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CHAPTER 1

Introduction

1.1 Head and Neck Cancer

Cancer is the second leading cause of death worldwide and is responsible for about 1 in 6
deaths!. Worldwide ~830.000 (a~4% of all cancer patients) patients suffering from cancer
has a tumor in head and neck region2. Head and neck cancers are categorized in five regions,
as illustrated in Figure 1.1.

90% of all head and neck cancers are due to head and neck squamous cell carcinomas*.

Head and neck cancers are mainly associated with alcohol and tobacco use®. In current
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|
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Figure 1.1: Head and neck cancer regions. Image from Cramer et al.3
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clinical practice, tumors in the head and neck region are treated with surgery, radiotherapy,
chemotherapy or a combination of them. Recent technological advances provided patients
with multiple treatment options including the potential benefit of decreased morbidity. . For
postoperative treatment, the EORTC 22931 and the RTOG 9501 trials established adjuvant
chemoradiotherapy with high-dose cisplatin and conventional fractionation radiotherapy
(60 to 66 Gy) as the standard of care in high-risk patients with squamous-cell carcinoma
of the head and neck®. Despite these efforts, still 30-40% of the patients experience re-
currence or secondary tumor development’. Additionally, these treatments are associated
with high late toxicities and side effects, such as difficulties in swallowing, speaking etc.®?.
Treatment of recurrent or secondary tumor remains a challenge due to an increased risk
of radiotherapy-related normal tissue toxicities and tumor radioresistance '°. Hence, thera-
peutic strategies that minimize toxicity while maintaining treatment outcome are desired.

1.2 Clinical hyperthermia treatment

The beneficial effects of chemotherapy and radiotherapy can be enhanced by heat treat-
ments with no or minimal additional toxicity '3, Hyperthermia treatment is used in com-
bination with radiotherapy and/or chemotherapy by heating tumor sites to a supraphysiolo-
gical level of 40-44 °C by applying external energy'* 8. Hyperthermia is combined with
radiotherapy and/or chemotherapy for its known enhancing effects on these modalities.
Tumors cells under hypoxic conditions are resistant to radiotherapy and/or chemother-
apy'%?° due to lack of blood flow, oxygenation, and low pH distribution?%-22, Firstly, hy-
perthermia increases the blood flow?*?* and subsequently the blood flow increase triggers
several mechanisms?’, it increases drug delivery®®, and improves oxygenation?” and stim-
ulates the immune response?®. Also, the cells in environments with low oxygenation are
specifically sensitivity for hyperthermia?’. Moreover, DNA damage repair is inhibited at at
temperatures of 41 °C and higher®°.

Clinical benefits of hyperthermia treatment in head and neck cancer is demonstrated by sev-
eral studies®!-7. A recent meta-analysis by Datta et al.® on hyperthermia and radiotherapy
in the management of head and neck cancers found that overall complete response was im-
proved from 39.6% (92/232) by radiotherapy alone to 62.5% (137/219) when radiotherapy
was combined with hyperthermia. Of relevance to note is that late toxicity observed in these
studies were similar.

Hyperthermia is achieved by application of internal or external energy. The most common
type of applied external energy are radio frequency (RF) electromagnetic waves at frequen-
cies below and above 300 MHz, i.e. microwaves (MW). Lately a growing interest exist to
use ultrasound for heating for its high spatial control of energy deposition. Hyperthermia
can be applied for superficial tumors (targets up to 4 cm from the skin surface) or for deep
seated tumors (targets deeper than 4 cm from the skin surface) . The heating target can be
local, i.e. heating target is the tumor target volume itself or locoregional, i.e. heating target
is the tumor target volume with an additional margin of normal tissue .
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At Erasmus MC, three types of locoregional RF hyperthermia treatments are applied. The
Lucid cone applicator (Figure 1.2a) is used to treat superficial tumors less than 4 cm from
the skin, mainly in the chest wall. The BSD2000-3D and the MR compatible BSD2000-3D-
MRI (Figure 1.2b) systems are used to treat deeply located cancers of the pelvis (e.g. cervix,
rectum, vagina). Lastly, the HYPERcollar3D is being used for hyperthermia treatments in
the head and neck region (Figure 1.2c).

Treatment of deep seated head and neck tumors at Erasmus MC started with the develop-
ment of HYPERcollar*'. Between February 2007 and July 2013, 27 patients were treated
with the HYPERcollar** and received 119 treatments. 87% of the treatments were com-
pleted, proving that hyperthermia treatment of deep seated tumors at head and neck region
is feasible. Based on this clinical experience plus the feedback of patient, technician and
medical doctor, a complete overhaul of the HYPERcollar was made. The development of the
HYPERcollar3D was completed in 2014*>**. A major advancement of the HYPERcollar3D
entailed the increase in number of antennas from 12 to 20 to improve the focusing capabil-
ities and reduce hotspots. Furthermore, a new water bolus concept was developed that has
a much more reproducible shape and a tailored shape to provide unrestricted breathing**.
Since its clinical introduction to the clinic in July 2014 until 2019, 22 patients have received
107 treatment sessions with the HYPERcollar3D.

Figure 1.2: Hyperthermia applicators at the Erasmus MC (a) Lucid cone applicator, (b)
BSD2000-3D, (c) HYPERcollar3D used to for treatment of superficial and deep
(pelvic, head and neck) tumors.

1.3 Dosimetry in head and neck hyperthermia

Clinically demonstrated thermal dose effect relationships suggest that higher temperatures
improve the treatment outcome***°. During a hyperthermia treatment, tumor temperature
is aimed to kept between 40-44 °C for 30 to 60 minutes*>°>>!, Key to achieve a high thermal
dose is to optimize treatment such that the energy delivery is focused at the target volume
while healthy and sensitive tissues are kept below safety limits. The head and neck region
includes several temperature sensitive organs (e.g. eyes, spinal cord) and has strong and
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inhomogeneous thermoregulation. To achieve maximum treatment efficacy it is important
to provide the clinician with advanced technology to be accurately informed on the applied
thermal dose. In current clinical practice, we aim to achieve this by pre-treatment planning,
real-time targeted energy deposition predictions and invasive temperature measurements.

Integral part of hyperthermia treatment at Erasmus MC is pre-treatment planning. Each
patient receives personalized hyperthermia treatment to maximize targeted energy depos-
ition as a part of standard clinical care>2. This treatment workflow is illustrated in Figure
1.3 and starts with generating the numerical model of the patient from CT images®>>*. By
using the standard CT images available for radiotherapy treatment planning, the proced-
ure for hyperthermia treatment planning is smoothly integrated in the patient preparation
procedure. Then, in the simulation environment, this patient model is positioned inside the
hyperthermia applicator, and the EM fields generated by each antenna are calculated using
an electromagnetic simulator. Due to uncertainties and variations in thermal properties>>,
amplitude and phase of the signal fed to each antenna are optimized to maximize the spe-
cific absorption rate (SAR) in the target region while minimizing the SAR in hotspots, i.e.
those regions receiving the highest SAR in healthy tissues®2.

Predicted SAR hotspots do not always translate to temperature hotspots or patient com-
plaints do not always correlates with the predicted location of the hotspots. The dose dis-
tribution of each setting is displayed on top of the image data so that the operator can
correlate the location of the hotspot with the location of the complaint or too high temper-
ature. Based on this information, the operator can place in real time a sensitive region and
make a new adapted optimized treatment plan with a restriction for the allowed SAR at the
indicated region®®. This is implemented on our in-house developed online dosimetry tool,
the Visualisation Tool for Electromagnetic Dosimetry and Optimization (VEDO)>2.

While SAR distributions provide valuable information, it is necessary to have temperat-
ure measurements for accurate dosimetry during the treatment. This is achieved whenever
possible by invasive temperature measurements. Temperature probes are placed in closed
tip catheters that are interstitially placed in the tumor or hotspot area. Out of 22 patients
treated with HYPERcollar3D, only 5 had a probe in the target volume during a treatment

Image Data ~—p | Segmentation —) Treatment Setup = | EM Simulation & Thermal Simulation &
(CT/MR) del Optimization Optimization

Figure 1.3: The hyperthermia treatment planning workflow. The process starts with ima-
ging (CT and/or MR), followed by delineating the tissues to generate a 3D nu-
merical model of the patient and ends with calculation of the SAR distribution
that is optimized to deliver maximum treatment efficacy.
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session. Temperature measurements are also desired at hotspot locations. In order to acquire
a complete information, invasive temperature measurements needs to be made in multiple
locations. This will allow clinician to see whether the focus of energy deposition is at the
target and, also whether the temperature in hot spots is not too high, i.e. prevents toxicity.
However, placement of invasive temperature probes has been extremely challenging and is
often avoided due to possibility of complications®”. Therefore, a non-invasive temperature
imaging technique that can monitor multiple locations is highly desired.

Several non-invasive thermometry methods such as impedance tomography or microwave
imaging were proposed for treatment monitoring during hyperthermia but only MR tech-
niques have been applied clinically®®. MR thermometry is not only a non-invasive temper-
ature imaging technique but also monitors the temperature change in a volume. Hence, it
can be used to monitor temperature both in tumor and in healthy tissue during the treat-
ment. The 3D temperature increase information during the treatment can also be used to
calculate thermal dose CEM43°° or biological equivalent dose (BED)®. The desire to have
non-invasive thermometry during head and neck hyperthermia prompted the development
of an MR compatible applicator by altering the HYPERcollar design and led to the devel-
opment of the MRlabcollar®!. Large electric conductive surfaces in the HYPERcollar such
as the ground-plane were reduced in size. The applicator was successfully adapted for RF
heating and MR imaging. However, it was shown that the reduced metallic regions in the
design still resulted in large dark regions. Further it was noted that circulation of water in
the water boli will degrade the MR thermometry accuracy.

In summary, at the start of this project, real-time temperature dosimetry was only available
through a limited number of temperature probes, i.e. mostly only a single catheter track with
a multi-sensor probe and seldom in the target volume. 3D Dosimetry and guidance during
the treatment relied on electromagnetic modeling which do not always translate into same
temperature distributions. A clinical MR compatible head and neck hyperthermia applicator
was non-existent. In addition, current approaches for MR thermometry guided hyperthermia
lack the accuracy due to innate problems such as low SNR and signal degradation by the
water circulation.

1.4 Approach

In this thesis first the needs to achieve precise application of MR thermometry guided head
and neck hyperthermia are identified. Next new avenues for MRT guided head and neck RF
hyperthermia are explored and experimentally validated. The research efforts in the thesis
are grouped in three themes, each consisting of two or more chapters:

Part 1: Status quo and standardization in MR guided hyperthermia

During hyperthermia treatment the body’s inhomogeneous and variable thermoregulation
properties require close monitoring of temperature to optimize power distribution and spar-
ing of healthy tissues. This is best achieved with non-invasive 3D thermometry since invasive
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thermometry is hampered by accessibility related to critical organs (nerves, arteries, etc.)
and the risk for toxicity. Hence, it is infeasible to insert the required amount of temperature
probes needed for informative 3D thermometry. To this end, MR thermometry has been de-
veloped and integrated in hyperthermia treatments which resulted in several devices and
approaches. For this thesis, all research work done in the field of magnetic resonance guided
radio frequency hyperthermia has been reviewed in Chapter 2. This review attempts to high-
light the technical advances, validation status and standards. Furthermore, we proposed
standards on reporting the device validation both for EM and MRI compatibility. In Chapter
3, we quantitatively evaluated the MRI compatibility of BSD2000-3D-MRI, currently the only
clinical used hybrid system for simultaneous RF-heating and MR-thermometry, to create a
benchmark for MR compatible hyperthermia applicators.

Part 2: MR guided hyperthermia in the head and neck

Patient-specific head and neck (H&N) hyperthermia treatment planning (HTP) to maximize
the EM energy inside the tumor while minimizing exposure of healthy tissues is the focal
point of the Rotterdam treatment strategy. This procedure is based on power absorption-
based optimization methods which does not take the patient specific vasculature information
into account and might result in under delivery of thermal dose. To investigate the effect of
the vasculature, we compared the effect on thermal simulations by incorporating the patient
specific vasculature segmentation, showing the need for MR thermometry in head and neck
in Chapter 4. In this regard, we integrated automatic segmentation of the blood vessels
into our existing automatic tissue segmentation routine. Then, we compared the resultant
hyperthermia treatment planning quality parameters with and without the inclusion of the
vasculature to highlight the need for real-time dosimetry.

Erasmus MC Cancer Institute is the only center in the world that treats deep seated tu-
mors with hyperthermia in the head and neck area with a phased array applicator since
2007. Application of the hyperthermia treatment to deeply located H&N tumors were and
are administered using in house developed applicators, first the HYPERcollar and later us-
ing its successor the HYPERcollar3D. As shown in Chapter 4, thermoregulation in the head
and neck region is strong and unpredictable. In addition, the head and neck region also
includes several temperature sensitive tissues and organs. Therefore, temperature monitor-
ing is highly desired by clinicians to see whether the focus of energy deposition is at the
target and, also whether the temperature in hot spots is not too high. This prompted us
develop an MRI compatible head and neck hyperthermia applicator, the MRcollar. A novel
antenna module which minimizes the interaction with the scanner has been designed in
silico in Chapter 5. Using this module, the MRcollar dimensions were optimized to the av-
erage hyperthermia patient. A prototype applicator has been built based on this design and
we experimentally validated the numerical model and MR compatibility in Chapter 6.

Part 3: New hardware avenues for MRT

The potential of MR thermometry formed the fertile soil for development of the MRcollar
in Part 2. However, early MRT accuracy experiments using the MRlabcollar demonstrated
that existing approaches will not suffice for MRT accuracy in the H&N®!. In this regard,
we identified two key components that can improve MR thermometry. In Chapter 7, we
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focused on optimizing the water bolus properties to reduce its effect on MRI imaging. While
the water bolus is mandatory since it cools the patient skin and improves the delivery of the
electromagnetic energy, it enforces enlarged field of view (reduced SNR, longer scanning
time), skews pre-scan calibrations (inhomogeneous SNR), and its water flow creates flow
artifacts (errors in temperature predictions). We explored a cost-effective solution to prevent
these issues by altering its MRI properties with compounds that affect the MRI properties of
their base solutions, while keeping EM behavior of the water bolus the same. As a second
key enabler for accuracy, we identified that integration of receiver coils in the hyperthermia
applicator might improve MRT. All current clinically used MR compatible RF hyperthermia
devices use the MR scanners body coil for imaging since commercial coils close to the body
cannot be used in conjunction with these devices due to space and coupling constraints. To
solve this issue, in Chapter 8 we conducted a proof of concept study to integrate an MR
receive coil array into the hyperthermia array by using geometric decoupling.

1.5 Outline of this thesis

Chapter 2 (Part 1) provides the state of the art in MR guided RF hyperthermia devices,
identifies the common characteristics of devices and provide the groundwork for improved
device validation.

Chapter 3 (Part 1) describes a new MR compatibility assessment procedure and clinical
benchmark for MR guided RF hyperthermia devices.

Chapter 4 (Part 2) demonstrates the effect of large vessels in head and neck region on hyper-
thermia treatment planning and gives insight on why MR guided hyperthermia is needed.

Chapter 5 (Part 2) introduces a new antenna concept, and describes the simulation guided
design of the MRcollar.

Chapter 6 (Part 2) experimentally validates the MRcollar design and MRI compatibility.

Chapter 7 (Part 3) explores the potential of adjusting water bolus filling properties to im-
prove MR thermometry.

Chapter 8 (Part 3) reports the investigations done towards the integration of the coils in the
MRcollar.

Chapter 9 provides the general conclusions and future perspectives to finalize the scientific
content of the thesis.
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CHAPTER 2

State of the art in MR - RF hyperthermia

This chapter is based on:

F Adibzadeh*, K Sumser*, S Curto, DT Yeo, AA Shishegar, MM Paulides. Systematic review
of pre-clinical and clinical devices for magnetic resonance-guided radiofrequency hyperther-
mia. International Journal of Hyperthermia. 2020 Jan 1;37(1):15-27. *Joint first author.
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Abstract

Clinical trials have demonstrated the therapeutic benefits of adding radio-
frequency (RF) hyperthermia (HT) as an adjuvant to radio- and chemother-
apy. However, maximum utilization of these benefits is hampered by the cur-
rent inability to maintain the temperature within the desired range. RF HT
treatment quality is usually monitored by invasive temperature sensors, which
provide limited data sampling and are prone to infection risks. Magnetic res-
onance (MR) temperature imaging has been developed to overcome these
hurdles by allowing non-invasive 3D temperature monitoring in the target
and normal tissues. To exploit this feature, several approaches for inserting
the RF heating devices into the MR scanner have been proposed over the years.
In this review, we summarize the status quo in MR-guided RF HT devices and
analyze trends in these hybrid hardware configurations. In addition, we dis-
cuss the various approaches, extract best practices and identify gaps regarding
the experimental validation procedures for MR - RF HT, aimed at converging
to a common standard in this process.
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2.1 Introduction

Hyperthermia (HT) treatments involve heating tissues to the range of 40-44 °C for 60-90
minutes®2. The majority of the HT treatments are applied using external devices employ-
ing radiofrequency (RF) electromagnetic waves®>%*, Clinical trials have shown that RF HT
improves clinical outcome, without adding to the toxicity, of radiotherapy and a number
of chemotherapies®¢’. Clinical work showed that intra-tumoral temperatures are correl-
ated with clinical outcome parameters such as local control of tumors'*33%874 Due to the
bodys strong, inhomogeneous and variable thermoregulation?>247>76  close monitoring of
the temperature is required to optimize the power distribution accordingly. Here, the goal is
to focus energy at the target region and prevent unwanted hotspots in normal tissues. Sev-
eral different approaches for non-invasive thermometry, like impedance tomography, active
and passive microwave imaging, CT, laser, infrared, ultrasound, MR-techniques, have been
investigated in the last decades. Among all these different techniques, MR thermometry
(MRT) has been elaborated most extensively and validated in clinical and experimental set-
tings’”78. In addition, the gantry of the current MRI systems provides the possibility for
mechanical integration with hyperthermia applicators®®. MR imaging also provides the pos-
sibility to image the complete treatment setup, i.e. patient surrounded by the applicator, as
well as monitoring perfusion/tissue cooling and the response to treatment. To enable all
the aforementioned benefits of using MRI with RF hyperthermia devices, the compatibility
of these devices with the MRI system (MR compatibility) is crucial, especially in terms of
how they impact image quality. These properties are often not quantified and reported in a
standardized way for interventional devices. An overview of such systems and an inventory
of the required image quality metric is however currently lacking.

The important potential benefits of non-invasive thermometry can be highlighted best when
compared to invasive thermometry, which is the current golden standard for intra-tumoral
temperature assessment during RF HT therapy. In invasive thermometry, temperature probes
are inserted into closed-tip catheters and placed in body cavities or pierced into tissue. In-
vasive thermometry can be done using commercially available types of thermocouples and
thermistors suitable for use in clinical hyperthermia. Available thermistors are the Bowman
thermistor probe” (BSD Medical Corp.) and the fiber-optic (FISO) thermistor probe (gal-
lium arsenide (GaAs)® and fluorescence (fluoroptic)8! probes). Thermocouples and the
Bowman thermistor probes rely on detection of a voltage and fiber-optic probes rely on
the temperature dependency of band gap and refraction index. The reported accuracy of
the fiber-optic and bowman probes are better than 0.1 °C and £0.2 °C respectively, taken
from datasheets by the manufacturer. Although accurate, such thermometry provides very
limited spatial information, i.e., only along the line of the catheter. Specifically, for RF HT
treatment where a large volume is heated, the probability that invasive thermometry de-
tects all the hotspots of interest is low. This is due to the limited number of temperature
probes, and clinical restrictions for placement of thermometry catheters. In addition, probe
insertion may be painful and hazardous. Complications such as infection or neurological
complaints and other discomfort were observed along with a low acceptance in patients
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and physicians®”82. Therefore, MRT has the potential to replace the invasive thermometry
in the clinic because of its non-invasive nature, high spatial resolution and 3-dimensional
(3D) anatomical coverage per unit time.

The first decade after the advent of MRT was devoted to developments in techniques allow-
ing temperature assessment during thermal therapies®®’. Several temperature-sensitive
parameters were studied, like the proton-resonance frequency shift (PRFS), apparent dif-
fusion coefficient (ADC), longitudinal relaxation time (T,), transversal relaxation time (T,),
and equilibrium magnetization (M,) 38-°. Of these endogenous temperature indicators, tech-
niques that leverage the PRFS effect observed in water-rich tissue have been studied more
extensively®88>°!, This technique is based on the fact that the change in image phase in a
pair of gradient echo images acquired at two different temperatures is linearly proportional
to the temperature change. This arises from a proton resonance frequency that linearly
decreases as temperature increases in the water molecule (-0.01 ppm/°C)°2. The second
decade saw the development of techniques that enabled more robust and reliable results,
especially for in vivo applications**~¢. However, the PRFS effect is small and thus is highly
sensitive to magnetic field perturbations, which degrade MR thermometry accuracy. Such
degradation is especially pronounced in long duration hyperthermia treatments (/90 min).
These magnetic field perturbations may be caused by a number of possible mechanisms
that manifest themselves differently. For example, gradient-induced heating of passive shim
elements may cause non-periodic temporal B, drift that vary smoothly in space across the
imaging field-of-view, while patient respiratory/ cardiac motion may induce periodic B, per-
turbations in a local region, especially near interfaces of tissues that have different magnetic
susceptibility values. Non-periodic and local B, perturbations may also arise from intestinal/
bowel movement. The removal of these temporal field perturbation effects is crucial for
successful MRT for thermotherapy monitoring, and the different variants of B, perturbation
may require different types of correction methods. The inherent signal-to-noise-ratio (SNR)
of MR signals is another very important quantity that impacts the accuracy and robustness
of MRT.

For MR guided radiofrequency hyperthermia (MRgRFHT), the RF body coil in the MRI scan-
ner is typically used to receive MR signals for MRT since HT devices are not designed to allow
the concurrent placement and use of commercial MR flexible coils. Hence, the SNR available
is relatively low since the RF body coil is positioned much further from the region of interest
(ROI) compared to a surface coil array that could have been placed in close proximity to the
patient. Moreover, RF body coils in commercial MRI scanners can only receive MR signals
in single (quadrature) channel mode and thus do not exploit parallel imaging for scan time
reduction. To address this problem, new hardware designs are being researched to improve
SNR and enable MR parallel imaging, while simplifying and reducing equipment footprint
(physical space that a device occupies). This can increase the reliability of MR-temperature
measurements and improve patient access to MRgRFHT in the clinic.

The purpose of this paper is to analyze all research work done in the space of MRgRFHT, and
review the status in terms of device validation, preclinical investigations and clinical trials.
In this analysis, we excluded papers on devices aimed at thermal ablation and those focused
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on MR thermometry techniques and algorithms. The current review attempts to review the
scope of technical advances in MRI guided RF HT for new scientists, clinicians and other
professionals and provide the groundwork for improved validation by summarizing and
proposing standards on its reporting.

2.2 Materials and Methods

We performed a literature search in the Scopus and the Web of Science (WoS) databases
using the following search strings:

TITLE-ABS-KEY [ ((("magnetic resonance" OR mr) AND thermometry) OR "thermal mag-
netic resonance" OR "thermal mr" OR temperature imaging) AND "hyperthermia"

OR

TITLE-ABS-KEY ( hyperthermia AND mri ) AND ( clinical OR preclinical) AND ( evaluation
OR validation OR verification) ]

AND

TITLE-ABS-KEY (hybrid OR integrated OR hardware OR configuration OR setup OR set-
up OR system OR device OR applicator OR prototype OR platform)
where TITLE-ABS-KEY indicate either the title, abstract or keywords of the paper. This resul-
ted in 325 articles (249 in Scopus and 76 WoS). The duplicated results in the two databases
were removed. We further added 4 articles that were not found in the structured literature
search and 2 conference abstracts that were not available in the Scopus or WoS databases.

Two exclusion steps were then introduced for selecting only papers concerning RF-HT (ex-
clusion criterion 1) and original papers (exclusion criterion 2). The selection process is sum-
marized in Figure 2.1.

In exclusion criterion 1, all papers were excluded having TITLE-ABS-KEY on the following:

Ablation

Non-RF HT, e.g. HIFU/Laser studies

Methodology, algorithm (e.g. theory of temperature monitoring and resolution, evalu-
ation of temporal spatial resolution, estimation and correction of induced errors due to
breath or organ displacement (motion)).

Application of exclusion criterion 1 reduced the number of papers to 106 articles (85 Scopus
19 WoS and 2 conference abs) after reading title-abstract and to 57 articles (46 Scopus, 9
WoS and 2 conference abstracts) after reading the full text. This selection comprised the
relevant papers on MR guided RF-only HT devices.

Exclusion criterion 2 intended to only include original studies which presented novel design
and prototypes. Articles including the following were excluded:

Review articles

Non-English language articles

Book series or only insufficient abstracts available
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After exclusion criterion 2, 46 papers (39 Scopus, 5 WoS and 2 conference abstracts) re-
mained presenting or investigating novel hybrid MRgRFHT devices. These devices are cat-
egorized in the next section and summarized in Table 2.1. In this work, we defined quant-
itative validation as the agreement between the measured quantities in MRT versus a gold
standard technique, e.g., average error between MRT and invasive probe measurements.
Those papers reporting only the quality of the agreement as an impression or distribution,
i.e., quantifying only the shape and size of the heated zones in the MR images, were scored
as qualitative.

2.3 MR-guided RF HT devices

Various approaches aiming to integrate RF-HT applicators and MRI system have been pro-
posed and can be roughly categorized into: 1) decoupled systems (HT-only inserts) 2) in-
tegrated systems (Dual-function inserts).

Scopus
Papers: 248

Web of Science
Papers: 76

l

Unique results
Papers: 324
+
Authors knowledge
Papers: 6

Exclusion 1

RF HT relevant _-
Papers: 57

Exclusion 2

Original Papers: _-
g

Figure 2.1: Selection process for inclusion of papers with criteria reported in the text.




2.3 MR-guided RF HT devices 25

2.3.1 Decoupled devices (HT-only inserts)

These devices are based on an independent RF transmission chain and an RF-HT applic-
ator insert that operates inside the bore of a MRI scanner. Since such hyperthermia devices
operate independently from the MR system, heating and imaging can be performed simul-
taneously. Unless mentioned otherwise, the MRI scanners RF body coil is used for both RF
transmit and receive of the MR signals. Such developed devices are:

Non-invasive clinical setups

- BSD2000-3D-MRI applicator is the only MR-guided RF HT device that has led to a com-
mercial prototype, in combination with 1.5 T MRI systems. This applicator consists of 12
dipole antenna pairs operating at 100 MHz, arranged on three rings of four dipole pairs
each, that are independently controlled to steer the energy focus towards deep seated tu-
mor volumes. This device has been validated both preclinically®>°’-? and clinically1°%1!, A
systematic comparison of 3D specific absorption rate (SAR) distribution between MRT and
planning calculations in a homogenous cylindrical and heterogeneous elliptical phantom
demonstrated a deviation in the range of 23 W/kg, i.e., below 10%°. The possibility to
adapt/optimize SAR pattern in a phantom by employing MR thermometry in an iterative
procedure were also shown for this applicator %2, A recent more systematic quality assur-
ance analysis of this system in a 1.5 T MRI scanner showed a mean maximum temperature
increase (Tincrease, max) in a Perfax homogeneous phantom of 5.9 £ 0.4 °C, using 1000
W input power for 12.4 min, and a mean steering error of 0.4 + 0.2 cm®°. Clinical experi-
ments in 15 patients ! with pre-irradiated rectal recurrences showed significant correlation
between the MRT-derived mean temperatures in the tumor with invasive measurements, tu-
mor features (volume and location) and clinical response (p = 0.04) 1%,

- The mini-annular-phased array (MAPA) RF HT applicator is the only other applicator which
has been used on patients. The MAPA consists of four pairs of flared dipole antennas and
was designed to treat limb tumors in extremities and modified for insertion into MRI scan-
ner!%®, Usually a single frequency (140 MHz) and signals of equal amplitude and phase
have been used. Hybrid operation was validated by inserting the MAPA into a 0.5 T whole
body MRI system and its head coil during synchronous heating and imaging®”:1%31%4, In
these studies, diffusion coefficient based temperature imaging methods were used to mon-
itor temperatures in a gel based phantom. Temperatures in 1 cm? regions of interest were
found to be within 0.2 °C from invasive measurements. Clinical validation was performed
in 4 patients with high-grade primary sarcoma tumors of the lower leg!% and 10 patients
with high grade extremity soft tissue sarcomas!’. On the tumor ROIs, the mean difference
between PRFS-MRT and interstitial point measurements was 0.62 °C in steady state.

- The MRlabCollar, is an MR-compatible laboratory prototype of the HYPERcollar3D HT
applicator consisting of two rings of six patch antennas operating at 434 MHz. Pilot meas-
urements by Numan et al. 2013 using the lower half of the original LabCollar showed an av-
erage PRFS-MRT accuracy of 0.4 °C (0.1 - 0.7 °C) against fiber-optic probe thermometry. %7
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Heating size and shape had a good correlation with predictions (R? = 0.76). Paulides et al.
2014 introduced the design of an MR compatible head and neck laboratory prototype ap-
plicator and showed the focused heating capabilities of MRlabcollar®!: a maximum SAR of
100 W/kg and a temperature increase of 4.5 °C in 6 min was feasible using 300 W input
power in a cylindrical fat/muscle phantom. The central heated region in this phantom cor-
responded very well to those obtained earlier by infrared measurements in a muscle-only
split-phantom phantom for the setup without MR compatibility feature (LabCollar) 1%, This
device was again validated pre-clinically in an oilgel phantom by applying a combination of
MR imaging and 3D spline fitting for accurate probe localization'%. The result corresponds
to a reduced average error of AT < 0.14 °C with a maximum error of AT = 0.22 °C.

- The MRCollar, the clinical implementation of the MRlabcollar, consists of twelve dielectric
parabolic reflector antenna (DIPRA) modules, i.e. parabolic water-filled encasings around
printed reflector-backed dipole antennas''°. Two arrays of six antenna structures were placed
in two semi-circular structures. By electromagnetic simulations, the authors showed that the
power focusing ability of the device in terms of the target coverage of the 25% iso-SAR con-
tour (TC25) is 83.7 £+ 15.6% for head and neck tumors in clinic. A reduced scale phantom
experiment demonstrated that only very localized image distortion was observed. MR ima-
ging was obtained using the body coil of 1.5 T MRI scanner.

- Capacitive: a two-channel capacitive RF heating system, consisting of four electrodes op-
erating at 26 MHz, was evaluated on a phantom aiming to heat a deep-seated target region
in which electrical conductivity was elevated by nanoparticle mediation''>!12, When one
electrode pair was activated, the other electrode pair was electrically isolated to prevent
RF current leakage between the electrodes. MRT, using a 3 T MRI sequentially with the RF
heating, showed maximum AT,,,<0.5 °C relative to fiber-optic measurements after phase
error correction in the center of the phantom. Using this system, Hernandez et al. 2016 pro-
posed a correction method of By, drift effects in MR thermometry '3, for which they placed
magnetic field monitoring (MFM) probes around the subject to compute phase correction
maps for MRT by interpolating the center frequencies of MFM signals on the imaging slice.
Using phantom measurements, the authors showed that this B, drift correction reduced the
mean squared temperature error of MR thermometry to an average of 0.47 °C. This device
is the only capacitive MR guided RF HT device and the only system that used MFM probes
instead of fat references for By, field drift corrections.

- The current sheet antennas (CSA) is a phased array consisting of two identical MR-compatible
current sheet antennas operating at 100 MHz. Hoffmann et al. 2002 used CSA for heating a
tissue-equivalent phantom inside a 3 T MRI'**. The heating capabilities were measured with
PRFS method in sequential heating and imaging experiments. The maximum error between
the MR-derived and fiber-optic measured temperatures was estimated to be 1 °C and the
SD was 0.4 °C. This development has not translated into a clinical product.

- The clinical WACOA applicator (CWA) is a HT applicator consisting of twelve separate WA-
ter COated Antenna (WACOA) modules operating within a 1.5 T MRI scanner. The modules
are designed as MR-compatible, specially shaped and adjustable, cylindrical dipole struc-
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tures embedded into hermetically closed cassettes filled with deionized water. Experimental
and numerical evaluations demonstrated that the CWA is able to steer the 3D temperature
pattern!!®. In 2005, the device was evaluated by a 3D comparison of predicted and meas-
ured temperature data sets for an inhomogeneous phantom''®. The average error of the
calculated versus measured temperature comparison was 0.45 °C. CWA was the first device
which had its numerical model validated with 3D MR-temperature measurements, but it
was not translated into a clinical version.

- The hexagonal flared-type whole body phased array applicator operates at 130 MHz and
consists of 3 pairs of flared dipole antennas. The root mean square (RMS) and average dif-
ference between the MR-derived temperatures (1.5 T) and probe temperatures in phantom
were 1.23 °C and 0.92 °C, respectively!'!”. The standard error of the mean temperature
change was found to be 0.22 °C in a 50 mm? region of a gel phantom for echo time of
20 ms!!®. The group also performed in vivo experiments to evaluate the ability of MRT in
canine brain and muscle!!8-12°, The results showed a standard error of 0.6 °C in a 16 mm?
volume for brain tissue and muscle tumor (sarcoma) ''8.

Invasive clinical setups

- The intravascular MRI guidewire is an interstitial system that simultaneously produces
RF heating and high SNR imaging/temperature mapping used for enhancement of vascular
gene transfer. The system consists of MRI guidewire placed within the guidewire channel
of a gene delivery catheter and is connected to an 1.5 T MR scanner and external RF gen-
erator/amplifier through a filter box'2!. The system was validated both in vitro (cylindrical
phantom, qualitative validation) and in vivo (in the aorta of rabbits), For the in vivo ex-
periment, the SD error between the MR-derived temporal curve and that of the fiber-optic
measured temperature curve was 1.2 °C. Moreover, the maximum temperature increase in
target aortic wall was approximately 7 °C from a baseline temperature of 37 °C using 45
W input power for about 4 min. The intravascular MRI guidewire was the first device that
used the same antenna for RF heating and MR imaging in a simultaneous operation.

Preclinical (animal) setups

Preclinical setups are small and flexible in comparison to conventional HT systems and gen-
erally combined with ultrahigh field preclinical MRI systems. The antennas predominantly
operate at 2.45 GHz.

- The Slot&Dipole applicator by Demura et al. in 2006 are two MR-compatible microwave ap-
plicators operating at 2.45 GHz of dipole-type and slot-type and evaluated using phantoms
and living animals'®. A 10-mm-deep area could be heated at an average target temperat-
ure of 42.60 £ 0.14 °C and a skin surface temperature of 43.27 + 0.45 °C, using 60 110 W
input power intermittently (2 s power-on, 2 s power-off) for 60 min experimental period.
The 95% limits of agreement between MR and fluoroptic thermometry in the three rabbits
were +0.318/-0.339 °C, +0.693/ -0.661 °C, and +0.564/-0.526 °C, respectively.
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- The coaxial applicator incorporates a 3.5 mm directional microwave antenna operating
at 2.45 GHz designed for small animal investigations inside the 30mm bore of the 14 T
ultrahigh field MRI scanner 22, Simulations and experiments in tissue mimicking phantoms
demonstrated the feasibility of heating 21 982 mm? targets to temperature rises of T, ,cqse >3
°C at radial distances up to ~6 mm from the applicator, with 8 - 12 W input power. AT,,,.
between MR thermometry and fiber-optic temperatures was <0.6 °C. In vivo experiments
demonstrated the feasibility of delivering HT to implanted tumors in two experimental mice
in combination with PRFS based MRT'?2. ~4 °C and ~11 °C temperature increase were
achieved with 20 W microwave exposure for 5 min and 15 min, respectively.

- The Yagi-Uda-based small animal HT applicator operating at 2.45 GHz was designed and
validated by Raaijmakers et al. in 2018 for superficial HT in small animals in a 7 T MR
scanner '?®. The antenna was based on an earlier designed MR-compatible YagiUda antenna
presented by Paulides et al. 2017'2*. The antenna was designed for a low MR-footprint
and directional radiation properties to minimize inter-element coupling for typical array
configurations (S,; < -23 dB). Validation in a homogenous muscle phantom showed PRFS-
MRT to correlate with temperature probe measurements (root mean square error: RMSE =
0.51°Cand R? = 0.99) and the ability to create a small heating focus (<1 cm?®) in an animal-
sized muscle-mimicking phantom. The applicator was mechanically redesigned by reducing
the distance between antenna arms and the target'?® to reduce losses in the deionized water
(severe at 2.45 GHz) between antenna and animal. In vivo experiments in leg tumors of
four nude mice showed a AT of 7 °C in 5 minutes using 7 W power and no artefacts were
observed in the MR images during simultaneous heating and imaging.

- The Annular-phased Array (APA) is composed of six dipole antennas for heating deep
seated regions of the body. Kowalski et al. 2002 proposed a phase/amplitude optimization
technique using only information from MRT '?°. Preclinical validation of the device, operat-
ing at 915 MHz, was performed by heating a homogeneous cylindrical phantom 26127, The
applicator and phantom were placed inside an MRI birdcage coil, and the entire assembly
was inserted into a 4.7 T MRI magnet. Fluoroptic probe measurements demonstrated con-
trol of the heat focus position employing only MRT-based temperature feedback informa-
tion. The APA is the only applicator where the ultimate goal of MRgRFHT, i.e. control of the
temperature distribution based on MRT, was realized during a phantom heating experiment.

2.3.2 Dual-function devices

These devices use the same antenna array for heating and imaging. When the MRI RF body
coil is used for imaging, problems such as inter-system cross-talk, signal oscillations and low
image SNR arises. Dual-function devices overcome these limitations since they only have a
single system, they have multichannel antenna operation and the antennas are closer to the
target for higher signal pickup. However, since these devices require interleaved operation,
simultaneous operation cannot occur.



2.3 MR-guided RF HT devices 29

Electronic switching

These devices consist of a single set of conductive structures that can alternately be used for
MRI receive and RF heating using fast electronic switches. The two possible implementations
use either the scanners RF transmit chain for heating at the Larmor frequency or a separate
transmit chain to apply RF energy at a different frequency. Inter-system coupling and RF HT
equipment footprint is theoretically smaller in such devices compared to decoupled two-
system configurations. Yeo, et al., 2011 introduced one such device operating at 128 MHz
(Larmor frequency at 3 T), which switches between a loop coil array for MR imaging and
a C-shaped dipole antenna array that generates focused electric fields for RF heating via
selective inclusion/ exclusion of impedance matching and tuning capacitors using fast RF
switches !, The results indicated that C-shaped dipole antenna arrays can induce steerable
heating similar to straight dipole antenna arrays. The loop coil array functions as a 3 T MRI
RF receiver that yields an imaging SNR that is about three times higher than that of an
RF body coil. Therefore, C-shaped dipole antenna arrays could potentially enable 3D heat
steering and MRI with the same physical hardware.

Thermal MR

Another approach, designated as thermal MR, allows RF heating and MR imaging applic-
ation using the same antenna array and the power amplifier of the MR system. Here, part
of the regular imaging sequence time, e.g., the last 10%, is used to apply RF for heating.
This approach is particularly effective in MR scanners at ultra-high magnetic fields (= 7
T) for which the Larmor frequency approaches the optimum frequency for semi-deep heat-
ing!?>13% The advantage of the pulse modulated signal used for RF HT and MRT is the
ability to modify the imaging technique in order to perform RF HT and MRI at the same
frequency without the need for electronic switching which further reduces the dead time
for contemporaneous operation. In addition, the electric fields for imaging and heating are
equal, thus in vivo quality assurance can be applied using B;" imaging as a surrogate for
the electric field induced in the patient. One such device is an 8-channel transmit/receive
(Tx/Rx) hybrid RF applicator consisting of bow-tie dipole antennas (dual function bowtie
array) that generate an E-field pattern for RF heating and a circular polarized H-field for
MRI'?, Each channel has independent control of phase and amplitudes. The applicator was
connected to the MR system via a coil interface comprising 8 Tx/Rx switches.

In 2015, Winter et al. presented the preclinical results derived from the same applicator
at 300 MHz using a cylindrical phantom mimicking brain tissue with the size of a human
head!®. The experiments demonstrated that the pulsed multi-channel transmit system of a
7 T MR scanner supports targeted RF heating and provides enough power (P,,, > 400 W)
to induce a temperature increase of 11 °C in 3 min in the center of a head sized phantom.
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2.3 MR-guided RF HT devices
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2.4 Discussion

The purpose of this comprehensive review article is to inform scientists, clinicians, engin-
eers and hardware professionals of the state-of-the-art in MRgRFHT devices to potentially
accelerate technical and clinical investigations in this space. Our literature search shows
that an increasing number of groups are investigating approaches to apply HT under MR
guidance (Figure 2.2). Although most of the devices developed (Table 2.1) have not been
evaluated in the clinic, multiple in vivo experiments demonstrated the maturity of MRT for
clinical applications. Especially for the BSD and MAPA applicators, the results of clinical
validations show a high correlation between MR-derived temperature and invasive probe
measurements. However, these results were obtained in anatomical regions where MR sig-
nals were minimally affected by motion, i.e., distal from tissues impacted by moving air
in intestines, cardiac, bowel, and respiratory motion. Hence, improved motion robust MR
thermometry approaches for HT are still highly warranted.

In our list, 10 devices were intended for clinical use. However, only two of them were actively
used in the clinic (BSD2000-3D-MRI, MAPA), and only the BSD2000-3D-MRI is commer-
cially available. Both of these applicators operate in a 1.5 T MRI system. This is convenient
since 1.5 T systems are cheaper and more available than the 3 T systems. Furthermore, it is
easier to filter the high-power RF hyperthermia signals (100 MHz or 140 MHz) from the 1.5
T RF transmit/ receive signals (64 MHz) compared to the 3 T RF signals (128 MHz) during
simultaneous RF hyperthermia treatment and MR imaging. Dual function devices by design
do not have to tackle this issue. Higher field strengths are also preferable because the Lar-
mor frequency approaches the optimum heating frequency, which is between 150-300 MHz
in the pelvic region and between 300-915 MHz for head and neck and extremities'>!. After
the early feasibility studies of diffusion-based MR thermometry methods, PRFS-based MRT
methods were used in all studies. Spoiled gradient echo sequence with echo times close to
the T,* of muscle tissue is commonly used for PRFS-based MRT scans®*104114116,118,132 15
addition to treatment monitoring, MRT also provides unique opportunities to validate EM
models with 3D measurements. Validation by MRT was only utilized for the BSD, MRlab-
collar, CWA and dual function bowtie array applicators.

The MR compatibility of complex assemblies like RF hyperthermia arrays coupled to water-
bolus structures is often difficult to achieve. In addition, MR-compatible applicators are typ-
ically less efficient and controllable in comparison to the corresponding applicators outside
MRI. Since MR compatibility requires the use of non-magnetic components, many off-the-
shelf connectors, baluns (required to go from unbalanced coax to a balanced dipole) and
matching network approaches cannot be used. The circulatory movement of water in the
water bolus often generates MR image artifacts. Consequently, the efficiency and the capab-
ility to control the RF heating pattern might be compromised in MR-compatible applicator
types. On the other hand, the availability of 2D/ 3D MRT temperature maps now provides
a unique opportunity to improve and optimize the treatments. If MRT cannot be utilized to
improve thermotherapies, MR-compatible applicator types will only be useful for accurate
modeling of treatment setup.
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2.4.1 Reporting of validation results

Comparing the performance of these devices is currently not straight-forward. This stems
from the fact that, there is a lack of general metrics for quantitative and qualitative validation
of MRgRFHT devices. In several cases, performance of devices were reported in vague terms
such as reasonable correlations and relatively comparable. As the data in Table 2.1 shows,
different investigations reported different goals and metrics for the validation. Out of 25
clinical and pre-clinical validation experiments for 15 reviewed devices, 12 contain reports
on heating ability (7 quantitative and 5 qualitative validations), 12 on MR compatibility (1
quantitative and 11 qualitative validations) and 20 on MRT accuracy (18 quantitative and
2 qualitative validations).

In our view, validation of an MR-guided RF HT device can be broken down into three distinct
topics: heat focusing and steering, MR compatibility, and MRT accuracy. Based on our review,
we extracted and recommended metrics for standardization of the validation (Table 2.2).

First, an RF HT devices ability to apply heat in a targeted manner may be characterized
by minimum hot spot size, steerability of hot spots, and spatial conformality of heated re-
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Figure 2.2: The number of publications over years after applying the search string and ex-
clusion criterion 1 provided in the text (Material and methods). An increased
number of publications on MR-guided RF HT (red bars) can be seen after 2001
(development of the BSD2000-3D-MRI) and after 2014 (development of the
MRlabcollar and Thermal MRI).
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Table 2.2: Summary of proposed validation stages and metrics for standardization of the
validation of MRgHT devices.

Topic Sub-topic Quantification metric
Heating ability Focusing Option 1: Ttarget, increase
Option 2: SARmax for 1 W input power
Option 3: 50% iso-SAR
Focus steering Option 1: relocation of maximum heating point (mm)
Option 2: relocation of centre of the 50% iso-SAR contour (mm)
Compatibility B, No standardized metrics were found in literature
Proposal: average and maximum AB, changes with/without
the RF HT device present
B,* No standardized metrics were found in literature.
Proposal: average and maximum AB,;* changes with/without
the RF HT device present
Decoupling No standardized metrics were found in literature.

Image noise

Geometric distortion

Proposal:

Option 1: Coupling between the systems (S-matrix).
Option 2: Image quality degradation metrics during
contemporaneous operation of MRI and RF HT

Image signal to noise ratio (SNR)

DICE score, normalized cross-correlation of landmarks in
calibration phantoms

MRT accuracy

AT Accuracy
AT Bias & precision

Correlation

Root mean squared error (RMSE)
Mean error (ME) & Standard error (SE)

Coefficient of determination (R?) and probability (p-value)
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gions to some desired region. Metrics to describe these qualities may be defined in terms of
temperature rise or SAR. Second, the devices interaction with the MR environment, i.e. MR
Safety and MR compatibility, should be assessed. The test methods for MR safety have been
identified by committees 37136 but there is currently no set of tests for MR compatibility. We
recommend that a devices effect on B, homogeneity, B;" homogeneity, and SNR should be
measured for MR compatibility assessment. To that end, image SNR'¥"-1%0 and geometric
distortions 1*:14? should be quantified. Furthermore, sufficient decoupling between MRI RF
frequency and HT RF frequency (and its harmonics and parasitic frequencies) needs to be
demonstrated. Lastly, the validation of MR thermometry should be quantified as the differ-
ence between the MR-derived versus invasive measured temperature increase for various
probe sensor points based on National Institute of Standards and Technology (NIST). For
experiments that involve the use of phantoms, the phantoms dimensions, shape, material,
and probe locations should be reported. In the case of in vivo experiments, the number of
subjects, region of interest, pathology type, and probe insertion locations should be repor-
ted, where applicable. For all MRI-based measurements, the MRI pulse sequence type, scan
parameters (e.g., echo time, repetition time, flip angle, matrix size, slice thickness, field of
view, total acquisition time, etc.) should be reported.

2.4.2 The further development of MRgRFHT

Future work will aim to improve thermotherapy delivery performance by enabling more
accurate temperature monitoring with dedicated sequences and post processing techniques
that mitigate artifacts, e.g., motion. Accurate temperature monitoring enables to adjust the
SAR for better targeting the heat into the tumor area. New hardware solutions are urgently
needed to simplify and reduce equipment profile to increase patient access to MR-guided
RF HT in the clinic, e.g., low-profile liquid bolus for permittivity matching and cooling, and
dual-function integrated MR-RF HT applicators for improved SNR in MR thermometry.

An excellent potential of using a single integrated antenna array structure for dual-function
devices has been demonstrated in the literature. However, that approach is hampered by
1) the need for sequential heating and imaging, and 2) potentially contradicting require-
ments in terms of frequency and coil/antenna design. Decoupled devices have the benefit
that different frequencies can be used for imaging and heating, which enables 1) simultan-
eous operation and 2) the possibility of exploiting optimal heating frequencies regardless
of the imaging frequency. Another benefit of the latter approach is that it allows RF HT to
be applied on the most commonly available MRI field strength in the clinic (1.5 T) today,
which can potentially increase patients access to RF HT and lower operational costs. Hence,
accessibility of electronic switching and thermal MR approaches are strongly dependent on
the progress in the clinical availability of scanners based on 3 T, 7 T or beyond.

The ability to quickly reconfigure the setup of an MRI scanner from RF hyperthermia treat-
ment to standard diagnostic imaging mode, and vice versa, is also important in a clinical
setting. This is especially if the clinic aims to maximize patient throughput on the scanner,
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regardless of whether it is used for therapy or diagnostic imaging. Thus, the RF hyperther-
mia equipment and associated software needs to be configured such that a quick change
between diagnostic and interventional modes of an MRI scanner can be made. This may
involve dedicated scanner tables and software for diagnostic versus therapy modes.

The current clinical application of MR guided RF hyperthermia is strongly hampered by mo-
tion, heterogeneities, clips, and physiological changes (bladder filling, perfusion, swelling).
The major problem with the PRFS (used in most cases) is the strong disturbance by motion
and heterogeneities. Other MR parameters (T, or T,) might be better suitable since these
are less sensitive to motion, and motion correction techniques like gating could be applied.
Note that many of these techniques are studied in the context of thermal ablation4*-14°,
but application for the range of 40-44 °C still has to be studied. For all methods, increasing
SNR is highly warranted since this allows for faster scanning and/or more accurate meas-
urements. We foresee that clinical translation of the novel applicator approaches reported
in this review will provide big steps toward achieving sufficient SNR as groundwork for ac-
curate MRT in the clinic. This, in turn, will aid in the development of more precise heating
devices and truly, i.e. MRT feedback controlled, application of MRgRFHT.

2.5 Conclusion

In conclusion, on-line non-invasive 3D MR thermometry (MRT) offers very valuable inform-
ation about the tumor and normal tissues to improve treatment planning, treatment mon-
itoring and assessment of treatment effectiveness. The results obtained thus far from the
MR-guided RF HT devices described are very promising, and MRT during RF HT treatment
has been demonstrated to be feasible in selected cases. Still, improvements are highly war-
ranted to enable MRT guided treatment and treatment optimization in more anatomical
locations with greater robustness to motion-induced artefacts. Technical advances during
recent years may provide promising solutions to overcome many of the technical obstacles
such as poor temperature measurement accuracy, low temporal resolution and low imaging
SNR. Unfortunately, it is difficult to truly compare the advances since very little standard-
ization was observed in the ongoing work on device validation. In this paper, we therefore
list currently used metrics and propose new ones in case of gaps for experimental validation
of such devices. We believe that homogeneous reporting of validation results will help se-
lecting the best approach for all clinical scenarios. Hence, this paper will form a major drive
for clinical implementation of new MR hyperthermia technologies and, hence, will reduce
one roadblock for achieving spatially and biologically selective exploitation of the pallet of
hyperthermia benefits.
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CHAPTER 3

A new MR compatibility assessment procedure and clinical
benchmark

This chapter is based on:

K Sumser, MM Paulides, GG Bellizzi, GC van Rhoon, JA Hernandez-Tamames, S Curto.
Influence of the BSD-2000 3D/MR hyperthermia applicator on MR Image Quality: A Quant-
itative Assessment. In 2020 14th European Conference on Antennas and Propagation (EuCAP)
2020 Mar 15 (pp. 1-3). IEEE.
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Abstract

MR compatible hyperthermia devices exploit MR thermometry capabilities for
non-invasive treatment monitoring. These devices, which have been tested to
be MR safe, can potentially influence the MR image quality. One such device
is the Pyrexar BSD2000-3D-MRI applicator. In this study, we quantitatively
evaluated the impact of the applicator for different setups on MR imaging by
B, " and signal-to-noise (SNR) measurements. Our results show 30% decrease
in the By* transmit efficiency and 20% decrease in the SNR. We have found
the biggest impact was caused by the devices water bolus. This effect can be
overcome by increasing the B; transmit gain or using a thinner water bolus
in the device design.
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3.1 Introduction

During hyperthermia treatments, target volume temperature is increased to 40-44 °C to
sensitize the tumor cells for chemo or radiotherapy®®. MRI can provide valuable information
on anatomy and temperature changes non-invasively. Hence, it has become a valuable tool
for hyperthermia therapies. Several MRI guided hyperthermia devices have been developed
to take advantage of the capabilities of MRI?>10%:107:116.128 'Thege devices operating within
the MR environment are thoroughly tested and quantified for MR safety according to the
safety guidelines'#®. Additionally, these devices can affect the imaging quality. While the
effect on imaging does not affect the safety aspect, it can hamper the diagnostic/monitoring
capabilities, therefore it also requires quantitative evaluation.

The Pyrexar BSD2000-3D-MRI (referred as Sigma Eye) is an MR compatible hyperthermia
applicator which utilizes radio frequency radiation for selective heating of deep seated pelvic
and extremity tumors. Compared to the non-MR compatible model, this applicator also util-
izes MR thermometry in addition to the gold standard high resistance thermistor probes””
or fiber optic temperature sensors'%. Several studies have evaluated the electrical charac-
teristics, heating performance and validated MRI compatibility qualitatively of the Sigma
Eye®1%’. However, no quantitative evaluation on the influence of the Sigma Eye on MR
image quality has been published yet.

In this study, we quantitatively evaluated the impact of the Sigma Eye, its water bolus and its
100 MHz RF heating signal on MR imaging using an homogeneous cylindrical phantom. We
have measured B;* (flip angle (FA) maps) and Signal-to-Noise Ratio (SNR) measurements
in four different setups and compared it to the baseline measurements, i.e., when only the
phantom was in the scanner bore.

3.2 Material & Methods

3.2.1 Sigma Eye and Quality Assurance Phantom

The Sigma Eye (shown in Figure 3.1a) consists of 12 dipole antenna pairs which are ar-
ranged over three elliptically shaped rings. Phase and amplitude of each dipole pairs are
independently controlled. To transfer the electromagnetic energy, a 100 MHz RF heating
signal is used. A dedicated water bolus is placed between the patient and the applicator
and it provides coupling between the antennas and the human body and also cools the pa-
tient skin during treatment. In Erasmus MC, the Sigma Eye operates in conjunction with the
GE MR450w 1.5 T MR scanner. The scanner is equipped with bandpass filters at 100 MHz
to filter out this signal during MRI imaging to enable simultaneous operation. To evaluate
the influence of the Sigma Eye on MR image quality, we chose a homogeneous cylindrical
phantom. This cylindrical phantom is filled with a mixture of demineralized water and pre-
mixed Perfax wallpaper paste (T;: 2400 ms; T,: 1000 ms).
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3.2.2 Experimental Setup

The phantom has been imaged in four different setups:

1) phantom only (indicated as baseline scenario). The results of these measurement were
used as a baseline.

2) applicator around the phantom in treatment position with empty water bolus (heating
off). The results of these measurements were used to show the influence of the metallic
parts of the Sigma Eye.

3) applicator around the phantom in treatment position with filled water bolus (heating
off). The results of these measurements were used to show the influence of the water bolus.

4) setup 3 and applicator is turned on with 600 W input power (heating on). The results of
these measurements were used to show the influence of the 100 MHz RF heating signal.

FA maps were acquired using Bloch-Siegert shift method '*¢. SNR was evaluated on clinically
used MR thermometry pulse sequence, i.e. double echo gradient echo. The sequence para-
meters used for imaging were as follows: TR/TE1/TE2 620/4.6/18.4 ms, slice thickness 10
mm, slice spacing 22 mm, 5 slices, FOV 500x500 mm?, matrix size 256x256, NEX 1. Two
acquisitions were made one with excitation RF pulse and one without. The first acquisition
was used to calculate the signal and the second acquisition was used to calculate the noise
in the images. 37 ROIs (each 45 pixel?) for every slice (5 in total) were chosen inside the
phantom (Figure 3.1b) to evaluate FA variation and the SNR inside the phantom.

Figure 3.1: Experimental Setup and Post Processing ROIs (a) Sigma Eye MR compatible
hyperthermia applicator with cylindrical phantom placed inside (b) Example
Magnitude Image and ROIs used for SNR and FA homogeneity analysis
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3.3 Results

In Figure 3.2, the measured FA maps for all four setups are shown. The baseline FA maps
showed a homogeneous distribution intra-slice (std: 1.8°) as well as along the phantom (std:
1.4°). The measured mean FA was slightly lower than the prescribed value (27.6° vs 30°).
The device caused a further reduction, by 1.3°, in the mean FA values. The more drastic
effect was observed when the water bolus was filled. The mean FA values dropped to 21.6°,
a 28% reduction from the prescribed FA. The heating signal had a smaller but non-negligible
impact than the water bolus. The measured mean FA for the final setup was 21.0°.

The applicator didnt change the homogeneity of FA maps intra-slice and along the phantom.
The water bolus increased the intra-slice inhomogeneity (std: 2.4°).

In Figure 3.3, the measured SNR for all four setups for two different echo times are illus-
trated. Results have shown homogeneous values of the baseline SNR intra-slice (0.5 dB)
and inter-slice (1.5 dB) with a mean SNR values of 48 dB. The applicator only had a small
impact on SNR (reduction by 0.6 dB) while it did not affect the homogeneity. The water
bolus caused a big reduction in the measured SNR values for the measurements made with
both echo times (38.7 dB and 38.3 dB). It also increased the inhomogeneity to 2.5 dB. The
heating signal caused a further 0.8 dB reduction in the SNR.
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Figure 3.2: Change in Flip angle for four different experimental settings; prescribed FA is
30°.
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Figure 3.3: Change in SNR for three different experimental settings and different echo
times (left) Echo Time 4.6 ms (right) Echo Time 18.4 ms

3.4 Discussion & Conclusions

Our quantitative analysis have shown that the water bolus is the component of the Sigma
Eye with the largest impact on the MR image quality. The water bolus reduces the MR RF
transmit efficiency and increases the inhomogeneity of the B, * field. Compared to the effect
of water bolus the Sigma Eye applicator (metallic parts) and the 100 MHz RF heating signal,
had a less but non-negligible reduction on mean B, and SNR values. The reduction in the
SNR can be explained by the reduction in signal intensity when a lower flip angle was used.

The negative effect of transmission efficiency can be potentially overcome by increasing the
transmit gain of the MRI B, field or by altering the prescribed FA value. But another effect
that can not be corrected in easy modifications is the increase in inhomogeneity of the FA
and SNR maps. This problem calls for more sophisticated approaches on B, field shaping or
using a thinner water bolus in device design.
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CHAPTER 4

The need for MR thermometry in H&N hyperthermia

This chapter is based on:

K Sumser, E Neufeld, RF Verhaart, V Fortunati, GM Verduijn, T Drizdal, T van Walsum,
JF Veenland, MM Paulides. Feasibility and relevance of discrete vasculature modeling in
routine hyperthermia treatment planning. International Journal of Hyperthermia. 2019 Jan
1;36(1):800-10.
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Abstract

Purpose: To investigate the effect of patient specific vessel cooling on head and neck
hyperthermia treatment planning (HTP).

Materials and methods: 12 patients undergoing radiotherapy were scanned using
computed tomography (CT), magnetic resonance imaging (MRI), and contrast en-
hanced MR angiography (CEMRA). 3D patient models were constructed using the
CT and MRI data. The arterial vessel tree was constructed from the MRA images us-
ing the graph-cut method, combining information from Frangi vesselness filtering
and region growing, and the results were validated against manually placed markers
in /outside the vessels. Patient specific HTP was performed and the change in thermal
distribution prediction caused by arterial cooling was evaluated by adding discrete
vasculature modelling (DIVA) to the Pennes Bioheat Equation (PBHE).

Results: Inclusion of arterial cooling showed a relevant impact, i.e. DIVA model-
ling predicts a decreased treatment quality by on average 0.19 °C (T90), 0.32 °C
(T50) and 0.35 °C (T20) that is robust against variations in the inflow blood rate
(|AT|<0.01 °C). In three cases, where the major vessels transverse target volume,
notable drops (|AT|>0.5 °C) were observed.

Conclusions: Addition of patient-specific discrete vasculature into the thermal mod-
elling can significantly change predicted treatment quality. In cases where clinically
detectable vessels pass the heated region, we advise to perform DIVA modelling.
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4.1 Introduction

During hyperthermia cancer treatments, the temperature in the target region is increased
to therapeutic levels of 40-44 °C to sensitize tumors cells for the effects of radiotherapy
and/or chemotherapy treatments’?. For head and neck (H&N) cancers, the effectiveness
of hyperthermia has been shown in Phase III clinical trials®>3*14%:150 Hyperthermia dose-
effect relationships show that an increase of temperature will further improve treatment
outcome 247151 Our H&N hyperthermia applicator (HYPERcollar3D“!) allows conformal
focused microwave heating of tumors located deeply in the entire H&N region. Mandatory
in our treatment strategy is patient-specific hyperthermia treatment planning (HTP) to max-
imize the microwave power absorption inside the target region while minimizing exposure
of sensitive healthy tissues. To improve this procedure, we are investigating replacing the
power absorption-based optimization by optimization using patient-specific thermal simu-
lations. In this work we studied if incorporation of vasculature segmentation and discrete
vasculature (DIVA) modelling in routine planning would be feasible and if this would result
in a relevant change in temperature prediction.

Accurate HTP requires patient specific information: positioning of the patient in the applic-
ator, delineation of the target volume (CTV: clinical target volume as used in radiotherapy
planning), tissue segmentation, and electrical and thermal properties of the tissues>>!2, For
the H&N region, we have developed an auto segmentation routine>>!>® and showed that it
performs within intra-observer variations>*. Based on this method, we showed that patient
specific thermal properties, i.e. blood perfusion and thermal conductivity, can strongly im-
prove 3D temperature simulation accuracy'®*. That study showed the crucial importance
of taking patient specific cooling due to perfusion into consideration. Still, the impact of
cooling by the large vessels on top of this microvasculature cooling is unknown.

Cooling in tissues is generally modelled using the bioheat equation described by Pennes!>.
Pennes modelled the heat removal by blood using a homogeneous heat sink term, which
scales proportional to the tissue temperature increase above the blood temperature. Al-
though the Pennes model (PBHE) takes the cooling by capillaries adequately into account,
the effect of discrete vasculature is ignored which may lead to inaccurate temperature pre-
dictions°%1%7, Several thermal models to describe the heat exchange between vessels and
tissue have been proposed'*®12 but the discrete vasculature (DIVA) implementation de-
scribed by Kotte et al.'631%* and validated by Van Leeuwen et al.'6>1%® is the only one that
connects vessel tree and 3D FDTD thermal modelling.

An integral part of DIVA is an accurate segmentation of the vessels. Recent developments in
angiography made clinical imaging of vessels as small as 0.5 mm possible using computed
tomography (CT) or magnetic resonance (MR) scanners'®”-1%8, For routine HTE contrast
enhanced MR angiography (CEMRA) has advantages over CT angiography since it is non-
ionizing, i.e. repeatable, and more sensitive.

In this study, we investigated the impact of arteries on the prediction of the temperature
distribution using DIVA modelling added to the classical PBHE thermal model. Twelve rep-
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resentative patients underwent CT and MR imaging of the anatomy, as well as CEMRA. The
graph-cut method, combining information from Frangi vesselness filtering and region grow-
ing, was implemented and validated against manual markers 1) to study the feasibility of
auto-segmentation as required in routine HTP and 2) to obtain a detailed vessel model. Next,
specific 3D anatomy and vessel tree models of twelve patients were constructed. HTP was
performed for each patient and the results of PBHE and combined PBHE+DIVA modelling
were compared using predicted hyperthermia treatment quality parameters.

4.2 Methods

4.2.1 Patient Data and Scan Protocols

Institutional review board approval was obtained and 12 patients eligible for radiotherapy
treatment in the head and neck region were randomly selected and asked to participate in
this study. CT and MRI scan parameters to create the 3D patient models were previously
described!®®. For vasculature tree generation, both blanco (pre contrast injection) and ar-
terial sequences were used: TE/TR: 1.93/5.71 ms, FOV 260 mm, slice thickness 0.7 mm,
acquisition matrix: 384CE256, number of slices: 128, flip angle: 25°, contrast injection: 6.5
ml gadolinium contrast agent at 2.5 ml/s, followed by 15 ml saline solution at 2.5 ml/s.

4.2.2 Arterial vessel tree segmentation

Pre-processing of the image data

The images were processed for noise correction using HDCS'”® and bias field correction
using the N3 method!”!. To normalize the image intensities all image histograms were
matched to a reference image !’? in the dataset. The default parameters were used for HDCS
as available in its ITK implementation, and the N3 method parameters were chosen as previ-
ously optimized for anatomical sequences of the H&N 173, For histogram matching, we used

16 landmarks using histograms built with 256 bins.

Graph-cut vessel segmentation

The segmentation method was derived from our previous work 4. Atlas-based segmenta-
tion was combined with intensity modelling using a Graph-cut optimization algorithm for
minimization and regularization. Following the terminology of'74, the spatial prior model
was based on Frangi vesselness filtering!”®> and the intensity model was estimated over the
target image using Frangi vesselness combined with region growing based segmentation.
The intensity model was built in three steps:

1) Local maxima were found in the Frangi response and used as seed for region growing.

available at http://www.insight-journal.org/browse/publication/748
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2) Region growing segmentation was run using the arterial image as input, and seed
points from step 1; the lower intensity was determined by getting the 5% level of
the intensity histogram of the arterial image in the region of high vessel-probability
(defined as having a Frangi response image value higher then 0.05).

3) Using this lower intensity threshold, the region growing algorithm was run using a
26-voxels 3D neighborhood model. The foreground and background intensity models
were built by sampling all voxels, within <3mm from foreground, in or outside the
region growing segmentation of the vessels, respectively. The models were constructed
using Parzen window estimation with a Gaussian kernel of 50 (intensity value unit).

For the graph-cut optimization, we set the association potential weight A, to 1 and the
spatial prior weight A, to 0.5 based on visual inspection.

Vessel centerline and radius reconstruction

The MeVisLab skeletonization algorithm'”® was applied using the binary segmentation of
the vessels as input. Vessel centerline points and vessel radii per point were obtained and,
using a distance based sorting, we determined the vessels’ points connectivity, i.e. which
points are starting points, end points, bifurcation and normal vessel points. In Figure 4.1,
we show an example of the skeletonization algorithm (for each point the vessel radius is
available) and the same points with connectivity information. Each vessel tract was defined
as the sequence of points from a starting/bifurcation point to an end point/bifurcation point
as shown in Figure 4.1. For each tract, we estimated the radius as the average radius of all
vessels centerline point in the tract and we use this information to build the vasculature
model for thermal simulation.

4.2.3 Electromagnetic modeling and optimization

Patient models were generated from automatic segmentation of CT and MR scans®>!*® and

positioning inside the HYPERcollar3D was done by an experienced technician. Electromag-
netic distributions were computed using Sim4Life (v.4.0.0.2832, Zurich MedTech, Zurich,
Switzerland). The resulting 3D electric field distributions were imported into the treatment
planning and guidance software VEDO>? and amplitude and phase settings per antenna
were optimized to maximize the target-to-hotspot energy deposition quotient®2. EM tissue
parameters at 434 MHz are given in Table 4.1 and are from'””.

4.2.4 Thermal modeling

Transient 3D temperature distributions were calculated using the PBHE and the combined
PBHE+DIVA solvers in Sim4Life. A 1 mm uniform grid was used in all simulations. Models
were simulated for 900 seconds to ensure that steady state is reached. The tissue thermal
parameters given in Table 4.1 were used for both models. The listed thermal properties were
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Figure 4.1: Left: vessels skeleton and right: skeleton and connectivity. In this example,
green points are starting points, red points are end points and purple points
are bifurcations. The color of the squares around the points indicates that the
point belongs to a separate tract of the vasculature.

taken from 78, except for tumor perfusion and thermal conductivity in muscle, fat and tumor,
which were taken from!**. The effect of thermoregulation was not modelled and values for
constant perfusion were used. The SAR level, i.e. total input power, was increased until
the maximum temperature in the healthy tissue reached 44 °C in the PBHE model. For the
first analysis, an identical power level was used in the combined PBHE+DIVA modelling
to compare the maximum predicted temperature in healthy tissue. Subsequently, the total
input power of the PBHE+DIVA simulation was increased to reach a maximum healthy
temperature of 44 °C. The patient initial temperature was set to 37 °C and mixed boundary
conditions were applied using the following values for the heat transfer coefficients (h) and
outside temperature (T): tissue background (h = 8 [W/m?/°C], T = 20 °GC,7?), tissue
internal air / lungs / (dental) metal implants (h = 50 [W/m?/°C], T = 37 °C,7), tissue
water bolus (h = 292 [W/m?/°C], T = 30 °C; derived from in house measurement involving
the devices water bolus).

For DIVA simulations, the inflow temperature of the blood was set to 37 °C. For every vessel
the following settings were used: bucket density = 1000 m™!, Nusselt Number = 3.66,
blood initial temperature = 37 °C, blood thermal conductivity = 0.52 W/m/°C, blood heat
capacity = 4.05x10° J/m~3/°C. The inflow rate values for the arterial tree were fixed as

in'®° i.e. 275 mL/min for the two internal carotid arteries (ICA) and 90 ml/min for the two
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Table 4.1: EM and thermal simulation properties of tissues. €,: relative permittivity; o:
conductivity (S/m); p: density (kg/m?3); c: Specific heat capacity (J/kg/°C); k:
thermal conductivity (W/m/°C); Q: metabolic heat generation rate (W/kg); w:
perfusion rate (mL/min/kg)

Tissue €, o Ie) c k Q w
Internal air 1.00 0.0 1.2 - - - -
Bone 13.07 0.09 1908 1313 0.32 0.15 10
Brainstem 55.11 1.05 1045.5 3630 0.51 11.4 558.6
Cartilage 45.14 0.60 1099.5 3568 0.49 0.54 35
Cerebellum 55.11 1.05 1045.5 3696 0.55 15.5 763.3
Cerebrum 56.81 0.75 1044.5 3653 0.51 15.7 770
CSF 70.63 2.26 1007 4096 0.57 0.0 763.3
Fat 11.59 0.08 911 2348 0.50 0.51 255
Grey matter 41.66 0.45 1041 3696 0.55 15.54 764
Lens 37.29 0.38 1075.5 3133 0.43 - -
Lung 23.58 0.38 394 - - - -
Muscle 56.87 0.80 1090.4 3421 0.4 0.96 442.8
Myelum 35.04 0.46 1075 3630 0.51 2.48 160.3
Optical nerve 35.04 0.46 1075 3613 0.49 248 160.3
Sclera 57.37 1.01 1032 4200 0.58 5.89 380
Thyroid gland  61.33 0.89 1050 3609 0.52 87.1 5624.3
Tumor 59.00 0.89 1050 3950 15 - 848

Vitreous humor 69.00 1.53 1004.5 4047 0.59 - -
White matter 56.81 0.75 1044.5 3583 048 4.32 212

vertebral arteries (VA). To assess the robustness against inflow rate variations, they were
modified to represent high (ICA 325 mL/min, VA 108 mL/min) and low (ICA 225 mL/min,
VA 72 mL/min) flow rates. At bifurcations, the flow rates were distributed over child vessels
proportional to the cubic ratio of their diameters according to Murrays Law 8!,

Each DIVA simulation required 30M Cells and took on average 4 hours at a standard desktop
computer with i5-3550 processor.

4.2.5 Evaluation parameters

The results of the graph-cut vessels segmentation method were benchmarked against manual
annotations regarding sensitivity, specificity, accuracy, and precision:

* Sensitivity= TP/(TP+FN)
* Specificity= TN/(TN+FP)

* Accuracy= (TP+TN)/(TP+TN+FP+FN)
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* Precision= TP/(TP+FP)

As ground truth, vessel and background (no vessel) landmarks points were manually placed
in pairs by a medical student. In total, 1760 vessel and 5585 background points were placed
axially distributed over all patients and over 10 slices per patient. Every vessel landmark
is matched with a background landmark near the vessel surface to be sensitive to mis-
segmentation.

The impact of the extension of PBHE modelling with DIVA on the temperature simulation
was analyzed using the hyperthermia quality parameters T90, T50, and T20, i.e. the iso-
temperature levels encompassing 90%, 50% and 20% of the CTV, respectively. A two sample
t-test was used to test for statistical significance.

4.3 Results

In Figure 4.2, a visual example of vessel segmentation by the graph-cut method is shown.
On the left, the detected voxels (highlighted in purple) are shown overlaid on coronal MRA
image. On the right, the resulting full arterial tree ready to be inserted in the thermal sim-
ulation, is visualized.

The sensitivity of the graph-cut segmentation method was 0.85, and specificity was 0.97.
These high sensitivity and specificity values are desired to correctly identify the vessel loc-
ations. The method also provided high accuracy (0.94) and precision (0.9), which is very
desirable since the thermal modelling is severely affected by false positives and false neg-
atives. Hence, the good all-round performance of the method and visual inspection suggest
that it is sufficient for thermal modelling.

Figure 4.3 shows the maximum temperature reached in the healthy tissue with the DIVA
model when the same power as in the PBHE is used in the PBHE+DIVA model. In DIVA+PBHE
models for 5 patients (Patient 1, 7, 9, 11, and 12), the achieved maximum temperatures in
the healthy tissue (using the same power levels as in the corresponding PBHE models) de-
creased by more than 0.2 °C. The maximum change in the peak temperature was observed
in Patient 9, where the maximum temperature was 1.4 °C lower than in the PBHE model.

Figure 4.4 shows the difference in achieved HTP quality parameters in the CTV. T50 of 5
/ 12 patients decreased notably (JAT50| > 0.20 °C) in the presence of arterial cooling.
The T50 values in the DIVA simulations were on average 0.30 °C lower, but 1 / 12 patient
showed an insignificant increase in T50 (AT50 = 0.05 °C). In two cases, where the heating
target-volume was in the vicinity of a blood vessel, cooling was increased by up to 1 °C.
There was no clinically relevant difference in the lowest target temperature indicator, i.e.,
average AT90 = -0.16 °C. The maximum temperature surrogate T20 showed the biggest
change between the models (average AT20= -0.33 °C). The maximum drop in predicted
T50 was 1.00 °C, where the temperature distributions for both models are illustrated in
Figure 4.5. The vessels pass through the target area and create cold tracks in their paths.
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Figure 4.2: An example result of the graph-cut vessel segmentation algorithm. Pre-
processed coronal slice of the MRA image of a patient with vessels segmentation
color overlay in purple (left), and the skeletonization of the arterial vessel tree
(right).

Still, our statistical analysis did not show a significant reduction in HTP quality parameters
(T90: p=0.64, T50: p = 0.45, T20: p = 0.38) for the total of the 12 patients. The robustness
study regarding variations in the flow rates produced changes below 0.01 °C in all cases.

4.4 Discussion

In this paper, we report our analysis on the effect of discrete vasculature in the H&N region.
We found a notable drop in treatment quality parameters with the arterial DIVA model com-
pared to the PBHE model. Although the differences in the values are moderate on average
(0.30 °Q), for three patients (Patient 6, 7, and 8), a large drop in the achieved temperature
metrics was observed (average drop 0.92 °C), presumably because the target volumes in
these patients are significantly exposed to traversing parts of the arterial trees. Exclusion of
these three patients brings the average difference in HTP quality parameters to 0.09 °C. This
fact highlights the importance of DIVA modelling in specific cases when the target volume
is in the vicinity of the vessel tree.

To our knowledge, these are the first reported results on the use of a clinical workflow
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Figure 4.3: Maximum temperatures in the healthy tissue reached in PBHE+DIVA models
with the same input powers as in PBHE models. The maximum temperature in
the healthy tissue was 44 °C in the PBHE model.

to implement patient specific thermal modelling of discrete vasculature in HTP including
acquisition of vasculature data. Other authors did study the impact of DIVA modelling for
other scenarios or using a non-patient specific vessel network. Van Lier et al.'8? evaluated
and compared PBHE and PBHE+DIVA models regarding the maximum temperature increase
in the head after exposure to a 300 MHz radiofrequency field induced by MRI coils. They
reported 0.5 °C difference in the maximum temperature increase predictions. Our approach
of focusing on target volume prevents a comparison with their results, which were obtained
using a more homogenous B, field that is desirable in MRI. Our findings confirm that PBHE
only predictions can overestimate the temperature increase. For exposure by a mobile phone,
Flyckt et al.'®® also reported lower maximum temperature rise with a DIVA model of the eye.
Using data from a healthy volunteer, supplemented by a vessel network from a previous
study!'®’, Kok et al. 84 studied the differences in HTP quality parameters in the pelvis region
when using DIVA modelling. They saw 0.2 °C, 0.4 °C, and 0.6 °C decrease in T90, T50, and
T10. The higher difference they found can be explained by the fact that their maximum
allowed temperature in the healthy tissue was 45 °C, which is higher than in our clinical
protocol.

The graph-cut segmentation is a trade-off between region growing and Frangi vesselness
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Figure 4.4: Differences in HTP quality parameters in the CTV (a) AT90 (|AT90,,, | =0.16
°C), (b) AT50 (|AT50m,g | =0.30 °C), (c) AT20 (|AT20avg | =0.33 °Q). *
next to the patient number denotes a target volume that includes a part of the
vessel tree.

based segmentation. Frangi has a low sensitivity because the vessel boundaries are not ac-
curately segmented due to the effect of the Gaussian smoothing. Conversely, region grow-
ing segmentation tends to ’leak’ including high intensity background region as foreground.
Graph-cut segmentation provides better boundaries without including spurious high intens-
ity regions in the vessel segmentation.

There are some limitations regarding the accuracy of thermal modelling in this study. Ar-
teries with diameters larger than 0.5 mm were captured in the MRA images. Arteries with
diameters in the range of 0.1-0.5 mm may affect the accuracy of PBHE+DIVA models'®.
This resolution is not achievable with current clinically available imaging technologies. Fur-
thermore, the arteries reconstructed in this study (diameter > 0.5 mm), nearly always are
accompanied by a counter-current vein '®¢. When this venous flow originates from a heated
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Figure 4.5: Example temperature distribution maps overlaid on CT images for PBHE (left),
and DIVA (right).

volume, counter-current heat exchange will increase the temperature of arterial flow (ven-
ous rewarming). A correction coefficient has been suggested to account for this effect!®!.
If the venous flow originates from a cold volume; there will be no venous rewarming. As
the target volume in the H&N hyperthermia is only about 250 ml, i.e. much smaller than in
pelvic hyperthermia, counter-current venous rewarming is not expected. Since venous flow
is much slower than arterial flow, very little independent cooling by the veins is expected *°.
Thus, we regard the effect of arteries reported in this study a good estimate of the minimum
difference that can be expected in the clinic.

In vivo validation of the vasculature effect on head and neck hyperthermia treatment quality
has some challenges. The concept of DIVA thermal modelling was validated ex vivo by Raay-
makers et al.'®” using a perfused bovine tongue. A specific validation for the H&N region
would require in vivo temperature measurements near vessels. During H&N hyperthermia,
placement of invasive temperature probes is challenging and risky and therefore often not
feasible*?. In addition, the thermo-sensors are positioned at a safe distance from the ves-
sels to avoid complications like artery puncturing>’. Hence, non-invasive measurements like
magnetic resonance temperature imaging (MRTI) hold the greatest promise for validation
of the discrete vasculature modelling. However, the accuracy of MRTI strongly varies de-
pending on the distance to distortions and confounders. Hence, a validation study requires
the most advanced MRTI techniques, dedicated MR-hyperthermia equipment and careful
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planning.

Although the HTP quality parameters are commonly used as surrogates and have been
shown to correlate with the treatment outcome*”!88 they are not sensitive to minimum
temperatures. Hence, local vessel cooling may create small under-dosed areas where hyper-
thermia is less effective potentially leading to tumor recurrences. We hypothesize that the
correlation between macroscopic quality parameters and treatment outcome is an indicator
that ionizing radiation alone is sufficiently effective in those regions, which are highly oxy-
genized regions. An analysis on the thermal enhancement ratio®® in these regions might
provide different results. However, more research on the biology of hyperthermia on a local
scale is needed for definite answers.

Inclusion of DIVA into the HTP scheme is necessary for correct thermal dose estimation. Ad-
ditionally, to reach maximum allowed temperature limits in the healthy tissue, we showed
that power on average needs to be increased by more than 6% when considering DIVA. Fail-
ing to deliver the correct power levels can result in a decrease in T50 by on average 0.45 °C.
However, the benefits of patient specific vasculature information come with additional bur-
den to the patient. Patients have to stay in the scanner for another ten minutes. In addition,
although fast DIVA simulation tools have been developed !4, these are not commercially
available and only predict temperatures in steady state. Transient implementations of the
DIVA model involve long simulation times, which makes the integration of DIVA into com-
plaint adaptive online HTP unrealistic>2.

4.5 Conclusion

Our analysis, based on twelve patient models, showed no significant decrease of the target
temperature isopercentiles when including the effect of patient specific vasculature informa-
tion into the PBHE model. Nevertheless, in specific cases, where major vasculature traverses
the strongly heated target volume, a clinically relevant difference was observed. Based on
these findings about the impact of the vasculature above 0.5mm in diameter, we advise to
consider DIVA modelling if such vessels are passing through the heated region. For the vessel
tree segmentation and extraction from CEMRA, the graph-cut method has good automation
potential: it performs well in terms of accuracy, precision, and specificity without losing on
sensitivity.







CHAPTER b

Design of the MRcollar

This chapter is based on:

T Drizdal, K Sumser, GG Bellizzi, O Fiser, J Vrba, GC van Rhoon, DTB Yeo, MM Paulides,
Simulation guided design of the MRcollar: a MR compatible applicator for deep heating in
the head and neck region. International Journal of Hyperthermia. 2021 March 7;38(1):382-
392.



66

Design of the MRcollar

Abstract

Purpose: To develop a head and neck hyperthermia phased array system compatible
with a 1.5 T magnetic resonance (MR) scanner for non-invasive thermometry.
Materials and methods: We designed a dielectric-parabolic-reflector antenna
(DiPRA) based on a printed reflector backed dipole antenna and studied its predicted
and measured performance in a flat configuration (30 mm thick water bolus
and muscle equivalent layer). Thereafter, we designed a phased array applicator
model (MRcollar) consisting of 12 DiPRA modules placed on a radius of 180 mm.
Theoretical heating performance of the MRcollar model was benchmarked against
the current clinical applicator (HYPERcollar3D) using specific (3D) head and neck
models of 28 treated patients. Lastly, we assessed the influence of the DiPRA modules
on MR scanning quality.

Results: The predicted and measured reflection coefficient (S11) of the DiPRA module
are below -20 dB. The maximum specific absorption rate (SAR) in the area under
the antenna was 47% higher than for the antenna without encasing. Compared to
the HYPERcollar3D, the MRcollar design incorporates 31% less demineralized water
(-2.5 D, improves the predicted TC25 (target volume enclosed by 25% iso-SAR
contour) by 4.1% and TC50 by 8.5%, while the target-to-hotspot quotient (THQ)
is minimally affected (-1.6%). MR experiments showed that the DiPRA modules do
not affect MR transmit /receive performance.

Conclusions: Our results suggest that head and neck hyperthermia delivery quality
with the MRcollar can be maintained, while facilitating simultaneous non-invasive
MR thermometry for treatment monitoring and control.
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5.1 Introduction

Hyperthermia has proven beneficial when added to standard radiotherapy and chemother-
apy for treatment of many tumor locations, including the head and neck (H&N) 151772190 1
order to elevate the temperature in the H&N region to the desired range of 40-44 °C, we have
previously developed the unique HYPERcollar3D applicator consisting of 20 patch antennas
operating at 434 MHz*>**, At Erasmus MC, hyperthermia using the HYPERcollar3D is being
applied once a week for 75 minutes after the radiotherapy treatment*?. The temperature
during the hyperthermia is measured superficially and, whenever possible, interstitially by
sets of fiber optic probe sensors placed in closed tip catheters. Magnetic resonance (MR)
imaging has shown to have a clinical potential for noninvasive temperature measurement
in the pelvic region, however no device exists for MR-hyperthermia in the H&N %192, In
2012, we therefore started to study the feasibility of integrating the hyperthermia H&N
device into an MR scanner for noninvasive MR thermometry by developing a novel applic-
ator: the MRcollar.

Integrating a hyperthermia system into the MR requires the use of nonmagnetic components
and design principles that minimize system-induced image artifacts. One example for this
is the minimization of large electrically conductive surfaces that can generate undesired
gradient-induced eddy-currents or shield certain regions of interest from the MR radio-
frequency (RF) transmit fields. Previously, we redesigned the HYPERcollar3D and exper-
imentally showed the feasibility of applying hyperthermia in a 1.5 T GE 450w MR scanner
using the "MRlabcollar", a laboratory prototype consisting of 12 patch antennas operating at
434 MHz%5197:1% 1n those measurements, we observed that the connectors of the antennas
caused image distortion in the MR thermometry images, even if the effects were located
on the periphery of the water bolus structure and not within the region of interest. Mo-
tivated by the negligible MR distortions found for the self-grounded bow-tie antenna, we
developed the Yagi-Uda antenna, which has a smaller cross-section of metal obstructing the
B1+ ﬁe1d124’193’194.

Noninvasive MR thermometry using the MR scanner is clinically available for deep hyper-
thermia in the pelvic region using the Sigma Eye system (Pyrexar Medical, Salt Lake City,
USA)*1%_ Sigma Eye and MRlabcollar use independent systems for MR thermometry and
hyperthermia heating. This differs from other approaches where the hyperthermia and MR
imaging functionalities are embedded into a common antenna structure. It was demon-
strated that a 3 T MR surface loop coil array can be modified in real time into a C-shaped
dipole antenna phased array for hyperthermia heating using fast RF switches2%1°°, As an
alternative, Winter et. al proposed to use a bowie-tie antenna system for imaging and heat-
ing at 7 T (298.6 MHz) ’7'13°, Both these approaches use the MR scanner RF amplifiers for
heating and thus do not allow truly simultaneous heating and imaging. Further they also
restrict the heating frequency to the Larmor frequency, which is often not the optimum
choice considering focusing and operational costs. Hence, the optimum choice might be an
appropriate co-design of a heating antenna array and imaging coil arrays. We selected 434
MHz as operating frequency as it is within the band of optimum frequencies'°® and an ISM
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(industrial, scientific and medical) frequency for which low-cost amplifiers are available.
This frequency is also sufficiently far from the Larmor frequency (64 MHz) and higher or-
der modes of a 1.5 T MR scanner, which enables decoupled operation for truly simultaneous
noninvasive MR thermometry %2,

The purpose of this study was to use 3D electromagnetic (EM) field modelling to design a
clinical applicator prototype for MR guided deep hyperthermia treatment in the H&N region.
In the first step, we designed the dielectric parabolic reflector antenna (DiPRA) module. In
the second step, we used a dedicated measurement setup to verify the predicted reflection
coefficient and radiation characteristic of the DiPRA module. Based on this module, we
then created a phased array applicator (MRcollar) model and tailored its dimensions to the
average H&N patient. Forth, the predicted heating capabilities of the MRcollar design were
evaluated against the clinically used HYPERcollar3D applicator®. Finally, MR experiments
were carried out to assess the influence of the DiPRA modules on MR scanning quality.

5.2 Methods

5.2.1 Antenna encasing - DiPRA module

Figure 5.1a shows the original Yagi-Uda antenna model in Sim4Life, for which heating per-
formance and MR compatibility were verified in a previous study'2*. The antenna was man-
ufactured of an FR-4 printed circuit board and operates at 434 MHz. It is partly submerged
in the de-mineralized water bolus, which allows reducing the antenna size, efficient EM
energy transfer and cooling of the patient surface. The director of the printed circuit board
(PCB) Yagi-Uda antenna (Figure 5.1a) was removed to reduce axial size and because it
induced significant sensitivity in impedance characteristics to the cavity enclosing. This re-
moval resulted in a reflector backed dipole antenna shown in Figure 5.1b. To reduce the
amount of water needed, minimize the cross-coupling and improve focusing, we designed
a specific encasing with a parabolic back shape shown in Figure 5.1c, a dielectric parabolic
reflector antenna (DiPRA). The width of the DiPRA encasing (we), shown in Figure 5.1c, is
determined by the 70 mm printed reflector backed dipole antenna width. The height (he)
was selected such that the specific absorption rate (SAR) in the muscle equivalent phantom
was not influenced by this dimension. The distance between antenna and cavity top (d,_,)
and the thickness of the top encasing part (d,,), shown in Figure 5.1d, were selected to have
a minimum influence on the antenna reflection characteristics.We placed the DiPRA module
on a 30x300x300 mm? water bolus and a 100x300x300 mm?® muscle equivalent phantom
model, and studied reflection coefficient and SAR characteristics. For the FR-4 substrate we
applied €, = 4.66, c = 1.9 mS/m, o = 1850 kg/m?® dielectric properties, for the antenna
encasings €, = 2.6, ¢ =4 mS/m, p = 1180 kg/m?, for the water bolus ¢, = 80, o = 0.04
S/m, p = 1000 kg/m?® and for the phantom €, = 56.9, o = 0.81 S/m, p = 1090 kg/m?>.
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Figure 5.1: Models of a) original Yagi-Uda antenna including director, b) reflector backed
dipole antenna, c¢) dielectric parabolic reflector antenna (DiPRA) module, d)
2D planar cross-section of the DiPRA module.

5.2.2 DiPRA module verification measurements

To validate this embedded antenna concept, we created a dedicated measurement setup in
Sim4Life, as shown in Figure 5.2a. Figure 5.2b shows the manufactured setup using poly-
ethylene terephthalate glycol (PET-G) filament printed with 0.4 mm nozzle diameter, 0.25
mm layer height and 100% filling factor at Prusa i3 MK3 (Prusa Research, Prague, Czech
Republic) 3D printer. A two-component epoxide glue (Chemex POX Z 21, Prague, Czech Re-
public) was applied for antenna fixation and coating of the 3D printed part ensuring water
resistance of the entire measurement setup. We also 3D printed a 30 mm height frame for
the water bolus filled with demineralized water. For the reflection coefficient measurements,
we created a phantom with muscle equivalent properties at 434 MHz consisting of demin-
eralized water, salt and isopropyl alcohol. The concentrations of the individual components
were adjusted in a few iterative steps using dielectric assessment kit DAK-12 (SPEAG, Ziirich,
Switzerland) connected to N9923A (Keysight, Santa Rosa, USA) and a FieldFox vector net-
work analyzer. This procedure resulted in a liquid phantom with a relative permittivity of
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€, = 56.4 and an electric conductivity of o = 0.79 S/m. These values were very close to the
literature values for muscle of €, = 56.9 and o = 0.81 S/m used for the hyperthermia treat-
ment planning purposes withing this study. The reflection coefficient characteristics were
measured for different encasing top thicknesses, ranging from 0.5 mm to 1.5 mm, using a
liquid phantom and a FSH8 Rohde&Schwarz (Munich, Germany) vector network analyzer.

For the SAR measurements, we prepared a solid phantom following the procedure recom-
mended for superficial hyperthermia quality assurance'®”. The phantom consisted of de-
mineralized water, salt, agar powder, TX-151 and polyethylene powder and its dielectric
properties (e, = 66, 0 = 0.92 S/m) were measured using DAK-12. The phantom was filled
in eight 10 mm 3D printed frames which were placed on the top of another inside the 3D
printed container. After heating period, the whole phantom was taken out from the con-
tainer and two 2D profiles in depth of 12.8 mm and 24.5 mm depths measured by removing
top phantom layers. These thicknesses correspond to the manually measured thicknesses of
the first and second phantom layers after phantom creation. The SAR characteristics were
measured using E60 FLIR (FLIR Systems, Wilsonville, USA) for the scenario without an-
tenna encasing cover and for the scenario with a 1 mm thick cover. The 75 W harmonic
signal at 434 MHz was excited using a PG 70.150.2 (SSB Electronics GmbH, Lippstadt, Ger-
many) power generator and guided via a ZGBDC30-372HP+ (MiniCircuits, Brooklyn, USA)
bi-directional coupler towards the DiPRA panel SMA type connector. Forward and reflected
power were acquired using two PWR-6GHZ (MiniCircuits, Brooklyn, USA) power meters
connected with 20 dB additional attenuation to the outputs of the bidirectional coupler. Its
attenuation and coupling characteristics were measured at the beginning of the experiments
with a FSH8 vector network analyzer. We calculated SAR using the specific heat capacity (c
= 3640 J/kg/K) multiplied by the empirical rate of temperature rise. The latter is computed
from the ratio of measured temperature increase (subtracted 2D infrared images after and
before the heating) and the measurement time (four minutes). SAR was normalized to 1 W
input power to enable comparison of predicted and measured SAR distributions. The pre-
dicted 2D SAR profiles were extracted at corresponding depths from homogenous phantom
model.

5.2.3 MRcollar design

Figure 5.3a shows the simulation setup of the MRcollar model consisting of 12 antennas
organized in two 2x3 DiPRA arrays applied from left and right side of the patient H&N
model. Distances between individual DiPRA modules and the patient surface characterize
the water bolus thickness. To provide more evenly distributed water bolus pressure to the
patient and a more homogenous water circulation throughout the water bolus, it is desirable
to keep the water bolus thickness constant for the whole MRcollar model. We approximated
the surface of the representative patient with a radius of curvature of 150 mm, to which
we added 30 mm of water bolus thickness. This resulted in the final 180 mm radius of the
both 2x3 arrays parts of the MRcollar model shown in Figure 5.3b. A rounding with a radius
of 180 mm was applied to the footprint of the antenna modules in order to provide better
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a)

Figure 5.2: a) Model of DiPRA verification setup (note that the 3D printed part model is
transparent and perspective view is used for better clarity), b) manufactured
setup using 3D printer technology.

contact between water bolus and the modules.

5.2.4 MRcollar model heating capabilities

Heating capabilities of the clinically used HYPERcolar3D and the MRcollar model were eval-
uated on data from 28 H&N patients for which hyperthermia treatment planning (HTP)
was previously done. The patient group consisted of 14 oropharynx, five neck node, three
nasopharynx, three larynx, two oral cavity and one hypopharynx tumors, i.e., 19 males and

Figure 5.3: a) MRcollar model in Sim4Life, b) MRcollar model with highlighted radius
R=180 mm.
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nine females with a mean age of 63.1+11.2 years. Patient specific 3D H&N models were
created from computed tomography (CT) images using an atlas based automatic segment-
ation routine followed, if necessary, by manual adjustments in iSeg (v. 3.8, Ziirich MedTech
AG, Ziirich, Switzerland) >*. Then the patient models were imported into Sim4Life (v. 4.4,
Ziirich MedTech AG, Ziirich, Switzerland), together with the HYPERcollar3D or the MRcol-
lar model, for EM field simulations. All dielectric properties were assigned from the ITIS
database available in Sim4Life at 434 MHz'78. For the HYPERcollar3D models, we used 1.5
mm global finite difference time domain (FDTD) grid step refined to 1.25 mm within the
HYPERCcollar3D model and to 0.75 mm for the patch antenna parts. For the MRcollar mod-
els, we used 1.5 mm global FDTD grid step refined to 1 mm for the antenna encasing, 0.75
mm for the metallic antenna parts and 0.5 mm at the discrete edge source feeding. Typical
size of the whole FDTD calculation domain for both models was around 90 million cells.
A 434 MHz excitation and 20 periods of harmonic signal were applied for each antenna.
We used computed unified device architecture (CUDA) acceleration at nVidia GTX 1080 Ti
graphical processor units resulting in a typical computation time for each simulation of 35
minutes for the MRcollar model and 15 minutes for the HYPERcollar3D model.

Afterwards, all simulations were exported to VEDO, our in-house developed visualization
tool for electromagnetic dosimetry and optimization®2. VEDO allows pre-treatment and on-
line optimization of the amplitude and phase feeding signals of individual antennas in order
to maximize the EM field energy focus in the target region. It uses the particle swarm optim-
ization toolbox to optimize target-to-hotspot quotient (THQ) representing a ratio between
the average SAR in the target and the average SAR in the hotspot (total volume with the
highest 1% SAR outside the target) 1°1%_ In addition to THQ, we also compared the target
volume coverage of the 25% and 50% SAR iso-contour, TC25 and TC50.

5.2.5 MR assesment of antenna encasing - DiPRA module

We investigated the influence of the DiPRA module on MR quality following the tests re-
commended in Hoffmann et al.2?°, Three comparative tests were used to assess the absence
of field distortions on B, and B;* as well as SNR performance, respectively. Although Di-
PRA modules are not intended to be used as MR transmit or receive coils for which the
guidelines in Hoffmann are designed, these tests are relevant to investigate possible MR
distortions caused by the DiPRA modules. In that regard, both one and two DiPRA modules
scenarios were tested. In the experimental setup, the DiPRA modules were placed on top of
a static water bolus that was positioned in turn on top of a calibration phantom provided
by the MR vendor (GE Medical Systems - MR Division, Waukesha, WI, CTL Lower TL, P/N
U1150027: T, = 108 ms; T, = 96 ms). Both B, field and flip angle distortions were assessed
by comparing the homogeneity in a single slice when the DiPRA modules are present to the
homogeneity when they are absent. B, field homogeneity was measured with a dual echo
gradient echo sequence?®! (slice thickness 2.9 mm, FOV 300x300 mm2, matrix 256x256,
TR/TE1/TE2 243/4.6/9.2 ms, NEX 1, flip angle 15°). The flip angle field map was meas-
ured using the Bloch-Siegert method*® (slice thickness 5 mm, FOV 300x300 mm?, matrix
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128x128, TR/TE 20/14 ms, NEX 1, flip angle 30°). SNR was measured using a spoiled gradi-
ent echo sequence (slice thickness 2 mm, single slice, FOV 300x300 mm?, matrix 256x256,
TR/TE 75/4.5 ms, NEX 1, flip angle 60°). In order to evaluate the homogeneity of the dif-
ferent fields and compare them, a central region of interest (ROI) was defined, 30 mm deep
in the phantom.

5.3 Results

5.3.1 Antenna encasing - DiPRA module

Figure 5.4a shows the influence of the distance between the antenna and the encasing cover
d,_. (mm) on the antenna reflection coefficient, with the minimum S;; = -44.6 dB obtained
for a distance of 5 mm. We selected d,_, = 4.5 mm, to account for a larger distance in the
curved antenna encasing, ensuring good matching (S;; = -32 dB). Figure 5.4b illustrates
the linear relationship between the top encasing thickness d,, (mm) and antenna resonant
frequency, calculated for d,_, = 4.5 mm. Even though the optimum thickness for resonance
at 434 MHz is d,, = 0.85 mm, we selected d,, = 1 mm to ensure mechanical and waterproof
stability of the antenna encasing.

Figure 5.5a shows the normalized SAR depth profiles for the reflector backed dipole antenna
placed in: 1) a flat (brick-shaped) volume of deionized water, 2) encasing without the cover
and 3) in full encasing, i.e., the DiPRA. In Figure 5.5a, penetration depths equal to 20 mm are
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Figure 5.4: a) Reflection coefficient (S;;) as a function of antenna to antenna top encasing
distance d,_, (mm) for d,, = 1 mm, b) antenna resonant frequency change for
various thicknesses of the top encasing d,, (mm) for d, , = 4.5 mm.
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observed for the flat water model, as are penetration depths of 21 mm for both scenarios with
encasing. These values were calculated following the single antenna guidelines of ESHO'%7.
When introducing the encasing around the reflector backed dipole antenna, the maximum
SAR increased by 47% in a muscle equivalent phantom, from 3.4 W/kg to 5 W/kg for 1 W
input power. The normalized 2D SAR distribution at 10 mm depth for the DiPRA module in
the phantom is shown in Figure 5.5b. Figure 5.5c and Figure 5.5d show the normalized SAR
profiles at 10 mm depth for all three studied scenarios along Y axis and Z axis, respectively.
The encasing without the aperture cover had the best SAR symmetry from all three studied
scenarios at 10 mm depth of the phantom. A 6 mm maximum SAR shift in -Y direction was
observed for the DiPRA module.

5.3.2 DiPRA module verification measurements

Figure 5.6a shows the reflection coefficient comparison for the prediction and two measure-
ments of the DiPRA. For all cases, S;; is below -20 dB, which represents maximum reflection
of 1% from the input power. Figure 5.6b shows measured DiPRA resonant frequency as a
function of top encasing thickness d,, (mm).

Normalized 1g SAR predictions and verification measurements for the DiPRA module without
and with the 1 mm top cover are shown in Figure 5.7a and Figure 5.7b (without) and Figure
5.7c and Figure 5.7d (with). The distributions were normalized to the maximum SAR in the
2D plane at 12.8 mm phantom depth, i.e., the height of the first 3D printed frame filled
with the agar phantom. For the DiPRA scenario without the top cover, we obtained com-
parable predicted (2.04 W/kg) and measured (2.09 W/kg) maximum SAR. For the scenario
including a 1 mm top cover, the measured maximum SAR (2.41 W/kg) was higher than
predicted (2.01 W/kg). In this case, measurement (Figure 5.7d) confirmed the predicted
SAR shift when adding 1 mm top cover. Figure 5.8 shows the corresponding normalized
SAR figures at 24.5 mm depth in the agar phantom. At this depth, predicted SAR is higher
than measured SAR for both studied DiPRA scenarios.

5.3.3 MRcollar design

For 28 simulation setups we obtained a mean water bolus volume for the HYPERcollar3D of
8.0£0.3 1 and 5.5+0.3 I for the MRcollar design. For 22 adjacent DiPRA modules inside the
array and all 28 HTP setups, we obtained a cross-coupling of -23.6+5.1 dB. The maximum
cross-coupling of -14.9 dB was observed for the two adjacent modules in the top left corner
of the 2x3 array.

5.3.4 MRcollar model heating capabilities

Figure 5.9 shows the THQ for the MRcollar against the HYPERcollar3D model for 28 H&N
patients. For the HYPERcollar3D a mean THQ = 1.25+0.39 was obtained, and 1.23+0.3
was the mean THQ for the MRcollar model, demonstrating comparable heating capabilities
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Figure 5.5: a) Normalized SAR depth profiles for reflector backed dipole antenna module in
deionized water, in encasing without the cover part, and in full encasing, i.e.,
the DiPRA module, b) normalized 2D SAR profile at 10 mm depth of muscle
equivalent phantom for the DiPRA module, highlighted in the figure using solid
and dashed lines, c¢), d) normalized SAR profiles at 10 mm depth in the center
along Y axis (Z=0 mm) and Z axis (Y=0 mm), respectively.

of both systems. Figure 5.10a and Figure 5.10b show the comparison of target coverage in
terms of TC25 and TC50. Higher mean values for the MRcollar model of TC25 = 87.8£13%
and TC50 = 55.54+23.8% in comparison to TC25 = 83.7+15.6% and TC50 = 47+22.1%
obtained for the HYPERcollar3D demonstrate improved target coverage for the MRcollar
design.
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Figure 5.6: a) comparison of predicted and measured reflection coefficient for DiPRA with
d,;=1 mm and d,_,=4.5 mm, b) measured DiPRA resonant frequency change
versus thickness of the top encasing d,, (mm)

5.3.5 MR assessment of antenna encasing - DiPRA module

Figure 5.11 shows the results for the magnitude images, the B, and flip angle (B;*) field
maps in absence and presence of the DiPRA modules. The B, homogeneity in the absence
of DiPRA modules had a standard deviation of 8.3 Hz within the ROI. The presence of two
DiPRA modules improved B, field homogeneity (standard deviation = 7.9 Hz). The mean
flip angle within the ROI was always 32.54+1.3° and hence independent of the presence
of DiPRA modules. Finally, the image SNR in the ROI was 156 dB, when no DiPRA mod-
ules were present, while the image SNR was slightly higher when one or two DiPRAs were
present (163 dB). Overall, a negligible impact on B, homogeneity, average flip angle and
SNR were observed.

5.4 Discussion

The MRcollar design improves the predicted SAR target coverage (TC25 = +4.1% and TC50
= +8.5%) and achieves a comparable target-to-hotspot quotient (THQ = -1.6%) when com-
paring it to our clinically used HYPERcollar3D system. These improvements are present even
though the MRcollar design has two antenna rings in comparison to three rings of HYPER-
collar3D. The reflector backed dipole antenna shows an excellent predicted and measured
matching, i.e., S;; < -20 dB, when placed in a specifically designed dielectric encasing.
Cross-coupling between two adjacent antennas is predicted to be always better than -14.9
dB, ensuring independence of the individual channels. Encasing the DiPRA also improves
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Figure 5.7: Normalized SAR predictions for DIPRA module a) with and b) without top cover,
measurements ¢) with and d) without top cover at 12.8 mm phantom depth.

symmetry in the z-direction but adding the cover of the antenna encasing causes a 6 mm
shift of the maximum SAR in 10 mm depth of muscle equivalent phantom. This predicted
SAR shift when adding 1 mm top cover was verified using a dedicated measurement setup.
It is caused by the y components of the electric field that are generated since the two di-
pole arms are on different sides of the PCB. This phenomenon is small but may impose a
need to ensure a matching orientation of the antennas inside the Sim4Life model and the
manufactured device. Unfortunately, the required technology to perform the ultimate ex-
periment, i.e. microwave heating with the DiPRA modules while simultaneously measuring
the temperature distribution using MR thermometry measurements, are presently not avail-
able. We are currently in the process of implementing additional 434MHz filtering in the
MR signal readout pathway as well as obtaining sufficient 434 MHz amplifiers to enable
the final proof of functionality and future clinical to apply hyperthermia using the MRcollar
for patients with head and neck cancer. Nevertheless, the MR experiments reported here do
illustrate that the DiPRA modules does not alter MR transmit/receive performance.

For the MRcollar design, we decided to replace the manually manufactured HYPERcollar3D
patch antennas by reflector backed dipole antennas designed on a printed circuit board. A
downside of this antenna is that very small FDTD grid steps, i.e., 0.75 mm and 0.5 mm, are
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Figure 5.8: Normalized SAR predictions for DiPRA module a) with and b) without 1 mm
top cover, measurements c¢) with and d) without top cover at 24.5 mm phantom
depth.

necessary to correctly resolve the thin metallic antenna parts and the antenna feeding port.
This increases the computation time for each simulation approximately two times in com-
parison to those for the HYPERcollar3D. However, we expect that ongoing improvements in
graphical processor units will allow us to complete the whole treatment planning process
in around two hours, which is sufficiently fast for clinical HTP modelling. Most importantly,
the antenna orientation parallel to the radiated RF pulse of the MR birdcage coil indeed
ensured a limited flip angle (B;*) distortion within the antenna encasing.

The maximum SAR of the single reflector backed dipole antenna module inside the muscle
equivalent phantom was increased by 47% when introducing the encasing around the an-
tenna, leading to higher power delivery at the target region. This will decrease the maximum
power requirements for the microwave amplifiers, which is the most expensive sub-system
in RF hyperthermia systems. The antenna encasings also reduce the amount of water needed
in the system by 2.5 1 (31%) in comparison to the HYPERcollar3D, making it lighter and
thus easier to install. The DiPRA modules also enable an independent water circulation sys-
tem for the antennas from the water bolus circulation system. In this way, the temperature
inside the antenna cavities can be kept constant while the temperature in the water bolus
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Figure 5.10: a) TC25 and b) TC50 comparisons of the MRcollar and the HYPERcollar3D
models for 28 H&N patients.

can be tailored to the superficial cooling required. When changing the water temperature by
1 °C, the resonant frequencies for the patch and waveguide antennas shift by 1.1 MHz and
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Figure 5.11: Results of the By, flip angle (mean value) and SNR measurements for the MR
functionality assessment. The region of interest (ROI) is highlighted in red.

by 0.89 MHz respectively?°>2%3, A lower water volume will also reduce water circulation-
based MR distortions. In addition, the space between the DiPRA modules allows integration
of an MR surface coil array close to the patient surface?*. Such a surface coil array will
increase imaging SNR and potentially enable multi-coil acceleration techniques to obtain
MR thermometry maps with higher temporal resolution. With these combined approaches,
the accuracy and motion-robustness of MR thermometry in RF hyperthermia treatments is
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expected to improve.

5.5 Conclusion

Our results show that the novel MRcollar design enables achieving comparable heating
capabilities as compared to the current clinical HYPERcollar3D. The DiPRA antenna mod-
ule provides excellent predictive and measured matching characteristics and also predicted
cross-coupling between adjacent antennas is predicted to be always better than -14.9 dB.
The MRcollar design also reduces the amount of water needed by 31% (2.5 L), which will
reduce applicator weight and water circulation-based MR distortion. The flip angle map dis-
tortions caused by the DiPRA module are found to be restricted to within the module itself.
The H&N hyperthermia delivery quality with the MRcollar can be maintained, while facilit-
ating simultaneous non-invasive MR thermometry for treatment monitoring and control.







CHAPTER 6

Experimental assessment of the MRcollar

This chapter is based on:
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Experimental Validation of an MR-Compatible Head and Neck Hyperthermia Applicator. Int
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Experimental assessment of the MRcollar

Abstract

Clinical effectiveness of hyperthermia treatments can be hampered by lack of
temperature monitoring and accurate temperature dosimetry. The desire for non-
invasive temperature monitoring in head and neck region and the potential of MR
thermometry prompt us designing an MR compatible hyperthermia applicator for
head and neck region. In this work, we validate the design and numerical model of
the MRcollar. Through reflection and cross coupling measurements, we showed that
the MRcollar system has satisfactory and robust matching characteristics and low
interaction between the individual antenna modules. Heating and focusing capab-
ilities were measured in muscle equivalent phantom heating experiments. Heating
requirements as required by the European Society for Hyperthermic Oncology were
easily reached (6 °C increase in 2 minutes). The predicted and experimentally
measured SAR patterns have a good match (~95%). The MRcollar was shown to
have minimal effect on the image quality in the clinical relevant part of the field
of view. However, the water bolus reduces B efficiency and consequently the SNR.
Overall, the MRcollar design has been experimentally validated and the MRcol-
lar has great potential to improve hyperthermia delivery in the head and neck region.
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6.1 Introduction

Clinical studies have shown that hyperthermia increases the effectiveness of radiotherapy
and chemotherapy for various anatomical sites, without inducing significant side effects 7.
Also for cancers of the head and neck (H&N), this adjuvant effect of hyperthermia on ra-
diotherapy was shown?®2%%14° To extend the application of hyperthermia from superficial
regions also to deeply located target regions, we developed the HYPERcollar in 20072%,
which was succeeded by the HYPERcollar3D in 2014%**4, These devices were specifically
developed for conformal heating of large target regions ranging from 4 to 15 cm of an
advanced H&N disease®. Placement of invasive temperature catheters is challenging in
the H&N region and provides temperature information from a limited number of discrete
measurement points. Non-invasive temperature monitoring by Magnetic Resonance (MR)
Thermometry (MRT) has shown clinical potential for obtaining detailed 3D temperature
information from the region of interest’”. Based on our extensive experience with model-
based design from the development of the HYPERcollar and HYPERcollar3D, we designed
the worlds-first MR compatible radio frequency (RF) hyperthermia applicator for the H&N:
the MRcollar?. This novel design is based on a radically new antenna element and array
concept. However it still requires validation of the heating characteristics and MR compat-
ibility necessary for its introduction into clinical practice.

The HYPERcollar3D was designed in order to improve heating of the target region, and
to reduce modeling errors, such as a more reproducible water bolus shape, for improving
the translation of hyperthermia treatment planning (HTP) settings into the clinic. Based on
these innovations, HTP has become a more reliable tool to ensure target conformal elec-
tromagnetic field energy delivery. However, even when energy delivery is homogeneous
throughout the target region, the dramatic impact of patient, tissue and heating specific
thermoregulation affects the true achieved temperature!>*2%”. Therefore, this crucial but
largely unquantified impact of thermoregulation, deteriorates the temperature prediction
accuracy. Hence, detailed temperature measurements both in the target region and healthy
tissues are required to assess the true temperatures achieved and to enable adapting the
power distribution for maximizing the applied thermal dose. Non-invasive 3D temperat-
ure monitoring during H&N hyperthermia is therefore desperately needed for exploiting
the focusing potential of the HYPERcollar3D and for achieving the full clinical potential of
hyperthermia.

Literature indicates that the proton resonance frequency shift method, i.e., the most com-
mon MRT method, can provide 3D temperature maps with around 0.5 °C accuracy?®. For
H&N hyperthermia, several studies!?”-1*° have shown the feasibility of adopting MR com-
patible applicators; however, to date, none has been adopted in clinical practice. Recently,
we proposed a novel MR compatible applicator for the H&N region: the MRcollar?®. In
this design, MR-transparent Yagi-Uda antennas'?* were combined with dielectric reflector
modules (DiPRA) to minimize radiofrequency (RF) radiation towards adjacent antenna ele-
ments and towards the RF coil of the MR scanner. However, the applicator manufactured
based on this design needs to be validated before its introduction in clinical practice.
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The aim of this study was to experimentally validate the MRcollar design and the numer-
ical model, as well as to validate the suitability of the DiPRA modules in a realistic MR-
hyperthermia applicator environment. First, the electromagnetic design of the antennas
and the array was validated by reflection and cross-coupling measurements. Second, the
achievable heating rate of the device was measured using optical fiber temperature probes
inserted into cylindrical and anthropomorphic phantoms. Third, focusing capabilities were
measured in a muscle-equivalent cylindrical split-phantom by an infrared camera. Last, the
impact of the MRcollar on MR imaging using the body coil of the MR scanner was studied
by measuring the induced change in B;* (flip angle maps) and Signal-to-noise Ratio (SNR).
These steps allowed us to experimentally verify the feasibility of using the newly prototyped
MRcollar for MR guided hyperthermia and assess the actual impact of the water bolus on
imaging quality.

6.2 Materials and Methods

6.2.1 Mechanical Design

The MRcollar (shown in Figure 6.1) consists of two moon-shaped shells comprising of six
antenna modules in a 2x3 arrangement placed around the H&N. Every module contains a
printed Yagi-Uda antenna submerged in water and operating at 433.92 MHz. A water bolus,
i.e. a bag of flexible foil filled with demineralized water, is placed between the antenna
modules and the patient surface in order to improve coupling of electromagnetic waves and
to prevent unwanted heating at the patient skin. The MRcollar position can freely adjusted
in all three directions. Furthermore it can be rotated along z-axis (sagittal plane) for 15°,
which is the preferred position for the tumors in larynx region. The base plate was designed
to fit into the dedicated slot on the MR patient bed. Note that a water bolus design that is
stable, comfortable, durable and flexible enough to conform to patients of different sizes is
subject of ongoing study. For this experimental validation we therefore used a simple water
bag as water bolus.

6.2.2 Phantoms

Two semi-cylindrical split phantoms (shown in Figure 6.2a) were made and filled with
muscle-equivalent material consisting of deionized water, agar, sodium chloride, polyethyl-
ene powder and TX-151 (electrical conductivity 0.39 S/m, relative permittivity 59, thermal
conductivity 0.6 W/m/°C, specific heat 3800 W/kg/°C). A patient-representative anthropo-
morphic H&N phantom (electrical conductivity 0.43 S/m, relative permittivity 60, thermal
conductivity 0.6 W/m/°C, specific heat 3800 W/kg/°C; shown in Figure 6.2b) was made
using the same mixture, but with the addition of CuSO, to modify the MR properties (T;:
820 ms, T,: 37 ms). Dielectric properties of the phantoms were measured using dielectric
assessment kit (DAK-4, Speag, Zurich, Switzerland). Thermal properties of the phantoms
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Figure 6.1: Picture of the MRcollar applicator prototype without the inner water bolus.

were measured using a thermal property analyzer (TEMPOS, METER Group, Inc., USA).
The third phantom (T;: 108 ms, T,: 96 ms; shown in Figure 6.2c) was provided by the MR
vendor.

6.2.3 Antenna Characterization Measurements, Heating and Focusing
Steering Capabilities

We measured the complete S-matrix by attaching a network vector analyzer (ZNC 3, Rhode
& Schwarz, Germany) to the antennas using the cylindrical split phantom as a load.

For the heating characterization measurements, the split phantom was used. MR images of
the setup consisting of applicator, water bag and phantom were acquired before the heat-
ing experiment to correctly capture specifically the irregular shape of the water bag. Then
the images of the phantom and the water bolus were manually segmented using iSeg. The

Figure 6.2: Phantoms (a) Cylindrical Split Phantom (b) Cylindrical MR phantom, (c) H&N
phantom
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segmented models were manually overlaid with the MRcollar numerical model. Electromag-
netic field distributions were computed per antenna channel using Sim4Life (v.4.4.1.3808,
Zurich MedTech, Zurich, Switzerland). A 433.92 MHz excitation harmonic signal was ap-
plied for 20 periods to each antenna. The size of the calculation domain was 43 million
voxels, with a maximum voxels size of 1.5x1.5x1.5 mm?®. Three heat focus locations were
selected, i.e. central focus (0,0,0) mm, x-steered (20,0,0) mm, z-steered (0,0,40) mm, and
the corresponding amplitude and phase per channel were calculated using Time-reversal
method?®. The phantom was heated for 180 seconds with total input power of 180 W.
Temperature was monitored during the heating process by 27 fiber optic temperature probes
(FISO FOT-NS-577E, Fiso, Quebec, Canada). Specific absorption rate (SAR) was then cal-
culated by the temperature increase in the first 60 seconds. The temperature distribution of
the split phantom was imaged with an infrared camera before and, quickly (~10 seconds)
after opening both halves, after the heating session. Then the differential temperature dis-
tribution was calculated from these images and scaled to SAR distributions by multiplying
the temperature difference with the specific heat ratio and dividing by heating duration.
Heating focus-size was defined as the length and the width of the 50% iso-SAR contour. The
measurements were repeated to test for reproducibility. Forwarded amplitude and phase,
as well as reflected power, were continuously monitored using the clinical measurement
setup?°.

We quantified the match between the measurements and the numerical model using the
Gamma-method?!!. The tolerances were defined for dose difference as 10% and distance
to agreement as 10 mm. The analysis was done using all voxels absorbing at least 30% of
the maximum measured SAR in the phantom, to exclude the voxels heated due to thermal
conduction.

6.2.4 MR compatibility Measurements

The H&N phantom and cylindrical phantom were used to evaluate the MR-compatibility in
three different setups:

* Setup 1 - Phantom only: without the MRcollar present in the scanner but at an equal
reference height, measured from the bottom of the MR bed.

* Setup 2 - MRcollar-WB: MRcollar present without a water bolus; to investigate the
impact of the metallic structures (such as connectors and copper antenna parts).

* Setup 3 - MRcollar: MRcollar with the waterbag between the shells and the phantom;
to investigate the additional impact of the water bolus.

* SNR scans: two spoiled gradient echo acquisitions (with and without excitation RF
pulse) with the following parameters: slice thickness 2 mm, slice spacing 22 mm, 10
slices, FOV 500x500 mm?, matrix 256x256, TR/TE 75/4.5 ms, NEX 1. Flip angles were
chosen according to Ernst angle relation; 24° for Phantom 2 and 60° for Phantom 3.
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* B;" maps: Bloch-Siegert sequence with slice thickness 10 mm, slice spacing 22 mm,
10 slices, FOV 500x500 mm?, matrix 128x128, TR/TE 19/13.4 ms, NEX 1, flip angle
30°. Transmit gain and shimming were kept constant across scans. A region of interest
(ROI) was defined to calculate the mean SNR and flip angle values. The same ROI was
used for both phantoms and the change in SNR for Setup 2 and 3 is given relative to
Setup 1.

6.3 Results

6.3.1 Reflection and cross-coupling measurements

The complete S-matrix of the MRcollar system is shown in Figure 6.3. The primary reflection
coefficient (S;;) of all antennas was on average below the design goal of -15 dB (mean +
standard deviation = -17 + 6 dB) and the cross-coupling between the antennas (S;;) was
less than -20 dB for all except four combinations (mean =+ standard deviation = -32 & 7dB).

6.3.2 Heating, Steering Capabilities and Focus-Size

Using 180 W total input power for 180 seconds, 10.3+0.19 °C temperature increase was
achieved for all three optimization settings. The maximum measured SAR was 240 and 235
W/kg for central steering, 224 and 221 W/kg for x-steering, and 224 and 227 W/kg for z-
steering. The heating patterns for these three different focus locations are shown in Figure
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Figure 6.3: S-matrix and a schematic showing the antenna locations using fish-eye per-
spective for clarity
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6.4. The length and width of the focus was 82 and 30 mm for central steering, 85 and 32
mm for z-steering, and 83 and 33 mm for x-steering. The gamma criteria was full-filled by
88% of the voxels for central steering, 98% for z-steering, and 99.0% for x-steering.

6.3.3 MR Compatibility Measurements

Figure 6.5 shows the example magnitude images from Setup 1 and 3 for both phantoms.
There is no qualitative drop in image quality. Figure 6.6 show the normalized change in the
SNR for Phantom 3 and Phantom 2, respectively. The presence of the MRcollar without the
water bolus did not alter SNR for both setups. On the other hand, inclusion of water bolus

X-Steering Central Focus Z-Steering

Figure 6.4: Simulated and measured temperature distribution. Measurements: (a) Heating
Focus shifted 2 cm from the center in x-direction (b) Central Heating Focus
(c) Heating Focus shifted 4 cm from the center in z-direction. Simulation Res-
ults: (d) Heating Focus shifted 2 cm from the center in x-direction (e) Simu-
lated Central Heating Focus (f) Heating Focus shifted 4 cm from the center in
z-direction
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caused a reduction in SNR, especially in the first three slices.

Table 6.1 presents the mean flip angle values and the standard deviation in each setup.
Inclusion of the MRcollar increased the flip angle values but homogeneity was unaffected.
In Setup 3, a smaller flip angle than prescribed was received by the first three slices. In the
isocenter, nominal flip angle was achieved in both cases.

6.4 Discussion

In this study, we experimentally validated the MRcollar prototype and its numerical model.
In this regards, the antennas return loss and cross coupling were measured to fulfill the
design requirements. Good heating performance predicted by the simulations was validated
using Gamma-method in three distinct phantom experiments. The MRcollar MR scanner
interaction tests confirmed that the MRcollar has minimal effect on image quality, SNR, and
B, field homogeneity, thereby proving that the MRcollar is MR compatible.

6.4.1 EM compatibility

The DiPRA modules satisfied the original reflection characteristic requirements on average
(S;; < -15dB) set for the original single Yagi-Uda antenna by Paulides et al. '?*. The measured
cross coupling between the DiPRA modules showed overall good performance (S;, <-28 &+
8 dB) and matched the predicted performance by the simulations (S,, = -27 dB2%).

Figure 6.5: MR magnitude images (a) Phantom only (b) MRcollar-WB (c) MRcollar
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Figure 6.6: Relative change SNR compared to Phantom only for (a) Phantom 3 MRcollar-
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3. Dashed lines indicate +10% cutoffs.

6.4.2 Heating Capabilities

The capabilities of the MRcollar prototype to focus and steer the heating pattern were tested
using the same tests as in Paulides et al.'%® for the HYPERcollar. However, because of the
patient conformal shape of the MRcollar prototype, we used the time reversal focusing tech-
nique?® to determine the phase and amplitude coefficients driving the applicator to achieve
the desired steering. The measured focus size in the three different configurations (length
83 mm, width 31 mm), is in agreement with what was experimentally found (length 87-
112 mm, width 35 mm in'%®) and what was described in literature?'>?!3. The use of the
time reversal technique indeed resulted in central and steered foci. Hence, we did not use a
more sophisticated optimization approach®>2!427 which would intrinsically require a tar-
get volume and constraints that would only blur the focusing ability in this first validation
step.

In the absence of temperature rise criteria for deep hyperthermia applicators, we used those
defined in the recent quality assurance document for superficial hyperthermia applicators:
at least a 6 °C temperature increase in a maximum of 6 minutes'®’. The MRcollar fulfilled
the above criteria in less than two minutes, i.e. around 70% less than prescribed. Moreover,
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Table 6.1: Mean and standard deviation of flip angle in the ROI

Flip angle (°) - phantom 1 Flip angle (°) - phantom 2

Slice  Setup 1 Setup 2 Setup 3 Setup 1 Setup 2 Setup 3
27.4+0.5 30.3+£0.3 20.6+0.8 27.5£3.0 28.0£2.6 20.1%£5.0
29.6+0.4 32.6+0.4 23.7+0.4 28.0£2.9 29.9+2.9 21.4+5.0
30.9+£0.4 34.0+£0.4 26.4+0.9 28.7£5.1 31.6+2.1 21.5+5.9
31.2£0.4 34.8+£0.4 29.0£0.4 31.1£2.6 33.5%2.8 24.9+4.1
31.6+0,4 34.5+0.5 30.6+0.6 32.0£2.5 34.6+2.4 28.7%3.1
31.6+£0.5 33.94+0.5 31.1+0.5 32.24£2.5 34.4+2.2 30.7+2.4
31.0+0.4 33.1+0.6 30.6+0.5 32.0£2.1 33.5£2.3 31.1+2.8
30.2+0.4 31.6+0.5 29.6+0.5 30.3+2.4 30.7+2.6 29.9+3.3
28.7+0.4 29.44+0.5 27.9+0.5 28.3+2.6 27.0+£2.6 28.8+3.6

0 26.3£0.4 26.4%+0.5 25.6+0.6 25.24+2.8 27.3+7.4 25.8+3.7

= O OO UT A~ WONR

the total input power used in this study was only 10% of the available power of the clin-
ical amplifiers. Note, however, that the head and neck region is prone to a very high ther-
moregulation and that smaller heat foci require more energy?'®. Therefore the true heating
capabilities of the MRcollar in patients is still required.

Gamma analysis resulted in a good match ( 95%) between the predicted and experimentally
measured SAR patterns for all three different focus settings. In all three cases, the discrep-
ancies where near the edges of the phantom but far from the focus region. The differences
can be explained by changes in the shape of the water bag between the experimental setup
and the simulated shape. Still, further research needs to be done to reduce the discrepancy.

6.4.3 MR compatibility

Our MR compatibility measurements of the MRcollar show that the metallic parts contained
in the antenna structures have a minimal effect on the image quality in the phantoms, i.e.
the clinically relevant part of the field of view. The susceptibility artefacts induced by the
metallic parts were contained in the antenna cavities. SNR values remain in the same range
before and after the MRcollar is inserted into the MR scanner bore. Only a small increase
(~1.5°) was measured in the flip angle maps. The low standard deviation in the flip angle
maps confirms the homogeneity of the field. This result confirms the earlier experimental
findings that neither the Yagi-Uda antenna '?* nor the DiPRA model used in this study affect
MRI scans. The effect of the water bolus was found to be much stronger than that of the
metallic parts of the device. After the addition of the water bolus, the flip angle level was
measured to be lower than the one prescribed. Additionally, the signal level dropped due to
less excitation of the magnetization vector, especially in the first three slices. This drop can
be explained by energy losses in the water bolus. Even though the measured flip angle was
lower than the prescribed flip angle, the homogeneity of the flip angle maps (std ~0.45°)
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was not affected. As a result, the loss in SNR can be counteracted by a proper B; shimming,
an adjustment of the transmit gain, or both.

6.5 Conclusion

In this study, we introduce the MRcollar; worlds-first MR compatible RF hyperthermia ap-
plicator for the head and neck; and validated its design and operation. Antenna charac-
teristics were measured satisfactory and the heating rate requirements set by ESHO were
satisfied. The measurements and the predicted distributions had a good agreement; 95% of
the voxels satisfied the agreement criteria. The MRcollar had minimal effect on MR image
quality. B,;* field homogeneity were unaffected by the metallic structures contained in the
antennas.
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Abstract

The potential of MR thermometry (MRT) fostered the development of MRI
compatible radiofrequency (RF) hyperthermia devices. Such device integra-
tion creates major technological challenges and a crucial point for image
quality is the water bolus (WB). The WB is located between the patient body
and external sources to both couple electromagnetic energy and to cool the
patient skin. However, the WB causes MRT errors and unnecessarily large
field of view. In this work, we studied making the WB MRI transparent by
an optimal concentration of compounds capable of modifying T,* relaxation
without an impact on the efficiency of RF heating. Three different T,* redu-
cing compounds were investigated, namely CuSO,, MnCl,, and Fe;0,. First,
electromagnetic properties and T,* relaxation rates at 1.5 T were measured.
Next, through multi-physics simulations, the predicted effect on the RF-power
deposition pattern was evaluated and MRT precision was experimentally as-
sessed. Our results identified 5 mM Fe;0, solution as optimal since it does not
alter the RF-power level needed and improved MRT precision from 0.39 °C to
0.09 °C. MnCl, showed a similar MRT improvement, but caused unacceptable
RF-power losses. We conclude that adding Fe;0, has significant potential to
improve RF hyperthermia treatment monitoring under MR guidance.
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7.1 Introduction

Clinical trials have shown that the clinical outcome and local control of chemotherapy
and radiotherapy treatments can be enhanced with the addition of hyperthermia treat-
ments 18657273150 Clinjcally demonstrated thermal dose effect relationship indicate that
the efficacy of the hyperthermia treatment improves when achieving higher temperatures
in the 40-44 °C range in the entire target, while preventing unacceptable temperature in-
creases in healthy tissues, i.e., “hotspots”. Advances in hyperthermia technologies improved
the delivery of the treatment*>2!>21°  Electromagnetic radiofrequency systems consists of
multiple antennas organized in an annular array configuration and using constructive inter-
ference provides focused energy deposition at depth, whereby the location of the focus can
be dynamical adapted using phase and amplitude control per antenna'>*°. For deep pelvic
heating, the frequency range is 70-120 MHz, for deep heating of head and neck tumors
the frequency range is 400-600 MHz. A multi-functional water bolus is used to reduce the
antenna size, cool the skin and obtain a preferential energy transfer to the tissue. These
advanced heating systems are clinical applied in combination with hyperthermia treatment
planning guided focus steering. However, the inhomogeneous, variable and subject depend-
ent thermoregulation mechanisms make that real-time temperature monitoring is required
for optimal guidance of the heating adaptations. Magnetic resonance thermometry (MRT)
provides a non-invasive way to map relative temperature change pattern in the regions of
interest’®22°, The need for non-invasive temperature monitoring and the potential of MRT
fostered the development of novel magnetic resonance imaging (MRI) compatible hyper-
thermia applicators'®2. Such integration of a hyperthermia device into an MR scanner is
not a trivial task and is accompanied by additional requirements and needs for these hybrid
devices®19%129 One of the issues that arise is caused by the hyperthermia devices water
bolus (WB). While the WB is a trivial component in non-MRI compatible hyperthermia ap-
plicators, it causes an unnecessary increase in the imaging field of view, creates flow artifacts
and skews pre-scan calibrations, resulting in temperature errors and a longer scan time !°.
Solving these WB induced issues may form a large step towards reaching the full potential
of MRI guided hyperthermia treatments, but our knowledge on the optimum WB filling is
incomplete.

The WB is a fluid filled flexible “bag” that can conform to the skin and covers the space
between antennas and patient. De-ionized, i.e., demineralized, water is usually used as
filling material due to its large availability, high biocompatibility, and low losses. The WB
has a pivotal role in a radiofrequency (RF) hyperthermia applicator. The water matches the
dielectric properties of the patient better and thus enables efficient transfer of the radio-
frequency waves from the devices antennas into the patient. The water is circulated to cool
so called “hotspots”, i.e., locations with high power absorption that often occur near the
patients skin. Water as a fluid also easily follows the body contour which is essential for im-
pedance matching and surface cooling. It can also be used to cool the antennas. The water
is also applied to reduce the effective dielectric value of the medium surrounding the anten-
nas, which decreases the resonant antenna size considerably and enables including more
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antennas in the applicator?°2. Unfortunately, the water also comes at a cost when used for
MR guided hyperthermia. Hydrogen in water is the main source of MRI signal in the patient
and the imaging field of view needs to cover also the WB to prevent aliasing in the MR
image. Also, pre-MRI-scan calibrations and MRI RF (B,) field shaping are distorted since
also the signal in the large WB is optimized by these automatic routines. Moreover, water
circulation results in flow artifacts in the differential MRT images. It would be ideal if these
problems could be avoided by a WB that is (nearly) invisible to MRI while preserving its
benefits for hyperthermia, i.e., keeping the desired matching and cooling characteristics.

WB MRI invisibility can be reached by several methods. A simple solution can be achieved by
using heavy water (deuterium oxide, D,O = 2H,0) instead of demineralized water (H,O).
Heavy water is invisible in 'H MRI while having the same electromagnetic properties 18.
However, the required volume to fill a typical WB is large and heavy water is very expensive.
Another method is by altering the MRI method by inversion recovery (IR) techniques, which
are widely used in MRI applications to suppress water or fat signal. Using an IR sequence
to suppress the signal from the WB, however, this will also suppress the water signal in the
body that is used to measure the proton resonance shift in MRT. Another way to selectively
suppress the WB signal is by selective excitation of the region of interest using two dimen-
sional RF pulses??!. Grissom et al. recently showed that two dimensional RF pulses can be
used to reduce temperature errors related to the water bath and water bath motion for
transcranial MRguided focused ultrasound (MRgFUS) ablation. They reported on average
43% improvement in temperature precision???, While this technique shows promise, it is
spatially limited to a single dimension.

While the previous methods (D,0, IR and spatial selective pulses) utilized modification of
the longitudinal relaxation (T,), we hypothesized that modification of the transverse re-
laxation (T, or T,* for gradient echo sequences) of water signal can be an easier, cheaper
and more feasible solution. Several studies have exploited contrast agents to reduce the WB
T,* relaxation time. Manganese chloride (MnCl,) was used by Delannoy et al.'% for hy-
perthermia and Chopra et al.??® for MR guided high intensity focused ultrasound (HIFU).
Allen et al. have proposed the use of suspending iron oxide nanoparticles (SPIO) to sup-
press water bath signal for MRgFUS surgery and reported that SPIO doped water weakly
attenuates acoustic waves?2*, Although these studies showed promising results, no data are
available on their effect on electromagnetic material properties, which are pivotal for effi-
cient MR guided RF hyperthermia. Also, the effect of additives to the water on therapy and
the optimal concentration or compound has never been researched.

In this study, we investigated the benefit of T,* reducing additives in terms of MRI signal
reduction while maintaining RF properties for different solutions aimed at their application
in the WB during MRI guided RF hyperthermia treatments. Water solutions were prepared
with compounds that are known for their T, * reducing properties; CuSO,4, MnCl,, and Fe;0,.
We measured electromagnetic properties 50-600 MHz range and T,* relaxation rates at
1.5 T. Through multi-physics simulations, we evaluated the predicted effect on the power
deposition pattern when the WB filling electromagnetic properties changed to the measured
ones for two MR compatible hyperthermia applicators. Further, we identified the compounds
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and concentrations that fulfill the criteria for power efficiency, power deposition patterns
and MR images. Finally, the suitable solutions were experimentally tested in a clinical setup
of the prototype MRcollar!® and their effect on MRT precision were assessed.

7.2 Materials and Methods

7.2.1 Requirements for the Water Bolus Fluid

An ideal WB for MRI guided hyperthermia treatments should have similar electromagnetic
properties as deionized water while producing no or limited MRI signal and artifacts. De-
mineralized water filled WB are generally used because of its low losses at the working
frequency of hyperthermia applicators, e.g., at 434 MHz the electrical conductivity is equal
to 0.04 S/m. Increase in conductivity results in an increase of the power needed to achieve
a therapeutic specific absorption rate (SAR) level within the tumor. At Erasmus MC, avail-
able amplifiers can provide maximum of 1800 W of RF power. Hence total required power
should be below the maximum available power. However, the ideal WB solution should be
energy efficient and should not cause a drastic power requirements. The requirements for
MRI invisible WB can be achieved when the signal-to-noise ratio (SNR) level of the WB sig-
nal drops to 1. Currently in our clinic, dual echo gradient echo sequence with the body coil
utilized for receiver has been used for MRT with echo times 4.8 ms and 19.1 ms®°. Hence,
for our setup, we desire SNR of the WB signal should be 1 at the echo time 4.8 ms. Since
this will ensure the SNR at echo times longer than 4.8 ms to be 1 as well.

7.2.2 Preparation of the Samples

Three different compounds were selected 193223224 that are used to modify T,; CuSO, (Stock#
102791, Merck KGaA, Darmstadt, Germany), MnCl, (Stock# 244589, Merck KGaA, Darm-
stadt, Germany), and Fe;O, (Stock# US7568, US-Nano-Research, Houston, TX, USA). Six
different concentrations for each compound were selected: [50, 100, 250, 500, 1000, 1250
mM] for CuSO,, [0.5, 1, 2.5, 5,12.5, 25 mM] for MnCl,, and [0.25, 0.5, 1, 2.5, 5, 10 mM] for
Fe;0,. The temperature of the water bolus during treatment range from 20 to 30 °C. The
EM and MRI properties in this range is relatively stable and changes less than 1%22>226,
Therefore, all the measurements were made at 21 °C, at the room temperature. The solu-
tions were prepared by diluting the compounds with demineralized water. The samples were
stored in 200 mL measurement cups (diameter 60 mm, height 85 mm).

7.2.3 MR Relaxometry Measurements

T,* relaxation times of CuSO,, MnCl,, and Fe;O, solutions for 1.5 T were measured using
a 450w MR scanner (GE Healthcare, Waukesha, WI, USA ) at 21 °C. Data acquisition was
made with a multi echo gradient echo sequence with the following sequence parameters:
TR =300ms, TE =[1.3, 2.8,4.3,5.8, 7.3, 8.8, 10.3, 11.8, 13.3, 14.8, 16.3 ms], FOV = 360

7
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mm, NEX = 2, Slice Thickness = 10 mm, Flip Angle = 40°. The T,* relaxation rates were
calculated by fitting a mono-exponential signal decay model??” using the nonlinear curve
fitting function lsqcurvefit of Matlab (R2018b, The MathWorks Inc., Natick, MA, USA). For
each sample, a region of interest was chosen manually.

7.2.4 Electromagnetic Property Measurements

The electrical conductivity (o [S/m]) and relative permittivity (¢) were measured with
open-ended coaxial probe DAK-12 (v2.4; SPEAG, Zurich, Switzerland) with a ZNC3 vector
network analyzer (Rhode & Schwarz, Munich, Germany). The system calibration was per-
formed using the open and short, and demineralized water at room temperature as load.
The samples were placed in 200 mL measurement caps (diameter 60 mm, height 85 mm)
and measured 8 times in the frequency range of 50-600 MHz with 1 MHz steps at 21 °C.
The VNA was recalibrated before each measurement.

7.2.5 Effects on Power Deposition Pattern

The effect of the change in the electromagnetic properties of the WB were evaluated for
two MR compatible hyperthermia applicators: the Sigma Eye applicator of the BSD2000-
3D-MRI system (PYREXAR Medical, West Valley City, Utah) 28 and our in-house developed
MR-compatible head and neck hyperthermia applicator (MRcollar) 1*°. The Sigma Eye con-
sists of 12 dipole antenna pairs operating at 100 MHz and this device is used for deep
loco-regional hyperthermia treatments in pelvis region. The WB of this applicator encloses
the abdominal region of the patient in treatment configuration. The MRcollar is a twelve-
channel applicator and consists of two moon-shaped halves. Modified Yagi-Uda antennas
operating at 434 MHz are employed in this applicator'?*. Hyperthermia treatment planning
was performed for these applicators for models of two patients that were treated with pel-
vis or head and neck hyperthermia, respectively. In our simulations, the electromagnetic
properties of the WB were changed to those measured for the different solutions. Electro-
magnetic field distributions were computed per antenna using Sim4Life (v.5.0.1, Zurich
MedTech, Zurich, Switzerland) and normalized to 1W radiated power. Then, the field was
optimized using Matlab-based in-house developed adaptive hyperthermia tool VEDO>2. The
effect on the power deposition patterns were evaluated using hyperthermia treatment plan-
ning (HTP) parameters target-to-hotspot quotient (THQ) and the target coverage of the 50%
iso-SAR volume (TC50) 22822 To calculate the effect on power efficiency, total input power
was increased until the maximum predicted temperature in the healthy tissue reached 44
°C. This power was then used to compare the effect of the change in measured dielectric
property for each solution on power efficiency, i.e., heat loss in the WB.

7.2.6 Effects on MRT Precision

The samples that satisfied the requirements were tested in a representative treatment setup
using the MRcollar. The other MR compatible applicator available in Erasmus MC the Sigma
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Eye applicator is in clinical use and the WB cannot be instantly changed, whereas the MR-
collar is an experimental prototype and has exchangeable WB. The WB of the right MRcollar
shell was used to test the effect of these samples. For all cases, the WB of the left MRcollar
shell was filled with demineralized water and the water was not circulated. The in-house
developed ADAM phantom (T;: 820 ms; T,: 37 ms), representing the morphology of an av-
erage head and neck patient, was scanned with the clinically used MRT sequence for deep
hyperthermia treatments (SNR 85 dB) 24: dual echo gradient echo sequence, 620/4.8/19.1
ms, flip angle 40 °, slice thickness 10 mm, slice spacing 22 mm, 5 slices, FOV 360 x 360
mm?, matrix size 256 x 256, NEX 1. Images were acquired continuously under three differ-
ent conditions for a total of 15 min: without water circulation between 0-5 min, during the
water circulation between 5-10 min (maximum flow rate 1.5 L/min), and after water cir-
culation was stopped between 10-15 min. Furthermore, a reduced FOV (360 x 270 mm?)
scan was also tested to show the potential effects of WB signal aliasing. MRT maps were
calculated using the proton resonance frequency shift method and applying background
drift correction using four regions of interest at the edges of the phantom. Since no heat-
ing pulses were applied during the experiment, the expected measured temperature change
both temporally and spatially was 0 °C. Using this assumption, MRT precision per voxel was
calculated by calculating the standard deviation over all PRFS temperature measurements.

7.3 Results

In Table 7.1, a summary of all results is presented. In the following sections, each measure-
ment will be investigated in detail.

7.3.1 MR Relaxometry Measurements

In Figure 7.1, example magnitude images acquired with multi echo gradient echo sequence
at echo time 1.3 ms for different solutions are shown. Qualitative analysis on MRI images
show it is possible to reach signal void for every compound. The calculated T,* times at 1.5
T are given in Table 7.1. The values for 1250 mM CuSO,, 25 mM MnCl, and 10 mM Fe;0,
solutions were omitted because the fitting failed due to low SNR. In order to reduce the WB
signal to the noise level, at least 5 mM Fe;0,, 12.5 mM MnCl,, or 1000 mM CuSO, was
required.

7.3.2 Electromagnetic Property Measurements

In Figure 7.2, the change in electrical conductivity in the frequency range of 50-600 MHz is
illustrated. All three compounds show a linear increase in conductivity with concentration.
Addition of Fe;0, didnt change the conductivity of demineralized water. However, MnCl,
and CuSO, had a larger effect. In the case of highest concentration solutions as compared to
the demineralized water, conductivity was increased 133 times for CuSO,, and 13 times for
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Table 7.1: T,* at 1.5 T, conductivity and relative permittivity of demineralized water and
different water solutions at 100 and 434 MHz, and their effect on hyperther-
mia treatment planning parameters target-to-hotspot quotient (THQ), the target
coverage of the 50% iso-SAR volume (TC50 [%]) and required power to reach
44 °C in the healthy tissue (Power [W]) for two different MR compatible RF
hyperthermia devices. T,* values donated with A are not fitted due to low SNR.

MRcollar

Sigma Eye

T2* (ms)
at1.5T

o (S/m)

at 434 MHz at 434 MHz

€

THQ

TC50 Power

(%)

(W)

o (S/m)

€
at 100 MHz at 100 MHz

THQ

TC50 Power
(%)

w)

0.5 mM

MnCl, Solution
1 mM

MnCl, Solution
2.5 mM

MnCl, Solution
5 mM

MnCl, Solution
12.5 mM
MnCl, Solution
25 mM

MnCl, Solution

11.47

6.27

3.77

0.03

0.05

0.08

0.14

0.29

0.53

78.9

78.9

79.0

79.0

78.9

79.0

0.42

0.43

0.43

0.44

0.42

0.40

23

22

22

22

21

22

177

187

203

325

503

0.005

0.017

0.051

0.105

0.256

0.488

78.1

78.2

78.2

78.3

78.6

78.8

0.57

0.57

0.57

0.58

0.57

0.57

12

10

1185

1337

1656

2181

4144

9734

MnCl, at 434 MHz. Permittivity of all solutions were stable and was equal to water relative
permittivity in the frequency range (79 + 0.2 at 434 MHz).

7.3.3 Effects on SAR Patterns and Applicator Efficiency

In Figure 7.3, example predicted SAR patterns achieved for the solutions satisfying the MRI
requirements are shown. In the Figure 7.3a, the clinical standard demineralized water is
visualized. Using that setup (o: 0.001 S/m at 100 MHz, o: 0.04 S/m at 434 MHz), THQ
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Figure 7.1: Grayscale MR magnitude images acquired with multi echo gradient echo se-
quence for different MnCl,, Fe;0,, and CuSO, concentrations at echo time of
1.3 ms. Complete signal suppression were achieved for each compound for the
sample with the highest concentration.

of 0.46 and TC50 of 23% for the head and neck patient, and THQ of 0.57 and TC50 of
11% for the deep pelvis patient was achieved. The required power levels to reach maximum
efficacy in the treatment were 180 W and 1200 W for MRcollar and Sigma Eye applicators,
respectively. As illustrated in the Figure 7.3 and reported in Table 7.1, although 1000 mM
CuSO, solution (o: 4.5 S/m at 100 MHz, o: 4.8 S/m at 434 MHz) is able to nullify the MRI
WB signal, it appears not suitable for hyperthermia purposes due to the high losses. On the
other hand, 5 mM Fe;0, solution (o: 0.003 S/m at 100 MHz, o: 0.04 S/m at 434 MHz)
had no effect on the SAR pattern and required only a small change in power (AW: —37 W
for Sigma Eye and AW: 11 W for MRcollar) to achieve maximum effectiveness. Finally, it is
possible to reach similar predicted SAR patterns with a 12.5 mM MnCl, solution (o: 0.001
S/m at 100 MHz, o: 0.04 S/m at 434 MHz). However, this goes at the cost of additional
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Figure 7.2: Electrical conductivity over the investigated frequency band for different (a)
MnCl,, (b) Fe;04, and (c) CuSO,4 concentrations. Note that the scale in figure
(e) is different.
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Figure 7.3: Predicted SAR distributions for models of patients treated with head and neck
(MRcollar) and deep pelvis (Sigma Eye) hyperthermia when the WB is filled
with (a) demineralized water, (b) 1000 mM CuSO, solution, (c¢) 12.5 mM
MnCl, solution, and (d) 5mM Fe;0,.

hot-spots at the skin and total RF-input power needs to be increased by 3000W for Sigma
Eye and 145W for MRcollar to achieve the same treatment efficacy.

Our investigations reported in the previous three sections show that CuSO, is not a suitable
compound for our aim. On the other hand, both 12.5 mM MnCl, and 5 mM Fe;O, solu-
tions appeared suitable for hyperthermia purposes. As such, these have been experimentally
tested in the treatment setup.

7.3.4 Effect on MRT Precision

In Figure 7.4, the MRT and the temperature standard deviation (o) maps acquired during
water circulation are shown for demineralized water, 12.5 mM MnCl, solution, and 5 mM
Fe;0, solution. Note that flow was applied between the 5-10 min. In Table 7.2, the mean,
standard deviation and maximum temperature errors are given for all three cases before,
during and after applying (doped) water circulation. The temperature precision on average
in the phantom when demineralized water was used in the WB was 0.17 °C, 0.70 °C, 0.29
°C without water circulation, during water circulation, after water circulation respectively.
Hence, the flow severely affects MRT precision. Precision improved to 0.15 °C, 0.16 °C, and
0.26 °C when the demineralized water was doped with 12.5 mM MnCl,. The reduction in
the FOV made possible by reduction of the signal from the WB further improved precision
to 0.11 °C when circulation was on. Figure 7.4c shows the signal aliasing from the antenna
modules that are filled with demineralized WB, while there is no aliasing from the right WB
(left in the image), which contained MnCl,-doped water. MRT precision was the highest
when the 5 mM Fe;0, solution was used, i.e., 0.09 °C, 0.11 °C, and 0.11 °C (full FOV:
without, during and after circulation), and 0.09 °C (reduced FOV: during circulation). Figure
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Table 7.2: Mean, standard deviation and maximum temperature errors before water cir-
culation, during water circulation, after water circulation when demineralized
water, 12.5 mM MnCl, solution, and 5mM Fe;O, solution is used in the WB.

Demineralized 12.5 mM MnCl, 5 mM Fe;0,
Water Solution Solution
Full FOV Full FOV  Reduced FOV Full FOV Reduced FOV
Before Mean error (°C) —0.06 —0.06 —0.06
Circulation Std (°C) 0.17 0.15 0.09
Max error (°C) 1.28 1.89 —1.36
During Mean error (°C) 0.04 —0.03 —0.05 —0.13 —0.03
Circulation Std (°C) 0.70 0.16 0.11 0.11 0.09
Max error (°C) 41.8 —2.00 —2.05 —1.57 1.32
After Mean error (°C) 0.20 —0.16 —0.05
Circulation Std (°C) 0.29 0.26 0.11
Max error (°C) 28.1 5.40 —2.60

7.4e clearly shows that, while the signal aliasing from the antenna modules are visible,
the signal from the WB is absent. A similar improvement in the maximum error values
was seen when 5 mM Fe;0, solution were used instead of demineralized water and MnCl,
solution. The maximum error values were always found for single voxels at the phantom
air interfaces, near the right side of the phantom. This error is mainly caused by the steep
phase changes in these interfaces and the partial volume effect. In the clinical scenario, such
values are masked by using maximum temperature difference thresholding.

7.4 Discussion

In this study, we determined that doping the water in the WB by (5 mM) Fe;0, satisfies
the needs for MRI signal suppressing while having no effect on the SAR pattern and applic-
ator efficiency. The concentrations of Fe;O, used in this study do not change the electro-
magnetic properties of the demineralized water, hence the predicted RF-power deposition
patterns and efficiency is the same as in the currently used clinical setup. Local magnetic
field inhomogeneity created by Fe;0, particles causes rapid MR signal decay, therefore it is
ideal for MRI signal suppression. In our MRI experiments, this effect resulted in on average
75% improvement in MRT precision. Hence, (1) the substantial improvements in the MRT
precision, (2) the absence of an effect on both the predicted SAR and power efficiency and
(3) its simple use makes adding Fe;O, the water in the WB a very elegant solution that can
considerably improve MR guided hyperthermia.

Our results show that MnCl, and CuSO, can be used for WB signal suppression. However,
this comes at the expense of heating efficiency reduction (at least 80% increase in the total
input power is required). A WB solution including MnCl, and reducing the FOV improved
the MRT precision by 70% compared to the demineralized water setup. Although this re-
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s During Circulation

t=5min ) t=10min

Figure 7.4: MRT maps and temporal precision map during the water circulation when the
applicator right side WB (left in the image) was filled with (first row (a)) de-
mineralized water; (second (b) & third row (c¢)) 12.5 mM MnCl, solution full
and reduced Field of View, respectively; (fourth (d) &fifth (e) row) 5 mM Fe30,
solution full and reduced Field of View, respectively. In the last column, MRT
precision per voxel during the water circulation is shown. The expected meas-
ured temperature change both temporally and spatially was 0 °C. Using this as-
sumption, MRT precision was calculated by calculating the standard deviation
over all PRFS temperature measurements. Note that the applicator left side WB
(right in the image) was always filled with demineralized water for reference.

markable improvement, energy losses in the WB are high due to the increase in the con-
ductivity. For the head and neck hyperthermia setup, the power demands can be supplied
by the power amplifiers available in our clinic. However, the power demands for the deep
pelvis hyperthermia applicator is above the total amount that power amplifiers can provide,
and hence, unfeasible. In addition, the increased power loss in the WB put additional con-
straints on the cooling of the water in order to keep the patient comfortable. Additional heat
stress caused by the WB is highly unwanted. Lastly, CuSO, solutions that can nullify MRI
signal create a very lossy medium which leads to unacceptable losses in the WB of the RF
hyperthermia applicators.

This paper presents the first comprehensive analysis on the T, shortening agents to be used
in the WB for MR RF guided hyperthermia treatments. The results of our work demonstrate
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the ability of these agents to improve different aspects of the treatment. First, they can re-
duce temperature measurement errors caused by the water motion. As it has been demon-
strated by our results when the demineralized water circulated, the flow severely affects the
MRT precision. This effect was largely eliminated with the addition of T, shortening agents.
The reported MRT accuracy of RF hyperthermia devices are in the range of 1 °C'*%. How-
ever, there is a clear thermal dose effect relation*-23%-232 and hotspots in normal tissues still
hamper current treatments. Any gain in temperature monitoring will allow to adapt heat-
ing settings to improve treatment. These studies also suggest that even small increases in
temperature of 0.5 °C can lead to improved treatment outcome. Hence, the improvement
by the proposed approach will lead to a clinically relevant improvement in treatment mon-
itoring, which will improve treatment reporting and can be used for adapting the treatment.
Second, the FOV reduction improves resolution and reduces partial volume effects as well as
the scan time, both of crucial importance. This last point, indeed, may result in a shortening
of the scan times, increase in data sampling rate, or higher temperature precision by alter-
ing the sequence parameters (e.g., by increasing repetition time). At the same time, Fe;0,
solutions have the same electromagnetic properties of the demineralized water hence the
utilization of these solutions have no direct trade offs for the RF hyperthermia treatments.
In addition to these technical improvements, there is another very important benefit due to
the possibility to continue water flow: continuity in the cooling of superficial tissues of the
patient during heating. This will help to reduce superficial hotspots to improve patient com-
fort, and consequently will help to reduce patient movements. Moreover, continuous cooling
and improved comfort increase the patients tolerance to the hyperthermia treatment and
therefore provides the clinical condition required to maximize thermal dose to each patient.

In this study, we have shown the potential of the T, shortening agents using numerical
modelling and experimentally in clinically representative setup. However, the actual clin-
ical setup includes components that is not addressed here; mainly the heating RF signal
and involuntary patient motion. It is known that for example artefacts from introduction
of additional frequencies can occur and image noise increases with increasing power?3.
Although, heating RF signal causes artifacts, its affect will be equal in all cases. Similarly,
involuntary motion such as breathing, bowel movement etc. will affect all setups equally.
Therefore, while our results can be optimistic for real clinical usage, the potential relative
improvement compared to the demineralized water in the WB cannot be underestimated.

The main advantage of the use of demineralized water is its biocompatibility and biode-
gradability. Fe;O, nanoparticles are also biocompatible and used for magnetic hyperthermia
treatments?**. An unstudied potential issue is long term degradation of the device due to
the additive. If this turns out to be a problem, all the parts of the device in contact with
the circulated fluid (antennas, tubing, connectors etc.) might need corrosion inhibition, for
instance coating.

In our investigation, we focused on MR guided RF hyperthermia treatments but our findings
can also be applied for MR guided HIFU applications. In this case, a WB is used for coupling
of acoustic waves and cooling. Removal of WB signal will result in similar improvements
in MRT precision as we have shown in this study as shown in??*, Still, the effect of these
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compounds on acoustic properties and their effect on losses in the WB should investigated.

7.5 Conclusions

In this work, we have shown that using Fe;0, nanoparticles doped water instead of the de-
mineralized water in WB can be used to improve MR guided RF hyperthermia treatments.
First, MRT precision on average was shown to improve from 0.39 °C to 0.09 °C using a
clinical setup and a patient representative head and neck phantom. Second, the Fe;0, con-
centrations required for MR signal suppression of the WB do not alter the electromagnetic
properties of the water in the working frequencies of the RF hyperthermia applicators. Be-
sides the possibility of long term impact on the device, there is no tradeoff in terms of
heating and imaging when replacing demineralized water by a Fe;O, solution. Last, doping
the water with MnCl, can also provide similar improvements in MRT precision but it comes
with cost of increasing the losses in the WB. In summary, Fe;O, nanoparticles doped water
bolus improves the MRT precision with no performance tradeoffs and has great potential to
improve RF hyperthermia treatment monitoring under MR guidance.
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Abstract

Temperature monitoring plays a central role in improving clinical effectiveness
of adjuvant hyperthermia. The potential of magnetic resonance thermometry for
treatment monitoring purposes led to several MR-guided hyperthermia approaches.
However, the proposed solutions were sub-optimal due to technological and intrinsic
limitations. These hamper achieving target conformal heating possibilities (ap-
plicator limitations) and accurate thermometry (inadequate signal-to-noise-ratio
(SNR)). In this work, we studied proof of principle of a dual-function hyperthermia
approach based on a coil array (64 MHz, 1.5 T) that is integrated in-between
a phased array for heating (434 MHz) for maximum signal receive in order to
improve thermometry accuracy. Hereto, we designed and fabricated a superficial
hyperthermia mimicking planar array setup to study the most challenging interac-
tions of generic phased-array setups in order to validate the integrated approach.
Experiments demonstrated that the setup complies with the superficial hyperthermia
guidelines for heating and is able to improve SNR at 2-4 cm depth by 17%, as
compared to imaging using the body coil. Hence, the results showed the feasibility of
our dual-function MR-guided hyperthermia approach as basis for the development
of application specific setups.
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8.1 Introduction

Typically, radiofrequency (RF) hyperthermia for cancer treatment consists of increasing the
temperature of the tumor up to 40-44 °C , commonly using external electromagnetic field
sources’!. Given the demonstrated thermal dose-effect relations*®*’, clinical effectiveness
would benefit from achieving higher temperatures. Homogeneous and target conformal
heating in the range of 41-43 °C for 30-60 minutes is currently considered optimal?%®. 3-
Dimensional temperature monitoring is beneficial to enable real-time dosimetry and treat-
ment guidance. Conventional dosimetry is currently pursued by invasive interstitial thermo-
metry probes, providing limited spatial resolution*. Moreover, they are uncomfortable for
the patient, time-consuming to set up and often unfeasible>”-?3®, Magnetic resonance (MR)
thermometry has shown potential for 3D non-invasive temperature monitoring during hy-
perthermia’”-%7, However, maximum signal-to-noise-ratio (SNR) in MR imaging is critically
dependent on the distance of the receiver coils to the region of interest (ROI) °7-2%8, Also heat-
ing antennas need to be close to the ROI to minimize lengthy and energy absorbing paths
of the RF waves through the tissues!?’. This motivated us to envision the next generation
of a dual-function integrated approach to MR-guided hyperthermia enabling simultaneous
close-to-ROI administration and monitoring of the thermal treatment. In this work, we aim
to validate the feasibility of this novel approach.

A number of groups have proposed devices enabling MR thermometry guided hyperther-
mia treatment®”102128.129.192 However, many intrinsic pitfalls either limited the way to the
clinic or their widespread adoption'?°. The first approach used a phased array of twelve
dipole pairs working at 100 MHz for heating and relied on the scanner’s body coil for MR
imaging. Relying on the body coil as receiver yields to low SNR values and hence results in
unpredictable MR thermometry accuracy levels®”'2°. A more recent approach by Yeo et al.,
proposed the use of fast electronic switching to open or short-circuit capacitors'2®. In this
way fast switching between C-type heating dipole antenna and MR coil mode was achieved
for heating and imaging at 128 MHz (3 T). Another similar approach by Winter et al. used
one single 298 MHz RF array for sequentially applying both heating and imaging at 7 T'%.
These latter two approaches allow to install receiver coils and heating antennas close to the
patient skin, for achieving an improved imaging SNR level and good heating possibilities.
However, these solutions not only require to switch between heating and imaging and imply
using MRI scanners >3 T, they also restrict the heating frequency to the MR scanner’s Lar-
mor frequency. This limitation hampers to obtain optimal treatments as target conformal
heating is only achieved within specific ranges of frequencies that are different for each
anatomical region??. As an example, the range of 400-600 MHz showed to enable optimal
heating in the head and neck region3119623° Recently, Eigentler et al.?*° proposed a wide-
band antenna operating in the range of 400-600 MHz, while allowing imaging at 7 T. While
this approach solves the problem of choosing the optimal heating frequency, it requires a
complex and inefficient switching at high power when going from imaging to heating and
ultrahigh field MR imaging, which limits the wide adaptation of MR-guided hyperthermia.
In conclusion, a novel approach enabling an independent choice of the heating and imaging
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frequency is realistically needed for wide-scale adoption of MR-guided hyperthermia.

A possible solution would be an applicator integrating the two different functions, hence in-
tegrating two RF arrays: one for heating at 434 MHz and one for imaging at the MR scanner’s
Larmor frequency. Through integration, firstly, operating frequencies can be independently
chosen allowing to use commercially available MR scanner without compromising on heat-
ing quality. Secondly, higher SNR levels needed for accurate MR thermometry would be
achieved as the integrated system would stand in the skin proximity. Ideally an integrated
system will consist of a heating device leaving sufficient space to integrate local imaging
coils where both devices are non- or minimally interfering each other’s proper operation.
In a first attempt, Paulides et al showed feasibility of applying hyperthermia with 12 patch
antennas operating at 434 MHz in a 1.5 T GE 450w MR scanner using the body coil for ima-
ging®!. However, the patch antennas caused shadowing in the MR-image resulting in poor
SNR. This motivated us to design of an innovative Yagi-Uda antenna concept to minimize
influence of the hyperthermia antennas on MR compatibility'2°.

Therefore, the purpose of this study was to experimentally investigate the feasibility of heat-
ing at 434 MHz and imaging at 64 MHz (1.5 T) using an integrated dual-function RF array
1) to identify the needs for clinical systems and 2) to pave the way for application specific
phased-array systems design (such as head and neck, breast, etc). A dedicated experimental
setup has been manufactured integrating a 2-channel receiver-only coil array for MR ima-
ging at 64 MHz (1.5 T, proton) into a 4-channel heating array at 434 MHz. The scattering
parameters of the integrated systems has been characterized by means of a vector network
analyzer (VNA). Our aim is to show proof of principle for phased array systems, however
this experimental setup resembles a superficial hyperthermia setup. Therefore, we invest-
igated heating performance using the guidelines for superficial hyperthermia®®’. Imaging
performances have been investigated in a setup mimicking the final application setup and
using the integrated body coil of the 1.5 T MRI-scanner for comparison.

8.2 Materials and Methods

8.2.1 Dual-Function Integrated Experimental System

MR Receiver Coil Array: Design and Compliance Tests

The dedicated coil array is a two-channel receive-only array and consists of two identical
rectangular shaped loops (15x8 cm) fabricated as a combination of etched copper wire (0.3
cm diameter) and of copper printed circuit boards (PCBs) with capacitor breaks (trace width
of 0.4cm produced by Eurocircuits Gmbh, Belgium). Coils have been tuned and matched
when placed on a 2 cm thick deionized water bolus, which was placed on top of a muscle-
equivalent phantom having an electrical conductivity of 0.91 S/m and a relative permittivity
of 63 at 64 MHz.
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The loops were tuned to 63.89 MHz using four tuning capacitors (3x68 pF and 1x56 pE
ATC multi-layer ceramic 100B/TN series) with an additional matching network (2x51 pE
ATC multi-layer ceramic 100B/TN series) at the feed port to achieve 50 Ohm. The loops
are connected to a 10 cm (Habia RG174 (50 Ohm, silver-plated copper & copper) coaxial
cable at the feed port. The distance between the segmenting capacitors was determined by
optimizing the tradeoff between coil load sensitivity and high resistive losses. Further, to
minimize coupling between elements in the array, geometric overlap was used to achieve
next-neighbor decoupling.

Receive loops were decoupled from the transmit MR body coil by means of both an active
and a passive diode detuning circuit. Both circuits were implemented by placing the diode
(Macom MA4P7461F-1072T and Microsemi UMX9989AP) in parallel with tuning capacitor
to achieve adequate decoupling level. When loaded with the phantom, the detuning per-
formance of the tuned and matched was quantified by switching the diode on and off by
means of an external power supply and measuring the S,; between the two states.

The noise correlation matrix has been measured to investigate the decoupling level between
the two resonant loops. Local static magnetic field artifacts have been investigated by meas-
uring the B, map in presence and absence of the coil using the body coil with a spoiled
RF Gradient Echo (TR = 50 ms, Flip Angle = 15°, Image Matrix = 256256, Read out
Bandwidth = 31.25 kHz, FOV = 25.6 cm, Slice thickness = 0.1 cm). Finally, the proper
functioning of the detuning circuits has been investigated by measuring the B, map in pres-
ence and absence of the coil using the body coil applying a Bloch-Siegert Shift (TR = 28 ms,
TE = 12.4 ms, Flip Angle = 15°, Image Matrix = 128x128, Read out Bandwidth = 31.25
kHz, FOV = 25.6 cm, Slice thickness = 0.1 cm)2°.

Hyperthermia Heating Phased Array

The heating array is made up by two dielectric parabolic reflector antenna modules filed
with deionized water for reduction of the antenna geometrical dimensions as proposed
in?%¢. These modules are tailored antenna encasings with a parabolic back shape and they
were designed to reduce the amount of water needed, minimize the cross-coupling, regain
focusing and to allow integration of MR surface receive coil. Sizing of each module was
engineered to optimize the antenna’s reflection and cross-coupling characteristics. The two
modules were positioned at 2 cm distance. Each of these modules contains two Yagi-Uda
antennas for which heating performance and MR compatibility were verified in a previous
study'°. The two modules were filled with deionized water.

8.2.2 Experimental Setup

A tailored experimental setup was built to demonstrate both heating and imaging capabil-
ities of the dual function hyperthermia applicator in combination with a 1.5 T MRI.
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Characterization of the Integrated RF System

Characterization of the integrated system is needed to investigate feasibility of simultaneous
operation of the devised approach. To this end, the scattering matrix of both the heating
array (434 MHz) and the coil array (63.89 MHz) for MR imaging was measured. Finally,
the transmission coefficient (S,;) between the two RF systems has been measured to assess
feasibility of simultaneous operation®”. A calibrated (Rohde&Schwarz, ZNC3) VNA was used
to perform all measurements.

Heating Experiments

Figures 8.1 and 8.2 show a picture and a schematic representation of the setup used for
evaluating the heating performances. It aims at mimicking the clinical application setup in
which a water bolus is placed between the patient skin and the dual function applicator. This
is used to enhance the electromagnetic coupling and to remove skin heating. The dual func-
tion applicator has a surface area of 15x15 cm?. As illustrated in Figure 8.2a, the coil array
was centered on top of a 2 cm thick sealed back representing the water bolus (30x30x2
cm?®) containing deionized water and a plastic sponge for structural support. According to
superficial hyperthermia guidelines'®’, a 7 cm thick muscle-equivalent phantom (dimen-
sions: (47x47x7 cm®)) was prepared with a mix of deionized water, agar, sodium chloride,
polyethylene powder and TX-151, having electrical conductivity 0.98 S/m and relative per-
mittivity 68 at 434 MHz, thermal conductivity 0.6 W/m/C, specific heat 3800 W/kg/C.
The dielectric properties were measured with an open-ended coaxial probe DAK-12 (v2.4
SPEAG) connected to a Rohde & Schwarz ZNC3 vector network analyzer and the thermal
properties were measured with a TEMPOS thermal property analyzer, equipped with SH-3
sensor (METER Group AG, Munchen, Germany).

The water boluses were designed according to ESHO guidelines'®” ensuring both an optimal
contact area with the phantom and extension beyond the radiating aperture. According
to the guidelines, water bags were fabricated to have a planar dimension larger than the
heating area (15x15 cm?). In this work, we kept the water bolus at room temperature
of approximately 25 °C. Although water temperature plays a central role, in this work we
aimed at demonstrating the dual-functioning of our approach more than optimizing the
clinical application of a superficial applicator.

Heating performance have been assessed according to!?”. However, in this work we do not
aim at demonstrating the feasibility of a superficial applicator. The temperature rise (TR)
and the thermal effective field size (TEFS) have been measured using 180 W total forward
power for 4 minutes. The TEFS is defined as the area within the 50% of maximum TR con-
tour in the 1 cm deep plane under the aperture. To this end, we used the described layered
muscle-equivalent phantom and an infrared (IR) camera to measure the temperature dis-
tribution on the 1 cm deep layer.

Finally, we modelled the experimental setup in Sim4Life (v.5.2.0, Zurich MedTech, Zurich,
Switzerland). A 433.92 MHz harmonic excitation signal was applied to each antenna. 20



8.2 Materials and Methods 121

Figure 8.1: Picture of the dual-function integrated RF system.
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Figure 8.2: Schematic cross section (a) and top view (b) of the dual-function integrated RF
system.

periods were simulated to ensure steady state of all signals. The size of the calculation do-
main was 11.6 million voxels, with a maximum voxels size of 2x2x2 mm?®). Transient 3D
temperature distributions were calculated using the thermal solver in Sim4Life (1 mm uni-
form grid). The measured dielectric and thermal properties of the phantom were used in the
simulations. The initial temperature in the phantom was set to 25 °C and mixed boundary
conditions were applied to the phantom background interface (heat transfer coefficients h
= 8 W/m?/°C, and outside temperature T = 25 °C).
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MR Imaging Experiments

The experimental setup used for MR imaging experiments is similar to the one described in
the section on heating experiments. However, receiver coils are placed on top of the water
bolus which is positioned on top of a calibration phantom (CTL Lower TL, P/N U1-150027,
GE Medical Systems - MR Division, Waukesha, WI) provided by the MR vendor with T1
of 108 ms and T2 of 96 ms. The SNR was measured using three region of interest (ROI)
centered at 3, 6 and 9 c¢m in this phantom. This investigation has been carried out using
water boluses having 2, 4 and 6 cm thicknesses mimicking the clinical scenarios, to assess
its effect on image quality. Performances have been benchmarked to the body coil of a GE
(General Electric Healthcare, Milwaukee, WI) 450W 1.5 T scanner. A Spoiled Gradient Echo
sequence has been used with the following parameters: Flip angle = 21°, FOV = 50 cm, TE
= 4.5 ms, TR = 100 ms, and 0.2 cm voxel size.

8.3 Results

8.3.1 Characterization of the Integrated System

Measurement of the scattering matrix for the heating 4-element phased array, operating at
434 MHz, shown a reflection coefficient equal to -20+2 dB and a cross-coupling equal to
-31+2 dB. The decoupling between the two RF arrays has been measured at the heating
frequency, i.e., 434 MHz, and it is equal to -56+4 dB. The measured reflection coefficient
of the Rx-only coil array was -21+1 dB whereas a decoupling of -12 dB has been achieved
through geometric overlap of 1.1 cm. The loops have on average an unloaded quality factor
of ~250 and a loaded of ~30 giving an adequate ratio according t02%°. The noise correla-
tion matrix identified a decoupling level <0.1 between the two resonant loops. Absence of
local static magnetic field artifacts has been assessed. The comparison of the two B; maps,
visualized in Figure 8.3, performed in the presence and absence of the receive array show
a deviation of less than 4% proving the proper functioning of the coil array.

Table 8.1: Measured coupling between the heating antenna elements and the receiver coils
at 434 MHz.

Al A2 A3 A4 C1 C2

Al -18.0 -37.4 -30.7 -309 -48.5 -59.1
A2 -37.4 -19.6 -29.8 -299 -57.0 -58.0
A3 -30.7 -29.8 -19.4 -26.3 -57.5 -52.7
A4 -30.9 -29.9 -263 -229 -63.4 -54.9
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Flip Angle Map without Coil Assembly Flip Angle Map with Coil Assembly

Figure 8.3: Flip angle maps acquired in absence and presence of the dual function applic-
ator

8.3.2 Heating Experiments

Figure 8.4 depicts the simulated and experimental temperature rise map and the corres-
ponding TEFS map achieved when using 180 W forward power for 4 minutes. The numer-
ical model predicted two heat focuses below the antenna modules with the left one smaller
than the right one. The measured temperature increase maps shown in the middle figure
of Figure 8.4 show qualitative agreement. The measurements appear to be in agreement
with the simulations (R?> = 0.68) except for the higher predicted temperature increases at
the edges of the phantom. We allocate this mismatch to a mismatch in antenna phases and
boundary conditions set for the numerical model. The maximum temperature achieved is
+8.6 °C which fulfills the ESHO requirements of 6 °C temperature increase in six minutes'?’.
The TEFS map has been drawn according to'®” with the reference temperature TR at 4.3
°C. Results indicate no imprints nor preferential heating caused by the coil that surrounds
the antenna cavities.

8.3.3 MR Imaging Experiments

Figure 8.5 depicts the magnitude images acquired when using either the integrated 2-
channel coil or the body coil as receiver. The case of a 2, 4 and 6 cm thick water bolus
was investigated and images for each case are reported. Figure 8.6 reports the SNR values
achieved using three ROI centered at increasing depth from the phantom surface. Results
show that the SNR levels achieved using the integrated 2-channel coil are always better than
the one achieved using the body coil for any studied thickness of the water bolus. However,
as expected, SNR worsens with increasing thickness of the water boluses. At an average
depth of 3 cm from the phantom surface, i.e., within ROI 1, a 6 cm thick water bolus wor-
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Figure 8.4: (left) Simulated temperature rise map achieved when using 180 W forward
power for 4 minutes. (middle) Measured temperature rise map achieved when
using 180 W forward power for 4 minutes. (right) Corresponding TEFS map
using Tmax equal to 8.6 °C. Antenna cavities shape prediction is overlapped in
dashed black lines.

sens the SNR by -8% when compared to a 2 cm thick one. Hence, our results show 2 c¢cm
thick water bolus is preferable for the application. In this case, the integrated 2-channel coil
achieves an average SNR increase of +17% within ROI 1 (2-4 cm in tissue), when compared
to the body coil.

WB thickness:  2cm b6cm

Integrated g

. - - -

Figure 8.5: Comparison of magnitude images acquired using either the integrated 2-
channel coil or the body coil as receiver, when using a 2, 4, and 6 cm thick
water boluses. Three ROIs are centered at 3, 6 and 9 cm within the phantom
surface and are marked in red, green and magenta, respectively.
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Figure 8.6: Comparison of the SNR levels achieved when using the proposed integrated
system or the body coil for increasing depth in the phantom, respectively, ROI
1,2 and 3.

8.4 Discussion

The results of our investigation experimentally validate the feasibility of our innovative
approach to MR-guided hyperthermia, which enables truly simultaneous dual-function op-
eration. The reduced scale setup indicates a minimal system’s interaction (-56 dB) between
the two RF arrays and suitability for proper functioning both in heating and imaging modal-
ity. Our results demonstrate a SNR improvement (+17%) when using close-to-skin receiver
MR coils instead of the body coils and heating performances compliant with the superficial
hyperthermia guidelines!®”. The results of this paper pave the way of the development of
the next generation dual-function integrated approach to MR-guided head and neck hyper-
thermia systems.

In their pioneering work®’, Gellermann et al. identified that one of the main issues related
to MR-guided hyperthermia is the electromagnetic compatibility problem of interference
between the MR scanner and the hyperthermia RF applicator. The first is generally able
to receive and analyze low-power signals of tW at its operating frequency, whereas the
second aims at transmitting power signals at therapeutic levels of kW (~2 kW) at a different
frequency. They identified the heating signal must be attenuated by -125 dB in the receiving
path of the MR scanner. In this framework, the low coupling level between the two RF
systems is a crucial feature yielding to simultaneous dual-function operation. The sensibly
low coupling (-56 dB) achieved by our approach results from a properly engineering design
where geometrical (orthogonal) decoupling of the heating antennas from the imaging coils
is pursued '**. Furthermore, for head and neck hyperthermia, power signals at therapeutic
levels do not exceed 300 W. Therefore, in case of more strict requirements, a dedicated RF
filter with -60 dB has to be embedded in the MR scanner instead of -105 dB one as proposed

in?’.
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With this work, we aimed to experimentally validate the feasibility of heating and imaging
via an integrated RF array. Investigating both imaging and heating capabilities, we evaluated
whether any undesired interaction occurs between the two systems®’. Also in HIFU devices
coils have been integrated for signal receive closer to the target to improve MRT 2242, This
showed to greatly improve image quality. However, please note that HIFU systems are by
definition much better decoupled since these do not exploit electromagnetic waves that in-
terfere with those of the MR scanner. Accordingly, the measured SNR increase when coils
are closer to the skin is consistent with the predictions and it suggests the need for a thin
waterbolus (<2 cm) towards achieving such SNR levels. When assuming that the temperat-
uretonoise ratio is proportional to SNR®’, we expect a reduction in the temperature standard
deviation of 180% at 2 cm depth from the surface and 31% at 6 cm depth from the surface.
Note that these values are theoretical, the actual improvement depends on factors such like
motion in and near the region of interest, scanner field drift etc. Besides, the measured heat-
ing pattern achieved using the fabricated experimental setup resembles the one achieved
in the simulation-guided design phase!!°, and there is no interference (e.g., preferred heat-
ing paths or distortions) due to the presence of the coil array. Finally, it is noteworthy to
stress that such a heating pattern is achieved with an integrated system that was not prop-
erly designed and engineered for superficial heating. Although our study shows the proof of
principle of coils integrated in an RF hyperthermia device, the setup currently is not optim-
ized with superficial hyperthermia in mind. Since the setup did resemble this application,
we used the clear and concise guidelines that exist for this application in our validation'*”.
Simultaneously, this setup also covers the most challenging interactions, i.e. those between
neighboring elements, of a phased array setup*. Hence, for both applications, this study
provides a very solid proof of principle.

8.5 Conclusion

In this work, we proposed and experimentally demonstrated the feasibility of an innovative
dual-function approach to MR-guided hyperthermia. Our approach is based on a close-to-
body integrated system which includes a phased array for optimal heating and a coil array
for accurate thermometry. This allows to optimally and independently pick the operating
frequencies for heating and imaging without any compromise. Our results show the feasib-
ility of the dual-function MR-guided hyperthermia approach and will pave the way for its
development and clinical implementation.



8.5 Conclusion 127







CHAPTER 9

General discussion and perspectives

9.1 Status quo and standardization in MR guided hyper-
thermia

Among different noninvasive temperature monitoring techniques, MR thermometry is the
most promising and so far the only non-invasive 3D temperature monitoring technique that
has found its way into the clinical application of hyperthermia. The clinical value of MR ther-
mometry integrated in the BSD2000-3D-MRI RF deep hyperthermia device only, is investig-
ated at five Medical University Centers. Wider research is performed with regard towards the
optimal integration of MRT and RF heating using a decoupled or dual-function approach.
Given the developments in MR guided RF hyperthermia and the absence of standardiza-
tion, there was an urgent need for a comprehensive analysis of all devices and validation
approaches in this field. The compatibility of these devices with the MRI scanner, and the
validation of MRT are often not quantified nor reported in standardized way. Our analysis
reviews and proposes validation metrics for the development of MR guided devices.

As a benchmark for the new guidelines, we applied our new approach to the only hybrid MR
RF-hyperthermia device in clinical use (BSD2000-3D-MRI). Our quantitative analysis also
identified the impact of individual parts of a device. With careful design and choice of ma-
terials, the effects of metallic parts and heating signal on MRI image quality are minimized.
However, we have demonstrated that the water bolus of the device has the largest impact
on the MR image quality due to its effect on B, efficiency and homogeneity.
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9.2 MR guided hyperthermia in the head and neck

As expected, a relevant impact when major vessels transverse the target volume was found.
Our results are the first reported results on the use of a clinical workflow to implement
patient specific vasculature data in HTB but in vivo validation of the vasculature effect is
lacking. Moreover, in view of this thesis, our results show that MR thermometry is mandatory
for accurate thermal dosimetry in head and neck hyperthermia. Alternatives, based on the
combination of probe measurements and simulations fail near large vessels so dosimetry will
never be complete. A non-invasive temperature monitoring technique like MR thermometry
can make this possible given that high enough spatial resolution and spatial temperature
accuracy has been achieved.

After identifying the need for temperature monitoring, we started our journey to integrate
MRT guidance for heating head and neck tumors. In our approach, we designed a new an-
tenna module that has a small MR footprint. Based on this module, a new phased array
applicator, called the MRcollar, was designed. The size and shape of the applicator were
optimized using an average patient shape. Integrating a hyperthermia system into the MR
imposes design constraints, such as minimization of electrically conductive surfaces. Still,
the 12 antenna MRcollar even improved the predicted SAR coverage compared to its pre-
decessor applicator, i.e. the 20 antenna Hypercollar3D. Following our novel procedure, we
experimentally validated our design and showed excellent heating performance and min-
imal interaction with the MR scanner. These results show that virtual prototyping is a valid
and powerful tool in device development.

9.3 New hardware-avenues for MRT

After the development of the MRcollar, we aimed towards improving the accuracy of MR
thermometry. In our approach, we focused on hardware improvements, namely water bolus
improvements and integration of close to skin receiver coils.

The water bolus of a hyperthermia applicator is one of the major sources of temperature er-
rors. In the current clinical practice, way to prevent these errors is to switch off water bolus
circulation 1 minute in advance of the measurement. However, as this affect the cooling of
the skin and therefore may limit heating quality or increase patient discomfort, we aimed
for a solution in which water bolus flow needs not to be interrupted, i.e. by suppressing the
water bolus MRI signal. It is important to keep the water bolus economically affordable and
not alter the electromagnetic properties. Iron oxide nanoparticles proved to be a perfect
solution for this problem. Iron oxide nanoparticles are cheap and easy to apply. We have
shown in phantom studies the accuracy of MRT improved without a loss of applicator effi-
ciency. This is an excellent prospect that can potentially improve MRT significantly. Faster
and higher resolution scans will facilitate in vivo thermometry.

MRI receiver coils pick up more signal the closer they are to the skin. Therefore, it is highly
desirable to use surface or near surface coils during MR guided hyperthermia. However,
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integrating two complicated RF systems is challenging. The two systems needs to be de-
coupled from each other and not alter their operation. To prove feasibility of such device
integration, we have built a dual function hyperthermia applicator with the antenna mod-
ules designed for the MRcollar and the 1.5 T MR two channel receiver coil combined. Our
investigations showed this approach is feasible. Coils do not alter the heating pattern and
there is a minimal interaction ( -55 dB) between the two systems.

9.4 Future outlook

In this work, the essential hardware tools for precise application of MRT guided head and
neck hyperthermia are presented, however, there are still steps that needs to be taken for
further improvements. Firstly, the surface coils presented in Chapter 8, needs to be integ-
rated in the MRcollar for maximum SNR. Following the similar design choices, the MRcollar
prototype can house a 6-channel coil (3 channels in each half). Also, it is possible to integ-
rate another coil in the cushion supporting the head and neck of the patient. Next, the RF
heating signal has to be filtered out from MR receiver channels. While it has been shown
that the two systems have low interaction, the MRcollar operates in kW ranges and MRI op-
erates in uW ranges. Hence, a filter is still needed. Based on literature®” and our interaction
measurements, a minus 65 dB bandstop filter at 433 MHz will suffice. Finally, integration of
MR-coils, 433 MHz RF-filter and water bolus doping according the new EU Medical Device
Regulation will complete all hardware improvements and providing the conditions to start
the next phase of preclinical and clinical testing of MRT guided head and neck hyperthermia.

We focused our research on hardware improvements for precise MRT however this may
also facilitate software improvements that can provide substantial benefits as well. In recent
years, the MRT field advanced mainly through the research in focused ultrasound surgery
(FUS). This is due to higher SNR associated with the high temperature increase during FUS
and integration of coils in FUS devices compared to the single channel body coil that is used
in the MR compatible BSD2000-3D-MRI RF hyperthermia device. In this thesis, we have
demonstrated that integration of multi-channel receiver coils is possible in a RF hyperther-
mia device. This opens the field to introduce several new software based improvements. The
current state of the art clinical MR thermometry sequence is not optimized for H&N, it is
long (1 minute 32 seconds) and has a FOV which is 50x50 cm? with 1 cm slice thickness and
slice gap, capturing 25 slices, covering 50 cm of patient abdomen. This is unnecessarily large
for H&N area. For an average patient, the region of interest in H&N is 20x20x10 cm?®, based
on patient axial H&N area and the length of the focused heating signal (*~8 cm) as shown in
Chapter 6. A single slice with 2.5x2.5 mm? in plane resolution can be acquired in 8 seconds
using a spoiled gradient echo sequence with 100 ms repetition time, echo time 19 ms and flip
angle 20°. For treatment monitoring purposes, the volume of interest can be scanned under
a minute by 7 slices with a slice thickness of 5mm and slice gap 1 cm. Still, it is possible to
reduce the total scan duration. Firstly, the scan times can be shortened by parallel imaging
methods?*. Secondly, scan time reduction can be achieved by simultaneous multi slice ima-
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ging (SMS)2%. In addition to reduction in scan time, the multi-channel receiver coils can
improve field drift correction of PRFS thermometry2+. All this measures combined provide
ample opportunities to further improve MRT after the integration of multi-channel coils by
new faster and more accurate pulse sequences and post processing techniques.

Introduction of the MRcollar to the clinic will open several possibilities that were not pos-
sible so far or not yet accomplished to its full potential. Firstly, MRI can help us better
understand the beneficial effects of hyperthermia. Temperature increase maps can be used
to calculate thermal dose in the whole treatment volume and to better understand the ef-
fects of hyperthermia on disease progression®. For diffusion weighted MRI, it has been
shown that it also can be used for treatment monitoring in radiotherapy and chemotherapy
studies?¥. Hence, it can be used to monitor disease progression and can lead the way for
targeted treatments. Secondly, MRI can improve patient modeling. In Chapter 3, we have
shown that MRI can be used to acquire information on vessel networks. Additionally, MRI
can provide the actual patient anatomy during treatment i.e. including the treatment setup.
It has been shown that water bolus pressure induced changes in the patients anatomy from
the planning CT and treatment day position affect the treatment accuracy of HTP and sub-
sequently HT treatment quality?*®. Also, it is known that organ motion or deformation can
change from day to day. A plan of the day approach may improve the treatment efficacy
by accurately model the patient anatomy on the spot24°. MRI can be used to overcome the
confounders in numerical modeling. In the current clinical practice, EM properties of the tis-
sues are assumed to be homogeneous and assigned using literature values®*. MR electrical
property tomography is a technique that can measure in vivo the EM property distribution
for the various tissues?**2>!, Adding this information in the hyperthermia treatment plan-
ning system will provide a more realistic and representative predicted energy distribution.
Finally, MRI can be used to improve the accuracy of thermal models. The main confounder
in thermal modeling, the blood perfusion, and the vasculature can be imaged using MRI
techniques'®”-2°2, Qutput of these techniques can be used directly as more realistic input
into the thermal model to calculate the resulting temperature distribution. Combined with
MRT, hyperthermia treatment modeling validation can be made during an MR guided hy-
perthermia treatment. MR guided hyperthermia has a great untapped potential to uncover
the clinical benefits of hyperthermia, provide more accurate treatment delivery and bridge
the gap between modeling and validation.

While hardware and software improvements are crucial for a successful treatment, patient
comfort is often forgotten as being a very important aspect in maximizing treatment quality.
One of the main sources of MRT error is inter and intra scan motion. A comfortable patient
is less likely to move than an uncomfortable one. Hence, it is important to provide a com-
fortable experience to the patient. Our work in Chapter 7 shows that it is possible to have a
continuous water flow without interrupting MR imaging. Continuous water circulation will
reduce superficial hotspots which in turn will help to improve patient comfort and tolerance,
therefore a higher thermal dose in a shorter time might be achieved. Additional work, such
as development of an ergonomic water bolus, needs to be performed for providing optimal
comfort to the patient.



9.4 Future outlook 133

The ultimate goal of MRT guided hyperthermia is to control power deposition using online
thermometry. Still, we are yet to tap the potential of MR guided hyperthermia. So far this
has not been achieved due to inaccuracy in vivo thermometry data that is strongly hampered
by low SNR, motion, heterogeneities, physiological changes, and applicator limitations. In
this thesis, we proposed solutions to reduce systematic temperature errors, improve SNR.
Further improvements can be achieved by using better pulse sequences, advanced post pro-
cessing techniques. While pursuing the ultimate goal, MR thermometry information should
be integrated in several clinical decision making process. When successful, MRT monitoring
shows where the RF-energy is targeted, i.e. maximum in the tumor and hot-spots. As such, it
provides the radiation oncologist with crucial information whether we apply the maximum
tolerable thermal tumor dose with a minimum probability of toxicity in organs at risk. Fur-
ther, the accurate knowledge of the temperature distribution might be exploited to adapt
the RT-distribution in order to calculate a personalized optimal BED distribution to achieve
the highest probability for a cure and minimal probability of toxicity.






Summary

The beneficial effect of hyperthermia as adjuvant to radiotherapy in head and neck cancers
are well established with clinical trials. In general, the benefits of hyperthermia are found
to be depend on thermal dose. To improve the delivery of thermal dose, a great deal of work
has been and still is conducted on device development, treatment planning, patient mod-
eling, and treatment monitoring. Treatment monitoring is an important aspect to ensure
correct assessment of treatment quality and dose delivery, as well as validation of modeling
and planning. However, in clinic, target temperature increase information is seldom avail-
able and clinicians rely on pretreatment SAR calculations. MR thermometry during head
and neck hyperthermia is a potential solution to improve 3D information of the applied
temperature distribution, but it at present is not yet clinically available and the required
temperature measurement accuracy demands technology beyond the current available state
of the art.

This thesis starts with first presenting current state of the art MR compatible RF hyperther-
mia devices. From it, it follows that the field lacks standardization in validation and needs
a MRI compatibility benchmark. Secondly it shows that MRT guidance during hyperther-
mia treatment is required due to the effect of the large vessel network in head and neck
region on the temperature distribution. Thirdly, it describes the design and validation of a
MR compatible head and neck hyperthermia applicator that can heat at equal quality as the
non-MR compatible HYPERcollar3D. Fourthly, the apparent MRT errors due to the water
bolus can be effectively and economically solved by doping the water bolus with contrast
agents. Lastly, it shows that integration of multi-channel receiver coils in a phased array of
RF-antennas is feasible and improves the SNR. These results validate our hypothesis that a
suitable combination of hardware technologies enables precise monitoring of the temperat-
ure distribution which on its turn will provide the important information to exploit optimal
SAR steering during MRT guided H&N HT.
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Part 1: State of the art of MR guided RF Hyperthermia and
the need of MRT in H&N hyperthermia

In Chapter 2, we present the state of the art in MR guided RF hyperthermia devices, identify
the common characteristics of devices and provide the groundwork for improved device
validation. Magnetic resonance temperature imaging has been developed for noninvasive
3D temperature imaging and it has been integrated with RF hyperthermia devices. Fifteen
different devices were developed, each with distinct characteristics such as frequency of
choice, capacitive or radiative heating, hyperthermia only inserts or integrated dual func-
tion devices. Only two applicators were actively used in clinical applications and only one
of them has become a commercial product. Comparison of these devices is not possible
since the validation and reporting of the results were not standardized for heating, MR
compatibility or MR thermometry performances. We recommended quantification metrics
for standardization of the validation. Chapter 3 continues to explore the needs for stand-
ardization and describes a new MR compatibility assessment procedure for MR guided RF
hyperthermia devices. We employed this procedure for the assessment of MR compatibility
of the commercially available MR compatible RF hyperthermia applicator, Sigma Eye. Our
results showed that the device decrease B;* transmit efficiency by 30% and decrease the
SNR by 20%, mainly due to the effects of water bolus. Our new procedure is aimed towards
quantification of the impact and identifying the parts with the highest impact to be able to
reduce their effect.

Part 2: Design and experimental validation of the MRcollar

Due to low availability of in vivo temperature information, clinicians need to rely on elec-
tromagnetic or thermal models. While the electromagnetic models are well established and
extensively used for treatment planning, actual thermal dose depends on temperature in-
crease. Current clinically used thermal models lack the final important and advanced step of
personalization. In Chapter 4, we demonstrated necessary steps to integrate large arteries
in head and neck region in the hyperthermia treatment planning work flow and their ef-
fect on treatment planning parameters. We have shown that the effect is highly dependent
on the individual arterial structure. Three patients out of twelve showed a large drop in
treatment quality (0.92 °C on average) while the rest had insignificant change (0.09 °C on
average). We conclude that advanced thermal modeling is necessary when the target region
includes major vasculature structures. Our conclusions arise from extensive numerical mod-
eling. They still require in vivo validation with 3D thermometry techniques. Since not all
patients benefit from these advanced modeling and validation requires in vivo monitoring,
integration of in vivo 3D thermometry would be a preferred solution.

Any device intended to be used in MR scanner must be MR compatible. In addition, integra-
tion of a hyperthermia device with an MR scanner requires design principles that minimize
the system induced image artifact. Hence, an existing hyperthermia device cannot be used
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in combination with an MR scanner in its regular form, therefore modifications or redesign
of the device is mandatory. Chapter 5 introduces a new MR-friendly antenna concept, and
describes the simulation guided design of the MRcollar. In silico results showed that the
MRcollar improves the SAR target coverage (TC50) by 8.5% over HYPERcollar3D system.
The antenna modules have excellent matching characteristics (S;; = -41 dB) and minimal
interaction with neighboring elements (S;, = -23.1 dB). Additionally, the minimal metallic
surfaces ensures limited B, and B, distortions during MR imaging. MR experiments showed
the antenna modules of the MRcollar do not affect MR transmit/receive performance.

The purpose of the work described in Chapter 6 was to experimentally validate the MR-
collar design and MRI compatibility as is reported in Chapter 5. The MRcollar system has
satisfactory and robust matching characteristics and low interaction between the individual
antenna modules. Heating and focusing capabilities were tested by using three different fo-
cus settings. The predicted and experimentally measured SAR patterns have a good match
(~95%). Heating requirements as demanded by the European Society for Hyperthermic On-
cology (6 °C increase in 6 minutes) were easily reached (6 °C increase in 2 minutes). The
MRcollar was shown to have minimal effect on the image quality in the clinical relevant
part of the field of view. However, the water bolus reduces B, efficiency and consequently
the SNR. Overall, the MRcollar has great potential to improve hyperthermia delivery in the
head and neck region.

Part 3: New hardware avenues for MRT

We have shown that considerable efforts have been made for integration of MR thermo-
metry with RF hyperthermia. However, in vivo accuracy is still not accurate enough. Efforts
were focused on hardware improvements to improve the accuracy of MR thermometry. The
water bolus is one of the main apparent temperature error sources in the hyperthermia
device. In Chapter 7, we report on the potential of adjusting water bolus filling properties
to improve MR thermometry by making the water bolus MRI transparent. In this study, we
used three different compounds (CuSO,, MnCl,, Fe;0,) known for T,* reducing capabilities
to modify water bolus properties. We have found that it is possible to make the water in the
water bolus MRI transparent with the tested compounds. However, only Fe;0, had no ef-
fect on electromagnetic properties, thus making it the only possible solution. Furthermore,
we showed that a Fe;O, doped water bolus compared to a demineralized water doped wa-
ter bolus resulted in an improved MR thermometry precision during water circulation from
0.70 °C to 0.09 °C with a reduced FOV scan. This new solution provides two important
technical advancements. Firstly, in the current state-of-the-art, water circulation stops when
the MR imaging takes place. As a consequence cooling of skin hotspots is interrupted with
subsequent reduction of patient comfort. Continuous cooling will maintain patient comfort
and help to increase the patients tolerance to hyperthermia. Secondly, the reduction of FOV
reduces scan time, partial volume effects and improve resolution. Each effect is crucial for
improving the MR thermometry accuracy. Therefore we conclude that Fe;O, doped water
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bolus has significant potential to improve RF hyperthermia treatment monitoring under MR
guidance.

Significant improvements can be made in SNR by using MR coils close to skin. Chapter 8
shows the investigations done towards the integration of the coils in the MRcollar. Prior to
integrating the coils in the MRcollar, we designed a reduced scale planar array setup and
integrated a two channel MR receive coil with two RF-hyperthermia applicator modules. In
this setup the most challenging interactions between two RF systems are realized. With this
experiment we have shown that the integrated MR receive coils do not affect the heating
patterns of the antenna modules designed in Chapter 4. The surface coils improved SNR by
17% compared to the body coil. The interaction between the two systems is very low (-56
dB). Of course for protection of the MRI hardware, it still remains necessary to filter out
high power heating RF signal from the MRI scanners low power receivers.

Over the past decades, substantial progress has been made in head and neck hyperther-
mia and MRT guided hyperthermia treatment. Here, we developed essential tools for MRT
guided head and neck hyperthermia treatments: the MRcollar, a new water bolus solution
and integrated MR coils. We foresee with the tools provided in this thesis that accurate
thermal dosimetry will be possible during the head and neck hyperthermia treatments, lead-
ing to better understanding of the effects of hyperthermia and accurate thermal models.
Furthermore, our investigations on optimal water bolus properties and integration of sur-
face coils can be implemented for other hyperthermia devices intended to be used in body
sites other than head and neck.
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Samenvatting

Het positieve effect van het toevoegen van hyperthermie aan radiotherapie is in meerdere
Kklinische studies aangetoond. In het algemeen is gevonden dat het klinische effect van hy-
perthermie afhankelijk is van de toegediende thermische dosis. Hoewel al veel onderzoek
is verricht is onderzoek gericht op verbetering van de hyperthermie apparatuur nog steeds
actueel. De continue toename in computer technologie is een grote stimulans voor het ont-
wikkelen van steeds betere en snellere mathematische modellen om de energie en tempe-
ratuur verdeling tijdens de hyperthermie behandeling te berekenen. Tevens is er ook een
constante verbetering in de monitoring van de behandelkwaliteit en de temperatuurverde-
ling. Beide zijn onmisbaar bij de validatie van de modelberekeningen. Zowel de arts als de
patient zijn echter niet enthousiast over het plaatsen van invasieve katheters. Als gevolg
daarvan is tijdens de klinische uitvoering van de hyperthermie behandeling van hoofd-hals
tumoren invasief gemeten tumor temperatuur zeer beperkt beschikbaar. De toediening van
de hyperthermie behandeling gebeurt dan geheel op geleide van de berekende energie ver-
deling en het gevoel van de patiént. Het niet invasieve meten van de weefsel temperatuur
met behulp van een MRI biedt hier een mogelijke oplossing om de behandeling toch op basis
van de gemeten weefsel temperatuur uit te voeren. De techniek om met de huidige state of
Art MRI technologie de temperatuur te meten is echter onvoldoende nauwkeurig en robust.

Het proefschrift start met een overzicht van bestaande systemen waarmee binnen de MR
omgeving de radiofrequente elektromagnetische velden gebruikt kunnen worden voor de
hyperthermie behandeling. Uit het overzicht volgt het gebrek aan standaardisatie, en in res-
ponse hierop wordt een benchmark gepresenteerd voor het kwantitatief vaststellen van de
MR-compatibiliteit van een hybride systeem. Vervolgens wordt het belang van sturing van
de hyperthermie behandeling op geleide van MR-thermometrie ter vermindering van de in-
vloed van grote bloedvaten op de temperatuurverdeling in het hoofd-hals gebied getoond.
Aansluitend wordt de ontwikkeling en validatie van een nieuwe MR compatibele applicator
voor hyperthermie van hoofd-hals tumoren beschreven, waaruit volgt dat de kwaliteit van
de hyperthermie behandeling met de nieuwe applicator gelijk is aan de niet MR-compatibele
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HYPERCcollar3D. Tevens wordt aangetoond dat toevoeging van een contrast middel aan
het water in de bolus een effectieve en economische oplossing is om fouten in de MR-
thermometrie te verminderen. Tot slot laat het proefschrift zien dat het mogelijk is om meer-
dere ontvangst spoelen dichtbij de RF-antennes van een phased-array applicator te plaatsen.
Samengevat laat het onderzoek zien dat door het combineren van MR-meettechnieken en
RF-verwarmingstechnieken het mogelijk wordt om met behulp van MR-thermometrie de
temperatuurverdeling in het hoofd-hals gebied tijdens de hyperthermie behandeling nauw-
keurig te meten en gelijktijdig RF-energieverdeling optimaal te sturen voor een maximale
effectiviteit van de behandeling.

Deel 1: State of art van MR-geleide RF hyperthermie en de
noodzaak van MRT tijdens H&N hyperthermie

In hoofdstuk 2 presenteren we de huidige stand van de techniek in MR-geleide RF hyperther-
mietoestellen, identificeren we de gemeenschappelijke technische kenmerken van toestel-
len en leggen we de basis voor een betere validatie van de toestellen. Magnetic Resonance
Temperature Imaging is ontwikkeld voor niet-invasieve 3D-temperatuurbeeldvorming en
is geintegreerd in vijftien verschillende RF-hyperthermietoestellen. Elk apparaat heeft zijn
eigen kenmerken zoals frequentie, capacitieve of radiatieve verwarming, alleen als toevoe-
ging voor hyperthermie of als geintegreerde apparaat met een dubbele functie. Slechts twee
apparaten worden actief gebruikt in klinische toepassingen en slechts één ervan is een com-
mercieel product geworden. Het vergelijken van de prestatie van deze apparaten is helaas
niet mogelijk omdat de validatie en rapportage van de resultaten niet gestandaardiseerd
zijn voor verwarming, MR-compatibiliteit of MR-thermometrie. Om in deze apparatuur in
de toekomst wel te kunnen vergelijken, bevelen wij aan de prestaties kwantitatief volgens
gestandaardiseerde metingen te valideren. Hoofdstuk 3 vervolgt met onderzoek naar mo-
gelijke standaardisatie en beschrijft een nieuwe evaluatie procedure voor het meten van de
MR-compatibiliteit voor MR-geleide RF-hyperthermietoestellen. De procedure is gebruikt
voor de beoordeling van MR-compatibiliteit van de Sigma Eye, de enige commercieel ver-
krijgbare MR-compatibele RF-hyperthermie-toestellen. Onze resultaten laten zien dat de
applicator de B;* transmissie-efficiéntie met 30% vermindert en de SNR met 20%, waarbij
de waterbolus de belangrijkste oorzaak van deze effecten is. Onze nieuwe validatie proce-
dure richt zich op het kwantificeren van de impact en het identificeren van de onderdelen
met de grootste impact. Hierdoor kunnen gerichte maatregelen ontwikkeld worden om het
effect te verminderen.
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Deel 2: Ontwikkeling en experimentele validatie van de MR-
collar

Gedwongen door de zeer beperkte beschikbaarheid van de momentane weefseltemperatuur
moet de clinicus vertrouwen op elektromagnetische of thermische modellen en de terugkop-
pelring van de patiént. Hoewel elektromagnetische modellen steeds betrouwbaarder wor-
den en breed worden toegepast voor de planning van de behandeling, wordt de uiteindelijk
toegediende thermische dosis bepaald door de werkelijke temperatuurstijging die afthan-
kelijk is van de lokale doorbloeding. De lokale doorbloeding is patiént en tumor specifiek.
Alle huidige klinisch gebruikte thermische modellen missen deze laatste, essenti€le perso-
nalisatie stap. In hoofdstuk 4 wordt dit personalisatie proces gedemonstreerd voor de grote
slagaders in het hoofd- en nekgebied en wordt hun effect op de voorspelde temperatuurver-
deling tijdens de hyperthermieplanning berekend. We laten zien dat het effect sterk athan-
kelijk is van de individuele arteriéle structuur. Drie van de twaalf patiénten vertonen een
grote daling in de kwaliteit van de behandeling (gemiddeld 0,92 °C), terwijl de rest geen of
een minimale verandering laat zien (gemiddeld 0,09 °C). Volgend op de uitgebreide nume-
rieke modelering, concluderen we dat geavanceerde thermische modellering noodzakelijk
is wanneer het doelgebied grote bloedvaten bevat. Daarbij moet worden opgemerkt dat de
verrichte berekeningen nog wel in vivo validatie vereisen. Omdat niet alle patiénten baat
hebben bij geavanceerde temperatuur modellering en validatie uitgebreide in vivo tempe-
ratuur monitoring vereist, is er een duidelijke behoefte aan integratie van niet invasieve, in
vivo 3D thermometrie, bijvoorbeeld MR-thermometrie.

Elk apparaat dat bedoeld is om in een MR-scanner te worden gebruikt, moet MR-compatibel
zijn. Bovendien vereist de integratie van een hyperthermieapparaat met een MR-scanner
ontwerpprincipes die door het hyperthermieapparaat geinduceerde beeldartefacten tot een
minimum beperken. Daarom kan een bestaand hyperthermieapparaat niet zonder aanpas-
singen worden gebruikt in combinatie met een MR-scanner. Ontwerpwijzigingen of zelfs
een volledig herontwerp van het hyperthermie apparaat is noodzakelijk. Hoofdstuk 5 intro-
duceert een nieuw antenne concept, en beschrijft het proces om te komen tot een simulatie
geleid ontwerp van de MRcollar. De berekende, in silico resultaten tonen aan dat de MR-
collar de energie (SAR) in het doelgebied (TC50) met 8,5% verbetert ten opzichte van het
huidige, klinisch toegepaste HYPERcollar3D-systeem. Dankzij een nieuw ontwerp van de
antennemodule, heeft de MRcollar ook 31% minder water nodig,. De antennemodules heb-
ben daarnaast uitstekende elektromagnetische eigenschappen (S;; = -41 dB) en vertonen
minimale interactie met naburige elementen (S;, = -23.1 dB). Bovendien zorgen de gemi-
nimaliseerde metaaloppervlakken voor zeer beperkte B, and B, vervormingen tijdens de
MR-beeldvorming. Uit de verrichte MR-experimenten volgt dat de antennemodules van de
MRcollar inderdaad geen invloed hebben op de prestaties van de MR-zender/ontvanger.

Het doel van het onderzoek, beschreven in hoofdstuk 6, is de experimentele validatie van
het totale MRcollar-ontwerp en de MRI-compatibiliteit, zoals die in hoofdstuk 5 voor de
onderdelen wordt gerapporteerd. Het totale MRcollar-systeem functioneert zoals verwacht
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met goede en robuuste eletromagnetische matchingskarakteristieken per antennemodule
en een lage interactie tussen de afzonderlijke antennemodules. De verwarmings- en SAR-
stuur mogelijkheden werden getest met behulp van drie verschillende focus instellingen.
De voorspelde en experimenteel gemeten SAR-patronen hebben een goede overeenkomst
(~95%). Verwarmingsvereisten zoals opgesteld door de European Society for Hyperthermic
Oncology (6 °C verhoging in 6 minuten) werden gemakkelijk bereikt (6 °C verhoging in 2
minuten). De MRcollar bleek een minimaal effect te hebben op de beeldkwaliteit in het
klinisch relevante deel van het MRT-meetgebied. De waterbolus vermindert echter wel de
B, -efficiéntie en daarmee de SNR. Alles tezamen biedt de MRcollar een enorm potentieel om
toediening van - en niet-invasieve temperatuurmeting tijdens - hyperthermie in het hoofd-
en nekgebied te verbeteren.

Deel 3: Nieuwe technologie voor verbetering
MR-thermometrie

Ondanks dat er veel energie is gestoken in de integratie van MR-thermometrie met RF-
hyperthermie, is de in vivo meetnauwkeurigheid van de temperatuur nog onvoldoende. Tot
op heden waren de inspanningen om de nauwkeurigheid van MR-thermometrie te verbete-
ren vooral gericht op aanpassingen van de hardware. Uit ons onderzoek volgt dat de water-
bolus in het hyperthermieapparaat één van de belangrijkste bronnen is voor de temperatuur
meetfout. In hoofdstuk 7 rapporteren we over de mogelijkheden tot het verbeteren van de
eigenschappen van de waterbolus om de waterbolus MRI-transparant te maken en daarmee
de nauwkeurigheid van de MR-thermometrie te verbeteren. In deze studie hebben we drie
verschillende verbindingen (CuSO,, MnCl,, Fe;0,) gebruikt, die alle bekend zijn om hun
T,*-reducerend effect om daarmee de waterboluseigenschappen aan te passen. De uitkomst
was dat het met alle drie de materialen mogelijk is om het water in de waterbolus MRI trans-
paranter te maken. Alleen Fe;O, had echter geen effect op de elektromagnetische eigen-
schappen van het water. Hierdoor is Fe;O, de enig bruikbare oplossing. Daarnaast hebben
we aangetoond dat een Fe;O, gedoteerde waterbolus in vergelijking met een gedeminerali-
seerde waterbolus inderdaad resulteert in een verbeterde MR-thermometrieprecisie tijdens
actieve watercirculatie van 0,70 °C tot 0,09 °C bij een gereduceerd FOV. Deze nieuwe op-
lossing biedt hierdoor twee zeer belangrijke technische verbeteringen. Ten eerste, in de hui-
dige state-of-the-art, stopt de watercirculatie tijdens de MR-beeldvorming. Hierdoor wordt
de huidkoeling tijdens de hyperthermiebehandeling onderbroken, met als gevolg een lager
comfort van de patiént. Bij continue koeling blijft het comfort van de patiént behouden en
wordt de tolerantie van de patiént voor hyperthermiebehandeling verhoogd. Ten tweede
vermindert de reductie van FOV de MRI scantijd, alsook signaaldegradatie als gevolg van
gedeeltelijke volume-effecten waardoor de resolutie verbetert. Elk afzonderlijk effect is cru-
ciaal voor het vergrote van de nauwkeurigheid van de MR-thermometrie. Daarom conclude-
ren we dat Fe;0, gedoteerde waterbolus een aanzienlijk potentieel heeft om de monitoring
van de RF-hyperthermiebehandeling te verbeteren onder sturing van MRT.
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Significante verbeteringen kunnen worden aangebracht in SNR door het gebruik van MR-
spoelen dicht op de huid. Hoofdstuk 8 laat het onderzoek zien dat is gedaan naar de in-
tegratie van de spoelen in de MRcollar. Voorafgaand aan de integratie van de spoelen in
de MRcollar hebben we een vlakke opstelling van beperkte omvang ontworpen: een twee
kanaals MR-ontvangstspoel geintegreerd met twee RF-hyperthermia applicatoren. In deze
beperkte opstelling worden alle relevante interacties tussen de twee RF-systemen (MRI en
hyperthermie) gerealiseerd. Met dit experiment wordt aangetoond dat de geintegreerde
MR-ontvangstspoelen geen invloed hebben op de verwarmingspatronen van de in hoofdstuk
4 ontworpen antennemodules. Het MR-thermomerie signaal gemeten met de oppervlakte
spoelen heeft een SNR dat 17% hoger is dan gemeten met de lichaamsspoel (body-coil)
van de MR. De interactie tussen de hyperthermie applicatoren en de geintegreerde MR-
ontvangstspoelen is zeer laag (-56 dB). Uiteraard, blijft het voor de bescherming van de
MRI-elektronica noodzakelijk om het hoog RF-vermogen voor de weefselverwarming goed
te scheiden van de ontvangers van de MRI-scanner, die slechts een laag vermogen aan kun-
nen.

In de afgelopen decennia is aanzienlijke vooruitgang geboekt in de behandeling van hoofd-
hals tumoren met hyperthermie en voor andere gebieden hyperthermie onder MRT-geleide.
In het hier gepresenteerde onderzoek hebben we essentiéle hulpmiddelen ontwikkeld om
MRT geleide hyperthermie ook mogelijk te maken tijdens hyperthermie van hoofd-hals tu-
moren met de MRcollar, een nieuwe waterbolusoplossing en geintegreerde MR-coils. We
verwachten dat de nieuwe verbeteringen zoals ontwikkeld in dit proefschrift nauwkeurige
thermische dosimetrie tijdens de MR-geleide hyperthermiebehandeling van hoofd-hals tu-
moren mogelijk maakt en uiteindelijk leidt tot een betere behandeling met nauwkeurige
thermische modellen. Daarnaast kunnen de gevonden resultaten, zoals bijvoorbeeld naar
de optimale waterboluseigenschappen en de integratie van oppervlaktespoelen, ook wor-
den uitgevoerd bij andere hyperthermie-apparaten die bedoeld zijn voor gebruik op andere
plaatsen in het lichaam dan hoofd en nek.
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