more realistic blood perfusion relation is included in the model,
the sensitivity of the model to the necrotic core diameter would decrease. This is because the vascular system would
be destroyed quickly, resulting in a lack of blood perfusion in the tumor, similar to necrotic tumor tissue. It is also dis-
covered in the optimization part that the seed concentration and seed locations have a large impact on the temperature
distribution. The concentration model is also sensitive to all investigated variables, i.e. initial concentration, diffusion
coefficient and seed location.

Furthermore, the built models are basic 2D models, using a simple geometry. The 2D representation shows intersections
in XZ and YZ directions through the centre of the unrealistically perfect spherical tumor. The 2D results do not show the
temperature and dose distribution in the tumor in the outer layers off centre. It is expected that the results will be higher
for other slices through the tumor, since the edge of the GTV is furthest away from a seed through the centre than through
any other point. This means that the temperature will be higher and spread further outside the GTV than shown in Figure
4.1c. Also, the centre planes do not represent the slices where no seeds are placed. In these slices the temperature and
dose are only increased by nearby seeds. Lastly, the 2D representation does not show the results in every angle. These
limitations of the 2D models make it impossible to do proper treatment planning with the 2D model, which requires a 3D
view of the results. Nevertheless, it does give a good indication on the processes happening during the treatment.

In Section 4.1 it is found that there is a large difference in temperature between the XZ and YZ plane. This is a result of the
larger seed area in the YZ direction. The seeds contain more nanoparticles in the YZ direction than in the XZ direction,
meaning more heat is generated in the YZ plane, resulting in higher temperatures. In 3D, however, the seed would be
able to loose part of its heat in the X direction too, while in this model the heat can only spread in the YZ direction. In a
3D model, the temperature difference between XZ and YZ would decrease, to zero at the centre. Additionally, it must be
noted that the maximum temperatures reached in the YZ plane are unrealistically high. Firstly, the temperatures reached
are above the boiling point of tissue, 100 °C, taken equal to that of water. This phenomenon is not included in the temper-
ature model, making the temperature results in tissue area heated above 100 °C inaccurate. Also, at higher temperatures
than Curie temperature, the magnetic behaviour of the superparamagnetic nanoparticles can get compromised. Although
this temperature is not known yet for the Pd-103 SPIO nanoparticles, values found in literature for pure iron-oxides or
materials containing iron-oxide were above 227°C up to 650°C [77-79]. The temperature results obtained within this
study do not go above 119°C, so it is not expected that the magnetic behaviour will be compromised during the treatment.

The results give an indication of the effect and the sensitivity of the model to the parameters, but the chosen moments
of interest, 20 minutes of heating and after 17 days of diffusion, to evaluate the results are not the last moment of the
treatment. It takes time for the temperature to decrease after switching off the AMF and the radioactivity after 17 days
is only halved, resulting in higher cumulative dose before nanoparticles leave body. Moreover, since the



Conclusion and Further
Recommendations

This research aimed to simulate the temperature, concentration and dose distributions of the newly proposed combined
thermo-brachytherapy for early-stage breast cancer using radio- and thermo-active 1°Pd superparamagnetic iron-oxide
nanoparticle implants. After building these models, the results were evaluated, showing that the dose distribution, thus
the internal radiation part of the combined treatment is limiting compared to the thermal ablation. Subsequently, a
qualitative analysis is done to identify the robustness of the models by performing a sensitivity analysis on all model
parameters and optimization variables. For the temperature model, changes in the nanoparticle heat source value, an
increased heat conduction coefficient and a decreased blood perfusion rate have the largest impact on the simulation out-
comes. The concentration and dose model is sensitive to both the initial concentration and the diffusion coefficient, the
latter having more impact on the results when decreased. Itis concluded that these parameters are most important to in-
crease the quality of the models. To ultimately be able to use the models for treatment optimization, the five optimization
variables were identified after which the sensitivity of the results to these adjustable variables was tested. Both models
are sensitive to the number of seeds and the location in the tumor where they are placed. Quantifying these variables
is difficult, but it is useful to adjust them when the results are not equal in all directions or when both temperature and
dose results need to be corrected in the same way. The dose distribution can be optimized by adjusting the nanoparticle
concentration in the seeds and the activity of the nanoparticles, being equally sensitive to both variables. Temperature
optimization is achieved by changing the nanoparticle concentration too, the strength of the magnetic field or the time
the alternating magnetic field is switched on. The first two have the biggest impact on the temperature outcome.

The models do have limitations that influence the results strongly. Due to large uncertainties in properties and simplifi-
cations of physical processes, the simulation outcomes are less accurate. However, the models do provide information on
the order of magnitude of the results. Further research should be done to determine properties, especially the diffusion
coefficient, and to gain more understanding of the impact of the underlying physical processes to the results, e.g. blood
perfusion. Also, the effect of the treatment to the physical properties and processes should be investigated too, to check
whether the assumptions on properties being constant are accurate over time. Moreover, the simulation generates results
in 2D, using only the cross sections through the centre of a simplified tumor. This does not provide complete information
on the distribution since it does not include the interaction between the seed in different planes. These limitations make
it impossible to do proper treatment planning, which requires a 3D view of the results. Therefore, it is recommended
to convert the models to 3D, to better simulate the proposed treatment and to gain knowledge on the temperature and
dose distribution in three dimensions. The proposed next steps to take are to further improve the models. This can be
done by including more complex physical processes, such as adding convection in the concentration model. Also, a more
accurate description of the blood perfusion and more complex geometries can be investigated in the future. Additionally,
itis advised to improve the models by including the parts of the treatment that are currently neglected, such as diffusion
during thermal ablation and heating up of the nanoparticles. Also, the dose model should more accurately include the
dose delivered in the tumor after 17 days. The impact of these phases is currently assumed negligible, but this should be
investigated too.

In order to achieve the goal of using the models for treatment optimization, after they have been translated to 3D, it
should be possible to do the optimization automatically instead of manually. Also, a more quantitative investigation of
the number of seeds and their location is required. If the models can be improved so that they are able to optimize the
results automatically for the given geometry, the predictive models would become more suitable as a treatment optimiza-
tion tool. Ultimately, it is desired to bring the combined therapy to the clinic. If this is achieved, research can be done to
investigate if the treatment can be used for other cancer types, where the built models can aid in exploring the sensitivity
and possibilities.

The research goal to gain more insight in the behaviour of the treatment material in tissue and to be able to predict if the
treatment results are achieved, by identifying the effectiveness and limitations of the combined therapy and by analysing
the sensitivity to the relevant physical properties and optimization parameters. Therefore, this study has contributed by
providing basic knowledge of the state-of-the-art early stage breast cancer combined therapy, bringing it one step closer
to clinical implementation.
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List of Abbreviations

AMF Alternating magnetic field.

APBI Accelerated partial breast irradiation.
BC Boundary condition.
CTV Clinical target volume.

DCIS Ductal carcinoma in situ.

DNA Deoxyribonucleic acid.
FEM Finite element method.
GTV Gross tumor volume.
HDR High dose rate.

I-125 Jodine-125.
IC Initial condition.
IDC Invasive ductal carcinoma.

ILC Invasive lobular carcinoma.
LDR Low dose rate.

MNP Magnetic nanoparticle.
NP nanoparticle.

Pd-103 Palladium-103.
PDE Partial differential equation.

PTV Planning target volume.
RF Radiofrequency.

SAR Specific absorption rate.
SI Sensitivity index.

SPIO Superparamagnetic iron-oxide.
TA Thermal Ablation.

WBI Whole breast irradiation.
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List of Symbols

Symbol Unit Description

c #NP/m®  concentration

c; #NP/m?® initial concentration

Cp J/(kg-°C)  specific heat of blood

Cp ]/(kg-°C)  specific heat

d cm diameter

dy cm necrotic diameter

D m?/s diffusion coefficient

D Gy dose distribution

D Gy dose rate of a single nanoparticle

Rmax cm maximum size length of mesh element

n #NP/m®  transcapillary exchange through lymphatic vessels
Jv #NP/m®  transcapillary exchange through blood vessels
k/kepr  W/(m-°C) thermal conductivity

P m/s permeability coefficient

Pe - Peclet number

SAR W/g specific absorption rate

é 1/m surface area of microvessels per unit volume
t S time

t1/2 S half life

T °C temperature

Ty °C blood temperature

T; °C initial temperature

Ter °C critical temperature

QOm W/m3 metabolic heat

Qnp W/m3 heat flux of nanoparticle

Y m/s fluid velocity

A 1/s decay constant

p kg/m3 density

oL 1/s transvascular fluid flow by lymphatic drainage
by 1/s transvascular fluid flow by blood vessels

Wy kg/(s'm3) blood perfusion rate

wpi kg/(s'm3) initial blood perfusion rate

Q m? computational domain
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Minima, Maxima of Parameters and
Model Variables

Mimima and Maxima of Temperature and Concentration Parameters
Tables A.1 and A.2 give the minimum and maximum values used for the sensitivity analysis for each parameter included
in the model. The values based on literature values include the corresponding reference.

Table A.1: Minimum and maximum values used during sensitivity analysis for parameters of temperature
model. Values for bloodperfusion rate and conduction rate extracted from temperature properties review
executed by Camilleri ez @/. [4] Other variables determined during project execution.

Variable Unit Value
Necrotic core

necrotic diameter d cm 1,2,3,4
Blood perfusion rate

wp min W/cm3*K  3.56E-3
W} max W/cm3*K  2.16E-2
Conduction rate

Keff min W/cm*K 2.80E-3
Keff max W/cm*K 5.94E-3
Heat source NP

SAR seed min W/g 1.25
SAR seed max W/g 20

Table A.2: Minimum and maximum values used during sensitivity analysis for parameters of concentration
model. Diffusion coefficient range found in literature [5, 6] and initial concentration is determined within

project.
Variable Unit Value
Diffusion rate
Degr min cm? /s 6.4E-9
Degf max cm?/s 1.50E-5
Concentration of NPs
ci #NP/cm®  7.97E+9
¢; min #NP/cm®  7.97E+7

¢; max #NP/cm®  7.97E+11

Model Parameters
The input variables of the temperature and concentration models are included in table A.3.
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Table A.3: Table includes the model specific variables that are used in both temperature and concentration PDE solving models.

MODEL VARIABLES UNIT VALUE JUSTIFICATION

GEOMETRY AND MESH

total volume cm? 2D GTV and PTV tumor + part  Used by model to mesh and calculate linear equations used to solve the 2D

of breast PDE

tumor shape cm? circle Simplified 2D tumor

NP seeds

- Geometry - XZ: circle, YZ: square Cross sections through cylindrical seeds

- number of seeds # Total: 23,XZ:9,YZ: 7 Number of seeds depending treatment goals

- location of seeds [cm,cm] X and Y coordinates Locations of the seeds are pre-determined

- XZ: diameter seeds cm 0.2 Diameter of the seeds

- YZ: size seed cm 0.2x0.5 Length of the seeds

hmax cm 0.05 Defines the maximum the mesh element side length. Smaller than seed di-
ameter

TEMPERATURE MODEL

Boundary conditions

type - Neumann Boundary condition between inside and outside the volume of interest.
Neumann represents flux over the boundary

coefficients q=0,g=0 Diffusion driven, convection neglected, source zero in breast

Initial conditions

breast and tumor °C 37 Body temperature

PDE coefficients

c: conduction W/cm K Kpreast and Keymor Heat conduction coefficients found in literature

f: source W/cm3 wpAT and Qup Bloodperfusion and NPs as heat source of NPs at seed locations

a: convection W/cm3 0 Convection is not taken into account in the model, but it would represent
the heat spread driven by convection

d: time derivative J/cm3K pcp First order time derivative coefficient. Models the treatment over time

Time

total time min 60 Total time over which the treatment is evaluated

step size min 0.1 Step size determines time between calculation step of temperature for each
mesh element

CONCENTRATION MODEL

Boundary conditions

type - Neumann Boundary condition between inside and outside the volume of interest.
Neumann represents flux over the boundary

coefficients q=0,g=0 Diffusion driven, source and convection neglected

Initial conditions

breast #/cm3 0 Number of NPs present in breast tissue before treatment = 0

tumor #/cm3 0 or NP ¢; Number of NPs present in tumor: at seeds: initial concentration per seed;
Outside seed locations: zero

NP ¢; #/cm3 7.97E+9 Initial concentration of NPs per seed

PDE coefficients

c: diffusion cm?/s Dpreast and Deymor Diffusion coefficient of NPs found in literature: area traveled per second by
the NPs through breast or tumor tissue

f: source #NP/cm3s 0 Source of NPs is zero, since no NPs are added after injection

a: convection #NP/cm3s 0 Convection is not taken into account in the model, but it would represent
the material spread driven by convection

d: time derivative - 1 First order time derivative coefficient. Models the treatment over time

Time

total time h 24*17 Total time over which the treatment is evaluated

step size h 1 Step size determines time between calculation step of NP concentration for

each mesh element




Additional Temperature Model Results

Temperature Distribution After Switching Off AMF

Figure B.1 shows the different intersection profiles of the tumor over time after the AMF is switched off. This figure
explains the anomaly in the maximum temperature graphs over time between t = 20 min and 21 min. It is visible that
the centre seed first loses its heat to its surrounding, where after the temperature gradient between this seed and its
neighbours becomes zero. The temperature cross section shows a parabolic shaped temperature distribution, resulting
in a slower temperature decrease for the centre seed from that point on.

Spread of heat at different points in time

100 intersection through centre
T T T

‘ T
t=20min
t=20.25 min
t=20.5 min
90 t=21min h
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Figure B.1: Intersection through the centre of the tumor. Temperature taken over time right after switch-
ing off the AMF, showing that the temperature gradient between the centre seed and its neighbours de-
creases over time, resulting in a parabolic temperature distribution.
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Concentration Model Results

Reference nanoparticle concentration results
The results shown in Figure C.1 are the concentration distribution results after 17 days and are used for dose calculations.
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(c) Nanoparticle distribution through centre of tumor in Xz and YZ plane (d) Maximum, average and minimum NP concentration over time for XZ and YZ.

Figure C.1: Nanoparticle concentration results of default settings. Concentration profiles after 17 days (a) in XZ direction and (b) YZ direction. (c)
Cumulative dose intersection profile through the centre of the tumor, for the XZ (blue) and YZ (orange) planes. The vertical lines indicate the outer shell
of the GTV and PTV. (d) Maximum, minimum and average concentration in the GTV over time for both XZ and YZ planes. The maximum concentration
represents the centre seed, the minimum the edge of the GTV furthest away from a seed and the average is taken over the whole GTV.

Nanoparticle distribution after 60 minutes

Figure C.2b gives the nanoparticle concentration distribution after 60 minutes. Comparing this distribution with the
distribution att = 0 (Figure C.2a), it is assumed that within the first 60 minutes, the nanoparticles have not spread outside
the seeds. This means that during the thermal ablation the location of the heated up nanoparticles is assumed to remain
the same, simplifying the heat problem.
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Concentration of NPs in XZ-plane
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Figure C.2: Nanoparticle concentration distribution after 60 minutes. The NP concentration profile after 60 minutes shows a similar distribution as
the profile at t = 0 minutes. This suggests that the NP diffusion can be neglected for the thermal ablation part of the treatment.

Concentration Results of Sensitivity Analysis using Minima and Maxima of Variables
The effects are evaluated on the travel distance and spread profile of NPs. This is investigated by calculating the maximum,
average and minimum concentration in different areas of the geometry, over time. The areas are defined as follows: the
GTV core, the PTV surrounding it and in the area of 1 cm surrounding the PTV. Also the distribution profile in 2D and the
intersection through the centre of the tumor are generated for the XZ. The relevant results are presented in this section.

Table C.1: Concentration results of sensitivity analysis of parameters evaluated using minimum, default and maximum values. For each parameter the
maxmimum, minimum and average concentrations are found the GTV, PTV area around the GTV and the area of 1 cm outside the PTV.

Variable Unit Value GTV PTV PTV+1cm

Cmax Cmin Cav Cmax Cmin ch Cmax Cmin ch
Diffusion rate
D normal cm/s 2.20E-8 6.29E+8 2.40E+5 1.74E+8 5.12E+7  3.53E+2 3.28E+5 9.46E+2  3.10E+3 610.78
D min cm/s 5.70E-9 2.18E+9 6.67E-4 1.71E+8 2.92E+5 1.22E-20 3.48E+2 5.41E-5 1.22E-20  2.38E-7
Defr max cm/s 1.50E-5 3.56E+7  3.55E+7  3.55E+7  3.55E+7  3.55E+7  3.55E+7 3.55E+7  3.55E+7  3.55E+7
Concentration of NPs
[of} #NP/cm? 7.97E+9 6.35E+8 2.26E+5 1.74E+8 5.05E+7 3.53E-9 3.20E+5 5.09E+4 3.10E-8 6.82E+2
¢; min #NP/cm? 7.97E+7 6.35E+6 2.26E+3 1.74E+6 5.05E+5 3.53E-11 3.20E+3 5.09E+2 3.10E-10 6.82E+0
¢; max #NP/cm?  7.97E+11 6.35E+10 2.26E+7 1.74E+10  5.05E+9 3.53E-7 3.20E+7  5.09E+6 3.10E-6 6.82E+4

Diffusion coefficient: Non-diffusive nanoparticles
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(b) Nanoparticle concentration distribution in XZ plane for D = 0

Figure C.3: Concentration and dose distribution profiles resulting from a diffusion coefficient of 0. If the NPs are unable to diffuse through the tumor
tissue, the radioactive NPs still deliver radioactive dose to the tissue.
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