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Abstract

Hyperthermia (HT) has shown to be a powerful enhancer of chemotherapy
and radiotherapy in numerous clinical trials. Its therapeutic effectiveness de-
pends on the thermal dose delivered, which is determined by the quality and
consistency of the applied heating. Quality Assurance (QA) guidelines ensure
that HT devices deliver heat in a controlled, safe, and reproducible manner.

However, translation of QA guidelines into routine clinical practice has been
limited by the lack of suitable tools and the lack of practical implementation
guidance. This thesis addresses these gaps by (i) developing new phantoms
for HT QA and (ii) demonstrating the application of the latest QA guidelines
for both superficial (SHT) and deep HT (DHT).

For SHT applications, a novel fat-mimicking phantom was developed using
an ethylcellulose-stabilized glycerol-in-oil emulsion. This material exhibited
dielectric and thermal properties representative of fat tissue, with acceptable
variability across the frequency range relevant for HT. Subsequently, it was
applied in the QA evaluation of the SHT Lucite Cone Applicator (LCA),
following the quality metrics defined in current HT guidelines. This experience
provided practical insight into the implementation of guidelines in the clinical
environment.

For DHT, the phantom design was optimised, supported by computational
studies, to represent different anatomical areas. These phantoms were then
used in a multi-institutional QA comparative study involving six European
HT centres, in which the heating and focusing ability of clinically used DHT
devices was evaluated. The study also revealed several practical challenges in
QA implementation, including experimental setup, probe calibration, proce-
dure duration, and the definition of suitable quality metrics. These findings
directly contributed to the development of the latest QA guidelines for deep
HT and support their integration into routine clinical practice.

Finally, the relationship between QA guidelines and the EU Medical Devices
Regulation (MDR) regulatory framework was clarified using an in-house de-
veloped phased-array radiative applicator as a case study, outlining key steps
from preliminary investigation to system verification and validation.

Keywords: Hyperthermia, Quality Assurance, Phantoms, Thermal Dosime-
try, MDR.
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CHAPTER 1

Introduction

Cancer is reported by the World Health Organization (WHO) as a prominent
global cause of death, responsible for approximately 10 million fatalities in the
year 2022 [1]. The umbrella term encompasses diseases capable of afflicting
virtually any part of the human body. A key aspect of cancer involves the
accelerated generation of abnormal cells that proliferate beyond their usual
confines. These cells can subsequently infiltrate neighboring body regions
and disseminate to distant organs, a phenomenon known as metastasis. It
is primarily the extensive metastatic spread of cancer that constitutes the
principal underlying cause of mortality associated with cancer [2].

Figure illustrates the incidence of new cases for the most prevalent
cancer types in 2022 and their corresponding mortality rates. Leading the
list in terms of mortality are lung, colorectal, and liver tumors. However,
due to advancements in diagnostic techniques and more efficient treatment
modalities, mortality rates have consistently decreased since the early '90s for
most common cancer types, including lung, colorectal, breast, and prostate
cancers [3].

In contemporary oncology, the standard treatment options include surgery,
radiotherapy, and chemotherapy. These treatment modalities can be delivered
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Figure 1.1: Global incidence and mortality of the 15 most common cancer types
worldwide for both sexes in 2022; Data are per 100 000. Data retrieved

from |[1].



as individual therapies or combined. More recent modalities include hormone
therapy, anti-angiogenic treatments, stem cell therapies, and immunotherapy
[4].

Surgery is often the first choice for cancer treatment, but it is common to
add other therapies to enhance the probability of tumor control. Radiother-
apy (RT), involving the targeted delivery of ionizing radiation to the tumor,
is highly effective but adds various site-specific adverse effects and systemic
reactions. Chemotherapy, which employs one or more anti-cancer drugs, ex-
hibits varying efficacy depending on the cancer type and stage. It leads to
systemic reactions due to the circulation of the chemotherapeutic drugs.

Hyperthermia therapy (HT) is acknowledged as a powerful adjunct to estab-
lished cancer treatment techniques, significantly enhancing the effectiveness
of both RT and chemotherapy [5], [6]. HT is defined by a local temperature
elevation within 40-44 °C, targeting cancerous tissue for one hour.

The potential of HT as a biological sensitizer has been extensively vali-
dated in many clinical trials when added to RT and/or chemotherapy [7]—-
[13]. Hyperthermia has demonstrated enhanced local tumor control, improved
progression-free survival, and overall survival for various cancer types, includ-
ing breast (7], [14], rectum [15], cervix [16], |17], esophagus [18], head and
neck [19], sarcoma [20], and melanoma [21].

While numerous positive clinical trials support the efficacy of hyperthermia
in treatment, two specific studies ([21], [22]) demonstrated that inadequate
heating administration during treatment could result in no benefit. Further-
more, several studies have found a direct and positive correlation between
the administered thermal dose and clinical outcomes [23]—[29], where thermal
dose is a clinical measure that combines the achieved temperature in tissue
and heating duration.

Bakker et al. [25] investigated 2,330 patients undergoing combined RT and
HT for recurrent breast cancer. This study revealed that, on average, patients
receiving a high thermal dose achieved a 34% higher complete response rate
than those receiving a low thermal dose, without an increase in treatment-
related toxicity. Similar results have been shown for cervix carcinomas by
Kroesen et al. [28]. Valverde et al. [29] demonstrated that the therapeutic
effect of hyperthermia follows a continuous thermal dose-response relation-
ship, where progressively higher and more uniformly delivered thermal doses
correlate with improved clinical outcomes.
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Suboptimal heat delivery in hyperthermia treatments is frequently caused
by anatomical constraints, such as the depth, vascularity, and location of the
tumor, which can substantially limit the achievable temperatures. Hollow,
non-solid organs, such as the bladder, pose additional challenges, as changes
in filling state and motion alter their geometry and make uniform heating more
difficult [30]. These challenges can often be addressed by selecting the most
appropriate heating technology for the clinical scenario and through careful
treatment planning.

Technical limitations also contribute significantly to inadequate tumor heat-
ing. These include inefficiencies in HT devices that fail to deliver the required
thermal dose, as well as insufficient treatment monitoring and control. To
mitigate these issues, quality assurance (QA) guidelines are essential. They
provide standardized and robust protocols that support: (a) systematic man-
agement of the treatment process from the planning phase to results docu-
mentation, (b) comprehensive characterization of the heating capacity of the
applicators, and (c) assurance of adequate safety measures for both patients
and healthcare personnel. The most recent version of QA guidelines for clinical
HT include superficial [31], [32], interstitial [33], and deep [34] applications.

Despite the existence of QA guidelines, their adoption in clinical settings has
remained limited, as their translation into routine workflows is poorly docu-
mented, and only a few institutions have evaluated their heating systems using
standardized temperature and dosimetry parameters. This limited adoption
is largely due to insufficient technical expertise, the absence of practical im-
plementation tools, including suitable tissue-mimicking materials, difficulties
in achieving reliable and controlled assessments, and restricted opportunities
for experimental verification.

Focus of this thesis is to support the clinical implementation of existing QA
guidelines while contributing to the development of future recommendations.
This is achieved through the introduction of improved phantom materials, i.e.,
materials designed to mimic the properties of interest of a particular tissue (or
a combination of tissues), that enable systematic evaluation of HT equipment,
together with demonstrations of both the practical use and the limitations
of current QA procedures. In parallel, the thesis extends beyond technical
validation to incorporate the regulatory perspective, integrating key principles
of the European Medical Device Regulation (MDR) to establish a unified
framework for the development, verification, and safe clinical deployment of



HT systems.

The thesis is structured as follows. Chapter 2 provides an overview of HT,
addressing its biological effects and treatment delivery modalities, and high-
lights the inherent risks of HT in comparison with radiotherapy (RT). Chapter
3 examines the QA aspects of HT, outlining the fundamental principles for
designing phantoms used in QA procedures. Chapter 4 demonstrates the
practical implementation of QA guidelines for both superficial and deep HT,
serving as a guide for these processes. Chapter 5 presents the development
of a regulatory framework for HT systems under the European MDR, linking
QA procedures with regulatory requirements to support device development,
verification, and clinical implementation. Chapter 6 presents a concise sum-
mary of the included research papers. Finally, Chapter 7 provides concluding
remarks and discusses perspectives for future research.






CHAPTER 2

Hyperthermia Principles

Electromagnetic (EM) radiation manifests as energy travelling through a medium
in the form of waves or energized particles. The EM spectrum includes a wide
range of EM frequencies with characteristic behaviours within certain ranges.
Progressing by smaller wavelength, this spectrum includes radio waves, mi-
crowaves, infrared radiation, visible light, ultraviolet radiation, X-rays, and
gamma rays. The energy conveyed by an EM wave exhibits an inverse rela-
tionship with its wavelength. Depending on the energy carried by the wave,
one of the fundamental classifications is based on its ability to ionize atoms
and molecules. We can then distinguish between ionizing and non-ionizing
radiation, which have various applications in the medical field.

2.1 Applications of EM fields in oncology

Radiotherapy (RT) is a well-established example of the clinical use of EM
fields, in which ionizing radiation induces DNA damage in cancerous tissues
for curative or palliative purposes. Radiation therapy is a pivotal cancer treat-
ment modality used in approximately 52% [35] of oncological cases. Because
of the potential risk to healthy tissues surrounding the target volume, the
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central objective of radiotherapy is to maximize the dose delivered to the
tumour while minimizing the exposure of adjacent normal structures. This
balance is achieved through advanced treatment planning techniques that rely
on high-resolution imaging, such as magnetic resonance (MR) and computed
tomography (CT), both themselves important medical applications of EM
fields. Furthermore, fractionation strategies are employed to allow healthy
tissues time to repair between treatment sessions.

Thermal therapies are not as widely used as radiotherapy, but they rep-
resent an important class of medical treatments based on non-ionizing radi-
ation. The term thermal therapies encompasses a range of procedures that
achieve therapeutic effects by transferring heat into or out of body tissues
[36]. Among these, EM-based thermal therapies exploit the ability of elec-
tromagnetic waves to deposit energy in tissues through dielectric loss mecha-
nisms. These elevated-temperature techniques are applied to treat a variety
of diseases, including cancer, and are typically classified according to the tem-
perature achieved in the target tissue: hyperthermia therapy (3944 °C) and
thermal ablation (> 47-50 °C) [37].

Thermal ablation consists of the destruction of tissue by applying heat at
high temperatures (> 47-50 °C) for at least 10 minutes [38], [39]. This leads
to irreversible effects such as protein denaturation, coagulation, necrosis, and
apoptosis, with consequent complete cellular death. Energy is commonly ad-
ministered through applicators (e.g., RF/MW antennas or laser fibers) in-
serted directly into the target organ [40], [41].

Hyperthermia therapy (HT), on the other hand, employs moderate tem-
perature elevations, typically heating the tumour to 40-44 °C for around 60
minutes [37]. Both hyperthermic and ablative temperature ranges trigger a
wide spectrum of biological effects, which are further discussed in Section[2.3]

These clinical applications, which rely on both ionizing and non-ionizing
forms of electromagnetic energy, motivate a more detailed examination of
how different types of radiation interact with biological tissues.

2.2 Interaction of ionizing and non-ionizing
radiation with tissues

Radio waves and microwaves, generally considered harmless, are located on the
lower energy radiation spectrum. These are labeled as non-ionizing radiation,
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as their energy levels are insufficient to initiate the ionization process within
the medium they traverse, precluding the emission of electrons from atoms.
The non-ionizing radiation includes wavelengths longer than 100 nm [42].

Tonizing radiation is characterized by its short wavelengths and high energy
levels. The minimum frequency required for radiation to be ionizing corre-
sponds to the photon energy needed to ionize atoms or molecules—typically
around 10 to 13.6 electronvolts (eV), which is the ionization energy of hydro-
gen. This energy range corresponds to wavelengths shorter than 100 nanome-
ters, placing it in the extreme ultraviolet (EUV) region (wavelengths < 91
nm) and extending into the X-ray and gamma-ray parts of the electromag-
netic spectrum.

Upon interaction with tissues, ionizing radiation transfers a specific amount
of energy to the tissue. A straightforward method for quantifying the radiation
dosage to a particular tissue volume is through the fundamental dose, denoted
as D, and defined as follows:

de
= (2.1)
where d€ represents the average amount of energy delivered to a given mass
dm by the ionizing radiation. The absorbed dose is measured in joules per
kilogram (J-kg—!), typically described as gray (Gy).

One of the main effects of ionizing radiation when interacting with biological
tissue is to induce DNA damage. Ionizing radiation has a biological impact
on DNA molecules through direct and indirect mechanisms [43]. In the direct
effect, ionizing radiation directly damages the DNA molecule, disrupting its
molecular structure. Such structural alterations result in cellular damage or
even cell death. In this context, DNA damage typically manifests as single
or double-strand breaks [44]. In the indirect mechanism, radiation interacts
with tissue water molecules, which release free radicals [43]. Free radicals are
highly reactive because of their unpaired electrons, and subsequently react
with DNA molecules, inducing molecular structural damage.

Non-ionizing radiation is characterized by lower frequencies and photon
energies, spanning a wide range from below 100 kHz (low-frequency radiofre-
quency, RF) up to approximately 750-940 THz (UV-A). This spectrum in-
cludes microwaves (MW), typically defined between 300 MHz and 300 GHz.
At frequencies above approximately 30 MHz, dielectric losses become signifi-
cant in biological tissues, particularly in those with high water content, such
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as muscle. This heating effect is primarily due to the dipolar relaxation of
water molecules, which attempt to align with the oscillating electric field but
are unable to do so instantaneously. The resulting molecular inertia leads to
internal friction and energy dissipation in the form of heat [37]. For instance,
as reported by Gabriel et al.|45], the dielectric loss factor (¢”) of muscle tis-
sue increases from approximately 2 at 10 MHz to around 50 at 100 MHz,
indicating a substantial rise in energy absorption capacity with frequency. In
contrast, at lower frequencies (below ~30 MHz), ionic conduction is the domi-
nant heating mechanism. In this regime, free ions in solution move in response
to the applied electric field, generating heat through resistive (Joule) losses.

The energy absorbed in the human body due to exposure from RF/MW
fields is quantified in terms of the Specific Absorption Ratio (SAR), derivable
from the root mean square (RMS) electric field E as:

2
SAR = ﬂdr

(2.2)
where V (m?) represents the volume of tissue considered, o (S/m) the tissue
conductivity and p (kg/m?) its density.

The energy absorbed in tissue is then converted to heat, thus inducing a
temperature increase. For living biological tissues, a critical parameter that
influences this temperature increase is blood perfusion, which acts as a con-
vective heat sink. A widely recognized model that incorporates the influence
of blood perfusion is the Pennes’ bio-heat equation [46]:

oT
Pgy = V (kVT) — cowp(T — Tp) + P (2.3)
where k (W/m/K) is the tissue thermal conductivity, ¢ (J/kg/K) is its
specific heat capacity, T (°C) is the temperature, P (W/m3) is the power
density; ¢, wy (kg/s/m3) are the blood heat capacity and perfusion rate,
respectively; and and T, is arterial temperature

2.3 Biological effects of heat
The application of heat within the HT temperature range triggers a wide array

of direct and indirect effects that enhance the sensitivity of tumor cells to other
firmly established treatments, such as chemotherapy and radiotherapy [47],
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Figure 2.1: Summary of the synergetic and additive effects of hyperthermia, de-
pending on the temperature. Adapted from . Hyperthermia, up to
44 °C, induces vasodilation, enhancing blood perfusion for deeper pene-
tration of chemotherapeutic agents. This increased permeability boosts
oxygenation, intensifies radiation-induced DNA breaks, and reduces
tumour hypoxic areas, altering the micro-environment and stimulating
immune responses. Additionally, mild hyperthermia amplifies residual
DNA breaks, promoting cell cycle arrest and making cells more sus-
ceptible to radiotherapy and hyperthermia, especially if temperatures
exceed 41 °C, as it inhibits DNA repair.

. The biological mechanisms induced by HT are discussed comprehensively
in , .

A fundamental characteristic of HT is that its biological impact depends
strongly on both the temperature achieved and the duration of heating. The
dependency of HT effects on the temperature is summarized in Figure 2.1] In
vitro studies have shown that prolonged exposure to elevated temperatures
increases cell death and suppresses DNA damage repair pathways .

Temperatures above 39 °C trigger a physiological response characterised
by increased perfusion and enhanced vascular permeability, leading to signifi-
cant changes in the tumour micro-environment. These alterations improve
oxygenation and pH levels, thereby increasing the tumour’s sensitivity to
radiation-induced damage . At the cellular level, mild hyperthermia in-
creases membrane fluidity, which enhances the uptake of chemotherapeutic
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Figure 2.2: Response of HA-1 cells to irradiation with 12 Gy and then immediately
heated at 43 °C for different times. Reprinted from

agents . Improved perfusion at these temperatures also facilitates the
recruitment of immune cells to the tumour site , supporting the initia-
tion of hyperthermia-induced immune responses. Evidence indicates that this
immune activation is particularly effective in the 40-41 °C range , .
Localised heating has additionally been shown to enhance cytotoxic T-cell ac-
tivation and can induce a systemic immune response targeting tumour cells
distant from the heated region, a phenomenon often described as an abscopal-
like effect .

In the 41-43 °C range, direct molecular effects of hyperthermia become
dominant. Elevated temperatures inhibit key DNA repair pathways, reducing
the activity of proteins involved in repairing radiation-induced DNA damage
. This includes the suppression of homologous recombination, a major
mechanism for repairing double-strand breaks . Inhibition of these path-
ways leads to the accumulation of residual DNA breaks, thereby increasing
treatment efficacy. Studies have shown that prolonged heating within this
temperature window markedly increases cytotoxicity , underscoring the
importance of both temperature and exposure duration.

The interaction between heating duration and biological effect is illustrated
in Figure [2.2] where the survival fraction of HA-1 cells is shown following 12
Gy irradiation and subsequent heating at 43 °C for different time intervals.
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Increasing heating duration results in progressively reduced cell survival, con-
firming the strong time dependence of HT-induced sensitisation. However,
extended exposure also activates the heat-shock response—a protective mech-
anism characterised by the rapid synthesis of heat-shock proteins (HSPs) [60].
This response leads to thermotolerance, a temporary reduction in cellular sen-
sitivity to subsequent hyperthermia treatments lasting 48-72 hours. Conse-
quently, clinical hyperthermia sessions are typically limited to about 1.5 hours
and scheduled no more than twice per week, ensuring therapeutic benefit while
minimising the onset of thermotolerance.

2.4 Thermal dose

Thermal therapy treatments can be quantified in terms of thermal isoeffec-
tive dose, or simply thermal dose, which represents the combined impact of
temperature and treatment duration expressed in terms of an equivalent time
at the reference temperature 43 °C to reflect the effect of the temperature to
direct cell death [61].

A standard definition for thermal dose is the cumulative equivalent minutes
at 43 °C (CEM43) [62], representing the effect of the entire history of heat
exposure on cell death. This definition allows the comparison of HT treat-
ments with different temperatures and heating durations. CEM43 does not
take into account the radio- or chemo-sensitizing effects of heat, but it is still
the most widely used metric for thermal therapy treatments, acting as a de
facto standard. Following this definition, the equivalent thermal dose can be
expressed as:

t=ttotal
CEM43= Y  RUWCTIA (2.4)
t=0

where t;4q; is the total treatment time, At (min) is the take between two
consecutive temperature measurements, while T(°C) is the average tempera-
ture during the interval At. R assumes a value of 0.25 for T < 43 °C and 0.5

for T > 43 °C [63], and it is based on the biphasic Arrhenius plots.
The CEM43 model, however, has limitations due to its assumption that dif-
ferent tissues share the same heat sensitivity and its inability to account for
the radiosensitization capability of HT [64]. In response to these limitations,
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various variants of CEM43 have been introduced. These variants incorporate
temperature indices, such as T90, T50, or T10, into the CEM43 definition,
where Tx is the tumour temperature exceeded by x% of the measured temper-
ature points. This adaptation aims to address the heterogeneous temperature
distribution observed in vivo. The resulting parameters are referred to as
CEM43T90 [65].

While CEM43 and its variants capture the dominant biological effect at high
temperatures, in most clinical studies, it is often noted that the actual tumour
temperatures recorded are lower than the intended 43°C. Consequently, alter-
native parameters have been proposed over the years. Clinical outcomes are
typically reported in terms of maximum(7}, 4 ), minimum (7}, ), and average
(Thvg) temperatures and more often T90, T50, or T10. These parameters are
also recommended in the most recent quality assurance protocols for superfi-
cial HT [31].

The TRISE parameter is proposed in [27] as an alternative to these param-
eters. TRISE integrates both temperature and heating duration. However,
instead of converting the recorded temperatures into equivalent minutes at a
reference temperature, the T50 increase above 37 °C throughout the treat-
ment is directly multiplied by the treatment duration. The result is then
normalized to the total scheduled treatment time (set to 450 min):

>3 (Tso — 37°C) - dt

TRISE =
RIS 450

(2.5)

where dt is the treatment duration and n is the number of treatments.

The area under the curve above 39 °C (AUC > 39 °C) for transient tem-
perature was introduced by Datta et al. [66] as a straightforward parameter
that integrates both time and temperature. This measure captures the mul-
tifactorial nature of HT effects across the entire relevant temperature range
and is defined as follows:

(M - 38.9) (tn — tn_1) (2.6)

N
AUC >39°C =)
n=1

where T,, denotes the temperature at the time instant ¢,,.
Although several parameters have been proposed, a consensus on a temper-
ature or thermal-dose metric capable of reliably characterising the dose—effect
relationship in clinical HT has yet to be established [67]. This lack of agree-
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ment is largely attributable to limitations in thermometry, such as the small
number of probes, restricted placement relative to the tumour, and insufficient
temporal sampling, as well as inconsistencies in how temperature metrics are
defined and reported. These factors hinder a robust interpretation of tumour
temperature coverage and complicate the assessment of dose—effect relation-
ships. Nonetheless, the currently used temperature metrics remain essential
for promoting standardisation and enabling comparison across clinical studies.

In contrast to RT, delivering a prescribed thermal dose in HT remains a
challenge. Biological heterogeneity, such as variations in tissue composition,
perfusion, and vascular dynamics, leads to highly non-uniform heating within
the target region. In addition, the effective performance of heating systems
depends on correct operation, calibration, and configuration, all of which in-
fluence the temperatures that can be safely and consistently achieved in deep
or heterogeneous tissues. Consequently, rigorous assessment of device heat-
ing performance is essential to ensure that an adequate and therapeutically
meaningful dose distribution can be delivered. Quality assurance protocols
provide structured and reproducible procedures to verify system function and
performance, and are therefore critical to maximising therapeutic efficacy and
ensuring safe clinical application.

Strong clinical evidence highlights an association between suboptimal heat-
ing quality and unfavourable clinical outcomes. This can be attributed to both
the heating inability of HT equipment and inadequate temperature monitor-
ing. The findings presented by Perez et al. [22] do not indicate significant
improvements when using RT alone compared to RT+HT in the treatment of
large superficial lesions (> 3 cm). The leading cause for this negative result
is attributed to the absence of stringent guidelines for patient and tumour
selection in HT clinical trials as well as the absence of rigorous QA protocols
for evaluating device performance. On the other hand, evidence has emerged
over the years, pointing to a positive correlation between temperature, the
thermal dose delivered within the target, and clinical outcomes [23]-[27], [29],
[68]. Higher thermal dose is associated with increased local tumour control
and higher complete response rates. A recent example is provided by Bakker
et al. [68], who reported that recurrent breast cancer patients who received a
higher thermal dose (specifically CEM43T50 > 7.5 min in their best session)
achieved significantly improved locoregional control (see Figure . These
findings underscore that achieving adequate temperature coverage and suf-
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Figure 2.3: Kaplan—Meier curves illustrating locoregional control stratified by
thermal-dose group for a 112 patients with resected locoregional re-
current breast cancer treated with postoperative re-irradiation plus
HT: patients treated with high thermal dose (best CEM43T50 > 7.2
min) show substantially better 3-year locoregional control (= 92 %)
compared to low-dose patients (=74 %) (p = 0.008) . Reprinted from
68]

ficient dwell time (i.e., sustained therapeutic heating) is essential; it is not
merely the application of hyperthermia, but the quality of heating that deter-
mines clinical benefit.

2.5 Adverse effects associated with RT and HT

RT is a complex treatment modality associated with substantial risks. The
estimated incidence of errors in radiotherapy is approximately 0.15% [69],
with around 40% of these incidents resulting in patient harm and about 1%
leading to fatal outcomes. In addition to the risk of accidental misadminis-
tration, RT itself produces a broad spectrum of adverse effects that vary with
the treatment site. Beyond inducing direct DNA damage, ionizing radiation
activates multiple cellular signalling pathways, triggering pro-inflammatory
and pro-fibrotic cytokine expression, coagulation cascades, and vascular injury
[70]. These biological responses contribute to the development of oedema, in-
flammation, skin erythema, elevated intracranial pressure in central nervous
system treatments, and pulmonary fibrosis in thoracic irradiation [71]. For
abdominal and pelvic treatments, gastrointestinal toxicity is common, mani-
festing as anorexia, nausea, vomiting, abdominal cramps, and diarrhoea. Irra-

18



2.5 Adverse effects associated with RT and HT

diation of the pelvis may also impair bladder function and lead to conditions
such as cervicitis and vaginitis in women [71].

To mitigate these risks, systematic QA programs are fully embedded in
routine RT practice. These programs ensure accurate dose delivery, reduce
the likelihood of errors, and help limit severe or irreversible side effects. A
detailed overview of the QA and safety measures used in RT is provided in
the following chapter.

HT, in contrast, uses non-ionizing electromagnetic radiation, typically in
the RF/MW range, to raise tissue temperature for therapeutic benefit. Al-
though significantly less hazardous than ionizing radiation, HT still requires
careful energy delivery to avoid potential harm to both patients and medical
staff. Similar to RT, the risks associated with HT can be categorised into
direct and indirect effects. Direct effects arise from the absorption of electro-
magnetic energy, resulting in tissue heating—the therapeutic objective—but
inadvertently also producing local hotspots, superficial burns, or circulatory
disturbances when excessive cooling is applied [72].

Indirect potential risks rise from the interaction between electromagnetic
fields and conductive materials. Electrical currents induced in metallic objects
may cause burns at points of contact, and the EM fields generated during
HT can interfere with metallic medical implants and other implanted devices
such as pacemakers, making them contraindications for many EM-based HT
systems |73]. Where feasible, treatment planning is used to steer energy away
from such devices.

It is the responsibility of the clinical staff to ensure that the maximum and
effective thermal dose is delivered while maintaining patient safety through-
out the procedure to prevent any direct or indirect adverse effects. Effective
audible and visual communication with the patient is essential to obtain im-
mediate feedback in case of discomfort and to enable prompt intervention
when needed.

To ensure staff safety, HT facilities must implement comprehensive electromagnetic-
field (EMF) protection measures and verify compliance with national exposure
limits for non-ionizing radiation within the HT frequency range. Standards
such as IEEE C95.1-2019 [74] and the 2020 ICNIRP guidelines [75] specify
maximum permissible occupational exposure levels of approximately 10 W /m?
in this frequency band. Proper shielding of the treatment room minimises
electromagnetic leakage, protecting both equipment and staff; however, staff
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exposure is typically negligible due to the very low SAR levels present outside
the applicator field. Patients are exempt from occupational exposure limits
because the therapeutic benefits of HT outweigh the minimal risks associated
with controlled EMF exposure.

Finally, well-designed QA procedures are essential not only for ensuring pa-
tient and operator safety but also for achieving uniform heating and consistent
treatment performance across clinical sessions.

2.6 Hyperthermia Delivery

HT systems architecture

As illustrated in Figure[2.4] a generic HT system consists of four fundamental
components:

Signal generation and amplification unit: This block generates the
therapeutic signal at the desired operating frequency and amplifies it to the
required power level. In phased-array systems—where multiple antenna el-
ements are arranged around the patient—each channel can be individually
controlled in amplitude and phase. Phase shifters are essential for electroni-
cally steering the focal point toward the target region.

Applicator: The applicator delivers energy to the patient and varies ac-
cording to the HT modality and anatomical site. It may consist of single
or arrayed antennas, infrared emitters, or capacitive electrodes. In radiative
HT, external antennas require a coupling medium to interface with the body;
deionized water is typically used to minimise field perturbations and is con-
tained within a water bolus made of skin-compatible plastic. The bolus not
only ensures proper electromagnetic coupling but also provides controlled
skin cooling through an integrated circulation system, reducing the risk of
superficial burns. Applicators can also be placed internally or intracavitarily,
depending on the clinical scenario.

Thermometry: Thermometry is essential for measuring the temperature
achieved in or near the target volume. Available techniques depend on the
application and include invasive probes placed within catheters in body cavi-
ties or directly in tissue, as well as non-invasive surface sensors for superficial
treatments. Some centres also use invasive catheters for superficial lesions
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to monitor subsurface temperatures more accurately. Temperature probes
may operate in a static modality, where the probe remains fixed at a specific
position within the catheter (e.g. multisensor fiber-optic probes), or in a
dynamic modality. In the second case, a thermal mapping system is usually
employed. In this setup, the probes are mechanically pulled by a device,
known as mapper, which moves them in fixed steps over a user-defined dis-
tance to record the temperature distribution along the catheter path. Non
invasive thermometry modalities are available,. although not widely deployed
clinically. The most used is magnetic resonance (MR) thermometry, which
provides a non-invasive alternative capable of delivering quasi-real-time 3D
temperature maps, even if this technique is highly sensitive to motion, which
can cause temperature errors of several degrees.

Control and treatment planning unit: This unit regulates the power
delivered to the applicator and, in phased-array systems, adjusts the phase
distribution according to the treatment plan. Modifications to antenna set-
tings can be made either manually or semi-automatically during treatment,
guided by feedback from thermometry or from measurements of amplitude
and phase at the applicator ports. At present, treatments still rely heavily
on manual intervention, and fully automated adaptive control systems have
not yet been implemented in routine clinical practice.

HT modalities

Different technologies are available to achieve the therapeutic temperature
range HT requires [76]: 40-44 °C for 1 hour. Depending on the tumour location
and size, the most common HT applications are superficial HT, deep HT,
interstitial HT, and intracavitary HT. When heating is applied to the entire
body rather than a specific target volume, the technique is referred to as
whole-body hyperthermia. These delivery modalities are illustrated in Figure
2.0l

Hyperthermia treatments can be delivered using a range of technologies.
Among these, EM-based approaches, including capacitive, radiative, and in-
frared systems, are the most clinically used, largely due to their versatility and
ability to target diverse anatomical regions. Non-EM modalities, such as high-
intensity focused ultrasound (HIFU) and perfusion-based hyperthermia, also
exist and provide additional options for achieving therapeutic temperatures.
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Figure 2.4: EM HT system decomposed in its main four subsystems. Different
applicators are considered depending on the treatment technique.

Superficial HT Superficial HT is intended for the treatment of lesions lo-
cated up to approximately 4 cm beneath the skin surface. Typical indications
include lymph node metastases from head and neck cancer, breast cancer,
chest wall recurrences, and melanoma lesions [77]. Treatment is delivered
using external applicators—such as microwave antennas in single or array
configurations, capacitive electrodes, or infrared lamps.

Superficial HT systems typically operate in the 400 MHz—1 GHz frequency
range, as these frequencies allow preferential energy deposition within the
first few centimetres of tissue |77]. Common clinical implementations include
waveguide-based applicators, such as the 434 MHz Lucite Cone Applicator
used at Erasmus MC in Rotterdam [78], and the 915 MHz BSD-500 system
(Pyrexar Medical, Salt Lake City, UT, USA). Other designs use microstrip
antennas, such as the Conformal Microwave Array (CMA) [79], and commer-
cially available systems like the ALBA ON 4000 (ALBA Hyperthermia, Rome,
Italy), which operates at 434 MHz with antennas of fixed curvature. In all
these systems, multiple antenna elements may be combined to enlarge the
treated area.

Capacitive systems use metal electrodes operating at frequencies of 8, 13.56,
or 27.12 MHz [76]. Localized heat delivery is achieved using electrodes of
different dimensions, where the RF fields concentrate near the smaller elec-
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(d) Intracavitary HT
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Figure 2.5: Graphical representation of the most common HT application modal-
ities. Reprinted from

23



Chapter 2 Hyperthermia Principles

trode. However, this technique may result in excessive fatty tissue heating
due to the orientation of the main electric field component perpendicular to
the fat-muscle interface. [80]-[82]. This is not the case for the radiative ap-
plicators, for which the field components are parallel to the interfaces between
superficial fat and muscle. The interface conditions, as per Maxwell’s equa-
tions, specify that the tangential E-field remains continuous while the normal
E-field component experiences a discontinuity proportionate to the dielectric
properties of the two distinct tissues. This results in a considerably increased
electric field within the fat tissue when utilizing capacitive systems.

Infrared HT uses infrared lamps operating above 300 GHz |76]. The pen-
etration depth of the infrared radiation is usually less than 1 cm. Still, by
using customized filters, this technology can treat lesions infiltrating up to 1.5
cm below the skin surface [83]. For deeper targets, MW and RF systems are
preferred.

Deep HT Deep HT targets tumours deeper than 4 cm from the skin surface.
The heat is administered externally. Radiative RF and MW devices are the
most commonly used, but capacitive technology is gaining attraction due to
the lower acquisition cost and simpler system architecture. Radiative deep HT
has demonstrated strong clinical performance, particularly for tumours in the
pelvic and abdominal regions, such as cervical, bladder, and rectal cancers, as
well as sarcomas and paediatric malignancies, with several studies reporting
excellent treatment outcomes [12], [15], [84]—[86].

In radiative deep HT, treatment is often delivered using phased-array sys-
tems consisting of multiple antennas organized in one or more rings around
the body. These systems allow power steering by adjusting the phase and
amplitude settings of each antenna or of sets of antennas. A focus in the
target volume is achieved by optimizing the phase and amplitude settings to
obtain constructive interference within the tumour [87], [88]. The typical fre-
quency range used in radiative deep HT is 70-150 MHz, enabling a heating
focus with a diameter of 10-15 cm [76]. Commercial solutions include the
four-channel BSD-2000 system (Pyrexar Medical, Salt Lake City, UT, USA),
available with various applicators tailored to specific anatomical sites, as well
as the Alba 4D system (Med-Logix SRL, Rome, Italy), which employs four
waveguides. Modern experimental systems aim to achieve smaller focal spots
by using higher frequencies and broadband antenna designs [89], [90].
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Capacitive devices typically feature two electrodes with a diameter equal to
or greater than 25 cm. However, this technique exhibits notable limitations.
The uniform size of the electrodes restricts the ability to adjust the focus,
thereby limiting control of the emitted power. Additionally, a substantial
portion of the power is absorbed by the superficial fat layer, limiting the
penetration to the desired depth. Moreover, the only way to control the
shape and location of the focus is through the placement and dimensions of
the electrodes used.

Interstitial and intracavitary HT In interstitial HT, needle-shaped antennas
are percutaneously inserted into the target tissue, typically operating between
500 MHz and 1.3 GHz [91]. These antenna elements have a typical active
length of 4-10 cm and a diameter of 1-2 mm [36]. Various antennas have been
explored to achieve interstitial heating, including the monopole, dipole, slot,
and helical coil microwave antennas [76]. Interstitial MW hyperthermia has
been shown to be effective in heating tumours and achieving local control in
randomized trials, mainly when used in combination with brachytherapy [92],
193].

In intracavitary HT, the antenna elements are inserted into the body via
natural cavities and orifices, such as the vagina, rectum, oesophagus, urethra,
or bladder. The heating is primarily focused on the cavity and its immediate
surroundings, reaching depths of up to 1 cm from the lumen. The applicators
used in intracavitary HT are typically similar to those used in interstitial HT
and have comparable active lengths but diameters up to 30 mm [77].

Whole body HT Whole body HT uses radiant heat and infrared lamps to
induce a systemic body temperature increase for a prolonged time interval.
This can be achieved within the ranges of 3940 °C for 6 hours (referred to as
fever-range whole body HT) or 41-42 °C for 60 minutes (considered extreme
whole body HT) [94], [95]. This approach is beneficial for treating distant
metastases and non-solid malignancies.
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CHAPTER 3

Quality Assurance Protocols

The term Quality Assurance (QA), as defined by the International Standard
Organization (ISO), is "all those planned or systematic actions necessary to
provide adequate confidence that a product or service will satisfy given re-
quirements for quality" [96]. In the medical context, this concept translates
into efforts aimed at monitoring the quality of care provided to individuals
or groups of patients, enabling the identification of potential deficiencies and
facilitating corrective actions. A prime illustration of this can be found in
radiation oncology, where QA programs form an integral part of radiation
therapy practice [97], due to the associated biological effects of ionizing ra-
diation. These programs play a pivotal role in minimizing the probability of
accidents and errors enhancing the safety and comfort of patients and health-
care workers.

While not as firmly established as in RT, QA procedures for HT have been
available since its early days, covering both deep and superficial treatments
[22], |98]. Over the years, these guidelines have been revised reflecting the
increased knowledge and technological development [99], [100] until the most
recent versions for deep [34], [101], superficial [32], and interstitial HT [33]
QA protocols. These guidelines aim to ensure a uniform QA and treatment
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control level across different institutions.

Furthermore, the development of these guidelines addresses the need to
harmonize HT practices with RT quality level, since the two modalities are
frequently delivered in combination within the same clinical workflow.

This chapter begins with a review of the most recent QA procedures in both
radiotherapy and hyperthermia. The focus then shifts to hyperthermia, with
the aim of identifying its clinical and technical requirements and examining the
strategies developed to meet them, including the design of tissue-equivalent
materials for the practical implementation of clinical guidelines.

3.1 QA guidelines in RT

QA programs are solidly settled and well integrated into modern radiation
oncology, providing one of the most indicative examples of QA assuming a
primary role in clinical practice. The need for rigorous QA procedures in
RT arises from the inherent risks associated with ionizing radiation and the
demand for highly precise dose control. Normal tissue tolerance thresholds are
narrow, and tumour response is strongly correlated with the accuracy of the
delivered dose [102]. Moreover, the technology used in RT devices is complex
[97].

An initial effort to achieve these goals can be traced back to the late 70s,
with the publication of the International Commission on Radiation Units and
Measurements Report, which prescribed the requirement of dose delivery pre-
cision within 5% [103]. Since then, QA protocols have evolved following the
development of technology, such as integrating image-based techniques and
3D treatment planning systems.

It has been demonstrated that implementing a robust QA program in RT
can impact patient survival rates in the long term [104]. The rationale for a
QA program in radiotherapy is based on four fundamental aspects [105]:

1. Reducing errors in treatment planning and dose delivery to enhance
remission rates and minimize the risk of complications.

2. Ensuring consistent dosimetry and treatment control across various in-
stitutions, facilitating inter-institutional comparisons.

3. Optimizing the treatment’s effectiveness by fully exploiting the capabil-
ities of modern radiotherapy technology.
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4. Ensuring uniform treatment quality in developed and developing coun-
tries.

A brief overview of a general QA protocol in RT is provided in reference
[106]. The main target is to meet the 5% delivery precision requirements for
the prescribed dose.

In modern RT, QA includes three crucial domains of treatment: clinical,
physical, and technical. This comprehensive approach ensures a thorough
coverage of all aspects of a typical RT treatment program, including treatment
planning, beam delivery, and treatment documentation:

Treatment planning: This is a complex process that involves collaboration
among various specialties, such as radiation oncologists, dosimetrists, and
medical physicists. QA guidelines play a pivotal role throughout the entire
process, starting with the treatment prescription and continuing through
planning and treatment verification:

— Prescription: Stringent requirements are imposed for written and certi-
fied documentation.

— Patient data acquisition: QA procedures are in place for CT and MR
scans, including assessments of image quality. Patient positioning is
facilitated through laser alignment.

— Contouring and target volume definition: Specific QA actions are pre-
scribed for the treatment planning system, and a peer-review process is
recommended to ensure high-quality contouring and tissue delineation.

— Specific requirements apply to the treatment planning software. Toler-
ance levels of 2% are set for the source isodose distribution. Periodic
verifications are mandated, ranging from daily tests for I/O device func-
tionality to annual reference QA tests.

Beam delivery: The efficacy of treatment delivery is closely linked to the
functional performance of therapy equipment, which directly impacts dosime-
try accuracy and the patient’s received dose. QA tests are prescribed, with
tolerance values and recommended frequencies varying according to their
impact on the patient. Daily QA tests include laser positioning verification,
while mechanical tests, such as gantry and collimator isocenter verification,
are conducted monthly. Phantom dosimetry may be employed to measure
absorbed dose distributions with high spatial resolution |[107]. In addition,
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patient positioning and setup verification are essential components of QA
during beam delivery. Before each treatment fraction, the patient must be
accurately aligned with the treatment isocenter to ensure that the planned
dose distribution matches the intended anatomical target. Daily setup pro-
cedures typically involve the use of room lasers, immobilization devices, and
image-guided radiotherapy (IGRT) systems such as kV/MV planar imaging
and cone-beam CT (CBCT), following the recommendations of established
QA protocols [108], |109]. These procedures significantly reduce geomet-
ric uncertainties and help ensure reproducible positioning across treatment
sessions.

Treatment documentation: the recording of patient identification data,
treatment planning details, and the execution of treatment is crucial. This
information is documented in a patient’s chart, which undergoes regular
review by a multidisciplinary team during treatment and upon completion.
The transfer of information is also subject to specific QA procedures, as
outlined in |110].

3.2 QA guidelines in HT

Similarly to RT, QA protocols in HT are designed to ensure that heating
devices consistently deliver safe and effective treatments. The focus extends
beyond verifying that the system can achieve the prescribed thermal dose; it
also includes a comprehensive evaluation of all factors that influence treatment
quality. As in radiotherapy, QA guidelines in HT address a broad range of
clinical and physical considerations, such as:

Treatment planning: The primary goal of HT treatment planning is to
maximize the SAR and/or temperature coverage within the target while min-
imizing energy deposition in healthy tissue. In clinical practice, temperature
constraints are applied to reduce the risk of thermal injury to surrounding
organs. A commonly used upper limit for normal tissue is approximately
44 °C [101], while more conservative thresholds (around 42-43°C) may be
adopted for thermally sensitive structures such as bone marrow or the ner-
vous system. However, these values should be regarded as guidance rather
than strict universal standards, as thermal tolerance varies across tissues and
depends on exposure duration and perfusion conditions. Thus, the compu-
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tational model should match the anatomy, applicator, and clinical setup as
closely as possible. Currently, no formal technical standards exist for the
computational methods employed in HT treatment planning. Nonetheless,
recent work has introduced structured modelling guidelines and benchmark
recommendations that may serve as a basis for future standardization [111].

Treatment delivery: Accurate delivery of the prescribed thermal dose re-
quires careful patient preparation and effective treatment monitoring. These
critical aspects are addressed in the QA guidelines and can be summarized
in three key components:

— Patient positioning: A high degree of positioning accuracy, within 1 cm
of the modelled position during the planning phase, is required [112].
To achieve this precision, clinical staff use side lasers and markers cor-
responding to the applicator edges for tailoring and adjustments.

— Temperature monitoring: Multi-sensor probes and/or thermal mapping
systems are required, while non-invasive temperature sensors or MR-
based thermometry are valuable add-ons. At least one sensor must
be related to the tumour temperature. It is crucial that these sensors
exhibit minimal or no interaction with the EM field, and measures must
be taken to prevent self-heating phenomena caused by the probes|67].
Thermometry equipment should meet specific requirements regarding
an accuracy of +0.2 °C [32]. In cases where thermal mapping is used,
a track length of at least 15 cm is recommended [113].

— Treatment documentation: Maintaining standardized and comprehen-
sive treatment documentation is essential, as it is a requirement for eval-
uating treatment effectiveness [67]. This documentation should include
patient treatment setup, HT applicators used and their settings, ther-
mometry, and power data. Standardized temperature parameters such
as T90, T50, T10, maximum and mean tumour temperatures should
be recorded. Additionally, any patient complaints and acute toxicities
observed during the treatment must be reported.

Requirements and characterization of equipment: An HT system
must meet specific technical requirements to deliver targeted heating to the
treatment volume while safeguarding surrounding tissues. Reliable control
of the EM fields generated by the applicator is essential for accurate treat-
ment delivery. In radiative HT systems, this involves maintaining frequency-
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dependent accuracy in amplitude and phase control, leading to maximum
acceptable focal shifts on the order of 1-2 c¢cm, depending on the anatomi-
cal site [34]. Phase and amplitude accuracy can be verified at the amplifier
level using standard RF measurement equipment, such as power meters. The
physical characterization of the HT applicator is commonly performed us-
ing appropriately designed tissue-mimicking phantoms, where the heating
patterns produced by the device are analysed. This component forms a cen-
tral focus of the present work and will be examined in greater detail in the
following sections.

Staff requirements and safety: Guidelines also address staff qualifications
and safety considerations within HT facilities. The treatment team should
ideally include a well-trained physician and a medical physicist. As no formal
certification for hyperthermia physicists currently exists, many institutions
employ engineers with backgrounds in physics or medical sciences to fulfil
this role [114]. Detailed recommendations regarding the responsibilities and
required competencies of HT personnel are available in [115]. For aspects
related to patient safety and staff EMF protection, see Paragraph [2.5]

The existing guidelines comprehensively address the clinical aspects of QA
in HT, including deep [34], superficial [32], and interstitial HT [33]. These
clinical aspects will not be further elaborated upon in this work. Instead, our
focus is directed towards novel techniques for evaluating the performance of
HT systems.

Instrumentation and operating conditions for QA procedures

The QA verification of heating devices must be carried out under reproducible
conditions. This requires the establishment of a common and defined experi-
mental QA protocol. A shared prerequisite for all QA procedures is achieving
thermal equilibrium with room temperature at the start of experiments. When
water bolus is used as a coupling medium between the applicator and phantom,
it is preferable that the water circulates and remains at room temperature to
prevent any disruption to the heating pattern. To guarantee reproducibility, it
is crucial to ensure proper and consistent positioning of the applicator relative
to the phantom.

The minimum set of QA instrumentation required should allow proper mon-
itoring of the temperature distribution and, specifically for deep HT systems,
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achieving a clear focal volume. More specifically, this includes:

Standardized phantoms: A tissue-equivalent phantom is typically defined
as an object designed to replicate the relevant physical properties of biolog-
ical tissue. The geometry and composition of a phantom depend on the
technology or applicator being evaluated, as discussed in later sections. A
key distinction exists between tissue-equivalent phantoms used to analyse
spatial temperature patterns and lamp phantoms, which are employed for
rapid assessment of EM-field symmetry and beam-steering performance in
deep HT applicators.

Temperature probes: Temperature probes used in HT treatments should
undergo daily verification to ensure calibration within +0.2 °C. Probes that
fall outside this tolerance must be recalibrated against a reference standard
until the required accuracy is restored. To enhance temperature spatial res-
olution, two probe configurations are commonly used: multi-sensor probes
and thermal-mapping probes. These contrast with stationary single-sensor
probes that provide only one measurement point. In thermal mapping,
probes are inserted into a catheter and translated cyclically—either mechan-
ically or manually—to sample temperature distributions across the region of
interest, including both the tumour and surrounding tissues.

IR camera: Infrared (IR) cameras are particularly relevant for QA proce-
dures involving solid or split phantoms in superficial and interstitial HT. The
IR camera must provide sufficient accuracy and thermal sensitivity to reli-
ably visualize and quantify the 2D surface temperature distribution induced
by the HT applicator.

Additional instrumentation: A more quantitative assessment of HT ap-
plicator performance can be obtained using E-field probes. These may be
scanned in 3D water tanks to generate volumetric SAR maps or employed as
dipole probes with high-resistance leads |116]. Measurements of antenna effi-
ciency and power reflection can be performed using a vector network analyser
(VNA), or alternatively, a power meter. A dielectric properties measurement
kit and a thermal properties analyser are required for the characterization
of tissue mimicking phantoms. Finally, the conductivity of the bolus water
can be periodically verified with a conductometer to exclude the presence of
metallic contaminants.

33



Chapter 8 Quality Assurance Protocols

Superficial

Figure 3.1: Quality metrics currently defined for the QA assessment of superficial,
interstitial, and deep HT. Available from: http://www.esho.info/.

General requirements for HT equipment

Evaluating the performance of HT equipment requires clear and measurable
criteria that can be reliably assessed under controlled conditions. Homoge-
neous tissue-mimicking phantoms are typically used for this purpose, as they
enable reproducible testing of heating capabilities without the confounding
effects of patient-specific variability. A required benchmark for determining
whether a heating device is suitable for clinical HT applications is its ability
to achieve a temperature rise (TR) of 6 °C within a defined time interval in a
homogeneous phantom. This target reflects the clinical requirement of raising
tissue temperature from core body temperature (~37 °C) to the therapeutic
HT range of approximately 43 °C.

The specific conditions under which the 6 °C rise must be obtained depend
on the HT modality. For superficial and interstitial HT, the criterion requires
reaching this temperature increase within 6 minutes at a depth of 1 cm in a
muscle-equivalent phantom. The same 6-minute criterion applies to deep HT
systems designed for head-and-neck or distal extremity treatments, where the
temperature rise is evaluated at the phantom middle. Deep HT applicators
targeting abdominal or pelvic regions are instead assessed based on achieving
the 6 °C increase within 10 minutes. For interstitial HT, the temperature rise
must be achieved at a distance of 0.5 cm from the applicator surface. These
requirements are derived from prior studies evaluating HT system performance
[117], [118].
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For deep HT systems, an additional requirement is the focusing ability,
referring to the capacity of the applicator to generate and steer the focal region
within the intended treatment volume. This characteristic can be evaluated
in terms of both energy deposition and the resulting temperature distribution,
as described in later sections.

Additional HT-technique specific quality metrics can be derived from the
thermal distribution generated by the applicator. These metrics are graphi-
cally summarized in Figure [3.I] and described in the following paragraphs.

Technique specific requirements

In this thesis, the primary focus is on QA protocols for superficial and deep
HT; therefore, the following sections concentrate on these two modalities.
Current QA guidelines for interstitial HT are available in [33].

Superficial HT Superficial HT is a technique intended to target lesions lo-
cated within 4 cm from the skin surface [76]. Consequently, assessing the
device’s capability to provide effective heating in a volume close to the appli-
cator is crucial. The ESHO QA guidelines for superficial HT [32] prescribe
two quality indicators to quantify the applicator heating performance, com-
plementary to the TR.

The evaluation of these parameters is carried out using tissue-equivalent
phantoms, which must accurately replicate the electrical or acoustic proper-
ties, depending on the heating technology in question, as well as the ther-
mal properties of human tissue. The muscle-mimicking phantom is divided
into different solid phantom layers to facilitate the temperature reconstruc-
tion generated by the applicator, where the layer thicknesses depend on the
applicator operating frequency. The uppermost 1 cm layer is a fat-mimicking
phantom, while the underlying layers consist of muscle-equivalent material.
Figures and [3:2B] illustrate the recommended phantom configurations for
operating frequencies below 915 MHz and at or above 915 MHz, respectively.

The 2D thermal distribution at each interface between layers is assessed
using an infrared (IR) camera, which measures the temperature at the top
surface of each layer. This method also enables reconstruction of the verti-
cal temperature distribution along the phantom’s z-axis. As an alternative,
a vertically split phantom can be used to obtain similar information. An IR
camera is strongly recommended because it provides far superior spatial res-
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Figure 3.2: Phantoms for QA of superficial HT consisting of multiple fat-muscle
layered mimicking phantoms. The yellow top layer represents a 1 cm
thick fat phantom, whereas the remaining gray layers are muscle phan-
tom

olution compared to discrete temperature probes placed at different phantom
depths. A detailed implementation of this procedure is presented in Chapter
4 and in Paper B.

The current guidelines prescribe the following QA metrics:

o Thermal Effective Field Size (TEFS): Defined as the area enclosed by
the 50% maximum TR contour at a depth of 1 cm in a muscle-mimicking
phantom, directly beneath the applicator aperture.

¢ Thermal Effective Penetration Depth (TEPD): Defined as the depth at
which the local TR reaches 50% of its maximum value (i.e., AT > 3 °C
within 6 min), evaluated at a depth of 1 cm.

TEFS and TEPD are descriptive quantities; therefore, no minimum ac-
ceptable values are specified for determining whether a device is adequate.
Instead, they serve as comparative indicators for assessing the heating per-
formance of a given applicator and quantify the volume under the applicator
aperture which can be effectively heated by the device.

Deep HT The most recent version of QA guidelines for deep HT tech-
niques (under review) focuses on phased-array systems. In these devices,
power is delivered through an array of equispaced antenna elements that can
be controlled independently, allowing flexible shaping and steering of the heat-
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ing pattern |77]. According to the guidelines, the performance of such appli-
cators is evaluated through the characterization of the spatial temperature
distribution achieved in a standardized QA phantom.

This approach reflects the fundamental objective of HT: to provide heating
in a controlled and reproducible way within the target region while minimizing
exposure to surrounding healthy tissues. It also marks a shift from earlier
guidelines [113], which primarily relied on assessing energy deposition patterns
in terms of specific absorption rate (SAR). In contrast, the updated framework
emphasizes temperature-based performance indicators, which complement TR
and focusing ability. These indicators are quantified through the following
metrics:

o Focus center (Fc): The location of the maximum temperature increase
within the phantom, expressed in 3D coordinates (Cy, Cy, C.).

e Focus symmetry (FSym): It is the maximum relative (%) deviation in
temperature rise measured at four symmetrically placed catheters (£x,
+y) around the focus in the axial plane. It quantifies how symmetrically
the applicator heats around the intended focus.

o Thermal Effective Field Volume (TEFV): The 3D volume of effective
heating, defined by the distances between the inflection points of the
temperature profiles along the x-, y-, and z-axes in the phantom. It
represents the size of the heated region produced by the applicator.

o Focus steering (FSteer): It is measured as the difference (in cm) between
the planned focus location (from the control software) and the exper-
imentally measured maximum temperature position, determined from
interpolated temperature data. It describes the applicator’s ability to
move the heating focus to a user-defined location.

A graphical representation of these quality metrics is shown in Figure [3.3]

The experimental evaluation of these parameters is conducted using stan-
dardized phantoms equipped with catheters that house temperature sensors at
prescribed locations, allowing the required temperature profiles to be recorded.
These phantoms typically consist of a cylindrical hard-plastic container, which
to some extent mimics the external fat layer, and contain an internal array of
catheters for sensor insertion. The containers are filled with tissue-mimicking
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(a) TEFV (b) FSym (c) FSteer and Fc

Figure 3.3: Graphical representation of the quality parameters used for the appli-
cator characterization according to the new QA protocols for deep HT
devices. Adapted from [34].

solutions such as wallpaper paste (WPP) mixtures or agarose-based muscle-
mimicking gels. The design rationale of these phantoms is illustrated in Sec-
tion 3.3.

In addition, the use of phantoms equipped with LED or lamp matrices is
recommended prior to the use of tissue-mimicking phantoms, as these enable a
rapid, visual assessment of the applicator ability to achieve a central focus and
to steer the heating region [119]. These phantoms consist of an array of LEDs
or diodes submerged in a saline solution, encased within a cylindrical plastic
shell. The saline solution is calibrated to mimic the electrical conductivity
of biological tissue, such that the LEDs or diodes illuminate in response to
the applied RF field. The resulting luminous pattern is visually inspected to
evaluate focusing and steering performance, as illustrated in Figure If
no central focus or clear steering is observed, adjustments to the applicator
phase settings are required.

3.3 QA phantoms development

A tissue-equivalent phantom is defined as a material or structure that repli-
cates the relevant properties of biological tissues for the application of inter-
est. These phantoms are typically composed of a polymeric matrix combined
with additional components that fine-tune their physical characteristics to the
desired range. For HT applications delivered via EM fields, the phantom ma-
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(c) (zo, wo) = (0, 6)

Figure 3.4: Qualitative evaluation of the steering capability at different locations
of the BSD Sigma-Eye applicator (Pyrexar Medical, Salt Lake City,
UT, USA) using a custom-built lamp phantom.
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terial must meet specific requirements regarding its electrical, thermal, and
practical properties [114]:

o Dielectric properties: The phantom should closely (or with a reason-
able variability) reproduce the dielectric properties of the tissues being
emulated.

e Thermal properties: Thermal conductivity and specific heat capac-
ity should match target values to approximate the heat distribution in
tissue. Mimicking perfusion is generally impractical, as blood flow acts
as a strong heat sink.

¢ Mechanical stability: Solid phantoms must retain their structural in-
tegrity, even at elevated temperatures, without deformation or material
degradation.

¢ Long-term stability: Dielectric, thermal, and mechanical properties
should remain stable over time to ensure reproducibility across multiple
measurements.

¢ Ease of fabrication: The phantom should be straightforward to man-
ufacture using reproducible procedures.

¢ Material accessibility and safety: Components should be inexpen-
sive, readily available, and non-toxic.

Various phantom materials can be employed for the characterization of HT
devices. Phantoms can be broadly categorized into viscous, semi-solid, and
solid. Viscous and semi-solid phantoms are primarily utilized to characterize
deep HT applicators, while solid phantoms are suitable for deep and superficial
HT assessments.

Current solid muscle-mimicking phantoms commonly used in HT QA in-
clude sucrose—agar formulations [120] and the so-called superstuff phantom
[121). A well-established semi-solid muscle phantom widely used for evalu-
ating deep HT devices is based on a mixture of wallpaper paste powder and
deionized water [114]. This mixture is typically contained within a custom-
made plastic container, the design of which will be discussed later in this
chapter.
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Although several fat-mimicking phantom formulations have been proposed,
many suffer from limitations such as complex preparation procedures, inade-
quate thermal or dielectric properties, or limited long-term stability and short
shelf-life. Examples include flour—oil mixtures [122], gelatin gels reinforced
with crystalline nanocellulose [123], and water-free “dry” phantoms [124]-
[126]. To address these limitations, we propose an alternative fat-mimicking
formulation based on an ethylcellulose-based oleogel, which is described in the
following section.

Ethylcellulose based fat phantom for superficial HT

Fatty tissue has a substantial impact on electromagnetic wave propagation in
superficial HT. Numerical simulations by Kok et al. [81] showed a marked
decrease in electromagnetic absorption in a muscle phantom when a superfi-
cial fat layer was added, with reductions of approximately 40% for radiative
HT and 70% for capacitive HT. These findings emphasize the need for a re-
liable fat-mimicking material to ensure accurate assessment of superficial HT
applicators. Consequently, the lack of an appropriate fat-equivalent phantom
poses a significant challenge for implementing superficial HT QA guidelines.
To address the limitations of the available fat-mimicking formulations, we
introduce in Paper A a new fat-equivalent phantom based on an ethylcellulose
(EC) oleogel composed of a glycerol-oil mixture. EC functions as a matrix-
forming agent capable of producing oleogels with high melting temperatures,
making EC—glycerol formulations well suited for routine HT QA procedures.

Phantom formulation design

In the proposed formulation, EC acts as a network-forming agent, while the
ratio of glycerol and oil regulates the permittivity and conductivity of the
phantom, respectively. Because no water is used, the formulation avoids rapid
material degradation and exhibits markedly improved long-term stability.

A crucial parameter of EC is its viscosity (or molecular) grade: higher
viscosity grades generally produce a more compact and structured polymer
network, as illustrated in Figure In our case, EC with a viscosity between
41 and 49 mPa-s proved effective. Using EC with a substantially higher viscos-
ity may hinder the mixing process, promote air entrapment, and complicate
phantom handling due to excessively rapid solidification.
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One of the defining characteristics of fatty tissue is its infiltration into the
underlying muscle, i.e., the interspersed growth of adipose cells between mus-
cle fibres. Human fat can exhibit various levels of infiltration, and its dielectric
properties consequently vary with the degree of adipose cells—muscle mixing.
In the frequency range of 8 MHz to 1 GHz, non-infiltrated fat, due to its
low water content, shows relatively low permittivity values (approximately
5-15) and low conductivity values (0.03-0.05 S/m). In contrast, average infil-
trated fat exhibits markedly higher permittivity (approximately 11.3-32) and
conductivity (0.05-0.11 S/m) due to increased water content and structural
heterogeneity [127]. Figure illustrates the dielectric properties of both
non-infiltrated and infiltrated fat across the relevant frequency range.

Our objective was then to tune the dielectric properties of the phantom
so that the material represents the average properties of fatty tissue, falling
within the range defined by both infiltrated and non-infiltrated fat. In par-
ticular, we aimed to match these properties at 434 MHz and 915 MHz, the
two most common operating frequencies for superficial HT applicators. The
key parameter governing the dielectric behaviour of the phantom is the glyc-
erol concentration, which strongly influences both the permittivity of the final
mixture and its mechanical stability.

As shown by Meaney et al. [128], pure glycerol exhibits a relative permit-
tivity of approximately €, ~ 40 below 1 GHz, which decreases and plateaus
around €, =~ 9 above 1 GHz. Its conductivity also remains moderate, reaching
about o ~ 0.5 S/m below 1 GHz. These dielectric properties are plotted in
Figure together with those of oil and human fat.

To reproduce the desired dielectric characteristics, we tested glycerol con-
centrations ranging from 50 wt% to 65 wt%. However, rheological assessments
revealed that higher glycerol concentrations adversely affect the mechanical
stability of the phantom. We therefore identified 57 wt% as the maximum
feasible concentration that provides sufficiently high permittivity while pre-
serving acceptable structural integrity. In addition, we developed an alter-
native formulation with 52 wt% glycerol, better suited for frequencies above
700 MHz, as described in [129].

Two alternative versions of the recipe, targeting frequencies below and above
700 MHz, respectively, are summarized in Table [3.I] The preparation proto-
col consists of three main steps: (i) creating a glycerol-in-oil suspension, (ii)
adding the EC powder, and (iii) pouring the resulting mixture. For complete-
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Figure 3.5: Graphical representation of the effect of EC viscosity on the structure of
the phantom. The EC forms a polymeric network within the oil phase
that traps dispersed glycerol droplets. The density and compactness
of this network depend on the EC viscosity grade. Lower-viscosity
EC produces a more open, loosely connected structure, while medium-
and high-viscosity EC grades generate progressively denser and more
structured matrices. Based on these differences, EC can be classified
into low (4-20 mPa-s), medium (20-100 mPa-s), and high (> 100 mPa-s)

viscosity grades.

ness, the full procedure described in Paper A is provided below.

Detailed procedure

1. Oil and glycerol are mixed at room temperature. A head-mixer with
adjustable speed is used for this purpose (ME SH-11-6C, MESE, Leeds,
England). Alternatively, any other suitable device can be used. The
mixing speed is adjusted so that no air bubbles are visually present. A
mixing speed of 420 rpm was selected for a small batch (~0.3 kg); 1000
rpm, instead, for a larger batch (~1.2 kg). Higher mixing speeds would
determine excessive trapping of air.

Table 3.1: Concentrations of glycerol, EC, and oil for the fat phantom optimized

recipe
Frequency range | Glycerol (wt%) | EC (wt%) | Oil (wt%)
< 700 MHz 57 7 36
> 700 MHz 52 8 40
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Figure 3.6: (a) Permittivity of average infiltrated fat (orange solid line) and not in-
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filtrated fat (orange dashed line) between 8 MHz and 1 GHz, retrieved
from the IT’IS database and permittivity of glycerol (solid blue
line) and oil (dashed blue line) measured in the same frequency range;
(b) Conductivity of fat, oil and glycerol between 8 MHz and 1 GHz.
The same colour code as (a) is used.
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2. Once a visually uniform emulsion is obtained, which takes around 10
min, the temperature is gradually increased to 130 °C . A commercially
available hot plate is used. The temperature monitoring can be per-
formed by means of a needle-probe thermometer.

3. The EC is then gradually added to the glycerol-oil mix at 130 °C until
EC is visually dissolved. To ensure thorough dissolution, it is recom-
mended to use a spoon to break down any larger clumps. It’s crucial to
confirm that the EC is evenly distributed within the glycerol-oil suspen-
sion. Inadequate mixing may result in the EC floating on the surface,
potentially leading to the exclusion of part of the glycerol and oil from
the final solid gel.

4. The temperature is now increased to 170 °C to enable the pouring of the
compound into the mould without rapid solidification. During this pro-
cedure, the pot should be covered to limit the dispersion of hot vapours.

5. The compound is poured into the desired mould and let to cool down.
Using heat-resistant gloves is recommended. It is important to pour the
compound quickly: if slowly, the mixture might separate.

6. Once the mixture cools down, the phantom can be stored either in a
refrigerator or in a dry environment.

Properties assessment and remarks

The resulting material forms a solid yet flexible gel that is straightforward to
handle. The dielectric, thermal, and mechanical properties of the phantom
were characterized using established methodologies, as detailed in Paper A.
Overall, the material exhibits suitable characteristics for superficial HT QA,
although some limitations were observed in its conductivity, which remains
below the expected values at low frequencies. We attempted to address this
problem by adding salt to the formulation, a common strategy for increas-
ing phantom conductivity. Specifically, we tested the addition of table salt
(NaCl) and calcium chloride (CaCly); however, this approach proved unsuc-
cessful. As shown in [128], the effect of these salts in glycerol-based mixtures
becomes significant only at frequencies above approximately 300 MHz. Future
work should therefore explore alternative salts or ionic additives, although this
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remains challenging due to the limited solubility of many such compounds in
glycerol.

The applicability of the phantom for assessing superficial HT technologies
has been validated both numerically and experimentally (see Paper A). More-
over, its use with low-frequency capacitive devices was recently evaluated
in [130], where the phantom demonstrated robust performance during ex-
perimental verification.

Deep HT QA phantoms

To experimentally assess the performance of phased-array deep HT devices,
the most recent QA guidelines recommend the use of standardized phantoms
consisting of an external hard plastic shell (partly mimicking the subcutaneous
fat layer) filled with a homogeneous tissue-mimicking material. For reasons of
reproducibility and cost-effectiveness, homogeneous phantoms are generally
preferred over heterogeneous anthropomorphic or elliptical phantoms. The
phantom should also include catheters strategically positioned to accommo-
date temperature probes. These probes are placed to capture the internal
temperature distribution, thereby ensuring a reliable evaluation of the device
performance.
The design of a QA phantom typically considers four key parameters:

e Phantom diameter

e Phantom length

e Placement of temperature probes

o Properties of the tissue-mimicking material

The choice of phantom diameter requires balancing patient anatomy, ap-
plicator geometry, and the operating frequency. If the diameter is too small
compared to the wavelength, forming a well-defined focal point becomes im-
practical. For deep HT applicators targeting head-and-neck (H&N) and limb
tumours, operating at frequencies between 400 and 800 MHz, the correspond-
ing wavelength in muscle-equivalent materials ranges from 5 to 10 cm. For
abdominal and pelvic tumours, where frequencies are typically between 70
and 120 MHz, the wavelength increases to approximately 30 cm.
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3.8 QA phantoms development

For H&N and limb phantoms, the recommended diameter is 12 cm, cor-
responding to the average neck diameter in patients with H&N malignan-
cies [131]; this value is also compatible with the expected wavelength. For
pelvic and abdominal applicators, the selected phantom diameters are 25 cm
for devices operating around 100 MHz and 31.5 cm for devices operating at
lower frequencies, typically near 75 MHz.

Phantom design

The choice of phantom dimensions, material properties, and probe positioning
is guided by electromagnetic—thermal simulations performed with multiphysics
solvers. The influence of catheters and catheter-holding structures on field
propagation and temperature distribution is also evaluated numerically.

A robust simulation setup should include several elements to ensure a reli-
able design process:

¢ Selection of clinically relevant frequency points for the treatment area
under consideration.

e Use of an applicator model that accurately reproduces all EM-relevant
characteristics of the physical device, including antenna geometry (length,
shape, number, and spacing) and a water bolus of sufficient thickness to
prevent excessive reflections toward the antenna elements.

e Application of an adequate total input power, taking into account the
phantom dimensions.

e Use of a suitable tissue-equivalent material.

To define the optimal phantom length, a parameter sweep is performed, in
which the phantom length is varied and the resulting SAR distributions are
evaluated. This approach allows to assess how the length influences standing-
wave formation. In general, excessively short phantoms produce edge hotspots
due to standing-wave effects, whereas overly long phantoms become imprac-
tical to handle experimentally.

An example of this process is the development of a H&N and limb phantom
described in [129]. In that work, we tailored the design for applicators operat-
ing at higher frequencies (400-800 MHz), and the external phantom shell was
constructed from PVC tubing with a diameter of 12 cm.
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The design process was supported by coupled electromagnetic-thermal sim-
ulations conducted in CST Microwave Studio (Dassault Systemes SA, Vélizy-
Villacoublay, France). The applicator model consisted of ten bow-tie antenna
elements arranged in a circular configuration [90], [132], while the phantom
was represented as a homogeneous, muscle-equivalent medium.

For this case study, we identified a length of approximately 50-60 cm as
optimal, providing a balance between minimizing unwanted reflections and
maintaining experimental usability.

Probe positioning is determined by analysing the SAR and temperature
profiles along the x- and y-axes on the central transverse plane. The goal is to
capture the spatial gradients generated by the applicator, enabling accurate
localization of the focal region and identification of potential hotspots. One
probe must therefore be placed at the point of maximum SAR (and, in a ho-
mogeneous phantom, maximum temperature). In this example, we positioned
one probe at the centre (x = 0 cm) to measure the maximum temperature
rise, as shown in Figure

Additional probes are placed at the inflection points of the SAR or tem-
perature profiles, which define the edges of the central focus and the onset
of wall hotspots. Accordingly, we positioned two probes at 3 cm and 5 cm.
To better characterize the focal gradient, we placed two more probes at 1 cm
and 2 cm from the centre. Placing additional probes along the orthogonal
axis provides information on field symmetry and allows detection of potential
off-axis hotspots.

A similar simulation-driven design approach was subsequently extended in
Paper B to the development of a WPP phantom intended for larger applicators
targeting abdominal and pelvic deep HT. This study employed COMSOL
Multiphysics (COMSOL AB, Stockholm, Sweden) and used a simplified model
of the BSD Sigma 60, one of the most widely adopted phased-array applicators,
as case-study model. The simulation setup is shown in Figure[3.8] Simulations
were performed at two clinically relevant frequencies, 75 MHz and 100 MHz,
using homogeneous cylindrical phantoms with diameters of 25 cm and 31.5 cm,
and the impact of different phantom properties and dimension was examined
through parametric analysis. For more details, see Paper B.

The choice of dielectric properties for the phantom filling material repre-
sents a critical design parameter. Although the standard phantoms formula-
tions are typically designed to match the dielectric properties of muscle tissue
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Figure 3.7: (a) Normalized SAR distribution along the x-axis at a H&N phantom

central transversal plane for different frequencies. The phantom diam-
eter is 12 cm. The black dotted lines represent the final position of the
measuring probes; (b) Corresponding temperature distribution after
10 min heating with a total forward power of 150 W.
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Figure 3.8: Simulation scenario used for the dimensioning of deep HT WPP QA
phantom. Applicator, water bolus and phantom are visible, as well as
the catheters holding structures.

(conductivity ~ 0.66 S/m and relative permittivity 77.7 at 100 MHz), it can
be argued that the phantom should instead reflect the composite properties
of the anatomical region being modelled. Waves targeting abdominal and
pelvic tumours penetrate a heterogeneous mixture of tissues (muscle, fat, and
bone) many of which exhibit substantially lower conductivity than muscle.
Consequently, a phantom based solely on muscle properties may overestimate
the effective electrical conductivity of these anatomical regions. A practical
approximation is to consider an effective tissue mixture with a conductivity of
roughly two-thirds that of muscle, yielding a target value of about 0.44 S/m
at 100 MHz. Using this conductivity provides a well-defined focal target at
the phantom center for the frequency range considered (75-100 MHz) and for
both phantom diameters (25 cm and 31.5 cm), making it particularly suitable
for QA purposes.

On the other side, as demonstrated in Paper B, gel conductivities closer to
muscle-like values enable the phantom to reproduce heating patterns observed
in realistic patient models. This highlights the importance of clearly defining
the intended purpose of the phantom. If the primary aim is QA—specifically,
maximizing thermal-gradient resolution to support performance benchmark-
ing—a lower conductivity may be preferable. In contrast, if the goal is to
approximate clinically realistic heating distributions, a higher conductivity
consistent with muscle tissue may provide a closer representation of patient
behavior, even if with reduced sensitivity to spatial gradients.
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CHAPTER 4

Hyperthermia QA protocols: experimental
implementation

Translating HT QA guidelines into clinical practice is challenging due to a wide
range of uncertainties related to the existing variability of phantom materials
and heating and monitoring devices. This chapter focuses on the experimental
QA assessment of superficial and deep HT applicators, which allows us to point
out the factors affecting the practical implementation of the guidelines. We
have adopted the latest QA protocols, which involve the evaluation of quality
parameters based on temperature measurements.

4.1 Superficial HT QA assessment

In Paper C [133], we present the QA verification for superficial HT [32] of the
lucite cone applicator (LCA) using the most recent ESHO-QA guidelines. The
LCA has been used as a standard device for the treatment of breast cancer
recurrences at Erasmus Medical Center, Rotterdam, The Netherlands. This
represents the first attempt to experimentally assess a clinically employed su-
perficial HT device using temperature-based metrics. In addition, we created
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Chapter 4 Hyperthermia QA protocols: experimental implementation

an equivalent computational model of the device and QA experimental setup
to compare with the experimental results.

Experimental procedure

The LCA is shown in Figure [{.1] and consists of a 434 MHz water-filled horn
applicator with a square aperture of 10x10 cm?. Up to six different antenna
elements can be combined to treat a total area of 600 cm?, with independent
temperature control for each antenna element.

The LCA QA measurements were performed by evaluating the temperature
increase distribution in a layered fat-muscle phantom manufactured following
the QA guidelines reported by reference [32]. The phantom consisted of a
1-cm thick phantom layer with fat-mimicking properties overlaying a muscle-
mimicking phantom with an overall thickness of 9 cm. The muscle layer was
further subdivided into five different layers, as shown in Figure The
fat-mimicking layer was produced according to Paper A, while the muscle
phantom was based on a superstuff-agar mixture and prepared according to
the guidelines [32]. Dielectric and thermal properties of the phantom were
verified to be tissue-representative, as explained in paper C.

Six antenna elements were evaluated individually, and then in 2x1 and 2x2
array configurations, using the same experimental setup. Each LCA antenna
was driven by a 434 MHz generator through a bidirectional coupler, and for-
ward and reflected powers were measured with a power meter. Coupling to
the phantom was achieved using a 2-cm deionized water bolus, with lateral
dimensions adapted to the antenna arrangement. Water circulation in both
the bolus and antenna horn ensured stable temperature conditions. A picture
of the experimental setup is shown in Figure 1]

In each experiment, power was applied for 6 minutes, with transmitted
and reflected powers reported in Paper C. A multi-sensor fibre-optic probe
measured the temperature at 1 cm depth beneath the centre of the antenna
aperture to verify the required temperature rise (6 °C in 6 min). After heating,
the antenna(s) and water bolus were removed, and the temperature distribu-
tion was recorded using a thermal IR camera mounted above the phantom.
Temperature maps were acquired sequentially by removing one phantom layer
at a time, from 0 cm to 5.5 cm depth. Numerical evaluation showed that heat
diffusion during the ~60 s acquisition process was negligible.

The heating experiments were replicated numerically using the Sim4Life
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4.1 Superficial HT QA assessment

Figure 4.1: Experimental setup used for the assessment of LCA antennas.

software package (v5.2, Zurich MedTech AG, Zurich, Switzerland). Coupled
electromagnetic-thermal simulations were performed using a finite-difference
time-domain solver. The QA metrics prescribed by the guidelines, TR, TEFS,
and TEPD, were computed from the simulated temperature distributions for
both phantom models, enabling a quantitative comparison. Additional details
and results of the experimental-numerical comparison are provided in Paper
C.

Challenges in the superficial HT guidelines application

The knowledge acquired during the practical application of the superficial HT
guidelines and the following comparisons with numerical results offer valuable
insights that are shared here to facilitate the translation of QA guidelines
into clinical practice. This attempt was the first documented effort to apply
the new QA guidelines for superficial HT applications to a radiative device
currently in clinical use.

The aim of this research was to reveal the major limitations and challenges
while implementing superficial HT guidelines. This is especially relevant con-
sidering the expected constraints that can arise from the limited availability
of QA equipment in a typical clinical environment:
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Phantom manufacturing: The availability of high-quality tissue-mimicking
phantoms is essential for the QA assessment of HT devices. Uncertainties
in phantom properties or structural inhomogeneities can significantly affect
evaluation outcomes—as demonstrated in Paper C, where experimental re-
sults were compared with simulations performed on two phantom models:
a simplified “geometrically perfect” layered model and a realistic model ob-
tained by segmenting a CT scan of the manufactured phantom. To minimize
such uncertainties, the manufacturing process of QA phantoms must be as
simple and as reproducible as possible. In the case of the layered phan-
tom used for the LCA evaluation, producing layers of superstuff-agar muscle
phantom posed notable challenges. The high viscosity of the mixture made
air entrapment unavoidable, and achieving uniform layer thickness during
casting was difficult. A metallic flat tool was used to smooth the surface
after pouring the mixture into casting frames, but this procedure could not
guarantee the desired accuracy, leading to unavoidable air pockets between
layers. A practical solution is to employ a different phantom material, such
as a sucrose—agar mixture. This formulation offers versatile dielectric proper-
ties that can be tuned by adjusting the sucrose-to-salt ratio [120]. Moreover,
the mixture stays liquid immediately after preparation and solidifies over the
following 24 hours, making the casting process far more manageable, since
simply pouring the mixture into the mould is sufficient.

Time constraints: The entire experimental procedure was over three weeks,
including approximately one week dedicated to phantom preparation. We
conducted eight experiments in total, consisting of six individual antennas
and two antenna-array configurations. A 12-hour interval was maintained be-
tween consecutive experiments to allow the phantom to fully re-equilibrate
to room temperature. Additional time was required for antenna calibration
to minimize power reflections. Beyond the experiments themselves, it was
also necessary to account for the possibility of repeating measurements due
to execution errors. Altogether, these factors resulted in a substantial time
commitment, which may be difficult to accommodate in a clinical setting.
However, the QA workload in other institutions is expected to be consid-
erably lower, as most HT centres use commercial devices with one or two
antenna elements. In contrast, Erasmus Medical Center employs a more
complex in-house-developed array consisting of 2-6 elements. As a result,
the evaluation process at institutions using commercial applicators would
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likely be considerably faster due to the lower number of antenna elements.

Temperature measurement: The evaluation of temperature distribution
is challenging due to many influencing factors, including the temperature
of the water bolus and the precise positioning of the applicator. When not
complemented by temperature sensors, thermal camera measurements may
not provide a comprehensive assessment of the temperature distribution gen-
erated by the applicator. To reduce uncertainties and obtain a more reliable
assessment, additional temperature probes placed at multiple depths within
the phantom should be considered.

Additional evaluations: Although the QA guidelines provide only the
essential requirements for evaluating superficial HT applicators, additional
measurements can be highly valuable for achieving a comprehensive physical
characterization. These may include determining the efficiency of individual
antenna elements, assessing the heat transfer coefficient of the water bolus,
or quantifying the impact of antenna placement and bolus thickness, factors
shown to significantly influence heating patterns and temperature uniformity.
As demonstrated in Paper C, careful control of these parameters is crucial:
deviations in antenna tilt or inconsistencies in bolus thickness can markedly
alter EFS distributions, making comparisons across studies difficult.

The first experimental application of the new superficial HT QA guidelines
to a clinically used radiative applicator shows that reliable QA requires more
than meeting the prescribed temperature-based metrics. The study demon-
strates that phantom quality, antenna positioning, bolus thickness, and care-
ful temperature measurement critically influence the outcome of QA evalua-
tions. Numerical modelling further highlights that realistic phantom geometry
and properties are essential to reproduce experimental behaviour. Together,
these findings show that effective clinical implementation of superficial HT
QA demands simplified phantom manufacturing, consistent experimental se-
tups, and, where feasible, supplementary measurements that go beyond the
minimum guideline requirements.

4.2 Deep HT QA assessment

Facilitating device-independent and multi-institutional studies is a key moti-
vation for developing standardized QA guidelines in hyperthermia. Although
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QA procedures are broadly performed, substantial variation persists across
institutions regarding how these protocols are implemented. Standardization
therefore holds significant value in enabling reproducible, comparable, and
clinically meaningful assessments. With this objective, Paper D [134] presents
a comprehensive comparative study involving six HT centres in Germany and
the Netherlands. The study aimed to verify the feasibility of temperature-
based QA procedures for deep HT, document practical aspects related to
system setup, and quantify the time required to perform the protocol. The
outcomes provided critical insights that were subsequently incorporated as
recommendations in the most recent deep hyperthermia QA guidelines, cur-
rently under review [34]. Device performance was assessed using temperature
rise (TR) and temperature-based quality metrics, including focus location and
focus symmetry, evaluated in a homogeneous QA phantom with clinically used
thermometry systems, thereby ensuring that the protocol can be directly in-
tegrated into routine QA workflows. Details on the measurement campaign
and detailed results can be found in paper D.

Status quo of QA procedures for deep HT

Only about 30% of centres verified heating and steering capability at the rec-
ommended frequency of every 1-3 months, while most performed these checks
far less frequently, in some cases only once per year or less. Approximately
70% of centres relied on LED/lamp phantoms or solid phantoms equipped
with catheters for routine QA, while others used E-field probes or anthro-
pomorphic phantoms. Common phantom materials included agarose-based
formulations and WPP gels. Despite the widespread use of phantoms, fewer
than 20% of centres had access to dielectric or thermal properties measure-
ment equipment, and even when available, phantom properties verification
was rarely performed.

Heating protocols also varied considerably: although most centres applied
heating for 10—15 minutes, both power settings and the expected temperature-
rise thresholds differed widely. Phantom positioning practices showed simi-
larly large variation, including the use of foam supports, dedicated holders, or
direct placement on the patient table—variability that, as shown later, likely
affected measurement reproducibility. Calibration routines were inconsistent
as well. Only 40% of centres calibrated thermometry before each QA test,
and bolus water conductivity checks ranged from monthly to never.
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Despite these differences, all centres evaluated TR, and most of them addi-
tionally assessed heating symmetry or applicator efficiency, indicating partial
adoption of temperature-based QA metrics.

Overall, the findings highlight the need for more harmonized procedures.
Differences in phantom properties, positioning workflows, and measurement
techniques currently limit inter-centre comparability and reinforce the impor-
tance of establishing clear, standardized QA protocols for deep HT.

Challenges in deep HT QA guidelines application

During the campaign, we performed a total of 54 measurement repetitions (for
details, see Paper D). The experience gained from this work provided several
insights into the feasibility and practicality of the QA guidelines for deep HT,
particularly in an inter-institutional context.

Accuracy of thermal mapping and its verification

All participating institutions relied on a thermal mapping system for tem-
perature measurements, in which the probes are mechanically moved along
the catheter in fixed steps by a dedicated positioning device. Omne of the
main challenges identified with this system is the considerable variation in its
performance across institutions, which strongly affects the reliability of the
measured temperature profiles. Positional inaccuracies were common, typi-
cally around 2 cm, and became more pronounced when multiple probes were
used simultaneously. As further demonstrated in Paper B, inaccuracies of up
to 4 cm were observed as the number of probes increased.

To evaluate this effect more systematically, we conducted a dedicated inves-
tigation using two BSD 2000 DHT systems equipped with Sigma 60 applica-
tors and standardized QA phantoms at two different institutions. A structured
four-step procedure was followed:

1. Probes were calibrated in a temperature-controlled water bath, achiev-
ing an uncertainty of £0.2 °C.

2. Thermal mapping positional accuracy was assessed through dry runs

using transparent catheters marked at 1 cm intervals over a 25 cm range,
enabling construction of calibration curves (Figure 4.2)).
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Figure 4.2: Verification procedure of the thermal mapping system. The probe is
retracted inside a transparent catheter, and its actual mapping position
(P,) is measured with a ruler and compared to the expected position
(P.), allowing the determination of the corresponding mapping error.

3. A standard QA experiment was conducted according to the recom-
mended protocol.

4. Measured temperature distributions along the central z-axis at (z,y) =
(0,0) were compared with corresponding numerical simulations.

The results showed a clear deterioration of mapping accuracy with increas-
ing number of probes. When two probes were used simultaneously, the average
positional error was 1.0 & 0.1 cm. With four probes, the error increased to
3.8 &+ 1.0 cm. The resulting calibration curves (Figure illustrate how
additional probes lead to greater deviations and reduced reproducibility.

These findings were further confirmed in QA experiments using both cylin-
drical and elliptical phantoms. With two probes, agreement between measured
and simulated temperature distributions was excellent, with an average differ-
ence of 0.2+ 0.1°C. In contrast, with four probes the discrepancy grew to 0.7
+ 0.5 °C. Moreover, measurements with more than two probes required con-
tinuous visual inspection and manual adjustments to maintain proper probe
tension and positioning.

The results of the multi-institutional study revealed the significant impact
of probe-movement inaccuracies in thermal mapping, underscoring the need
for a dedicated verification step. Thermal mapping systems must always be
checked using dry-run tests with marked catheters prior to QA procedures

58



4.2 Deep HT QA assessment

® Two probes
# Four probes

(¢}

N

Position error (cm)
N w

N

| ,_ﬁﬁ 1
S i
0 5 10 15 20 25
Mapping distance (cm)

0

Figure 4.3: Calibration curves of the BSD-2000 thermal mapping system. The
plots show the probe positioning error, defined as the difference
between the actual and expected probe position along the marked
catheter, across the mapping range. Results are presented for measure-
ments performed with two and four probes simultaneously, including
their associated variation.
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or clinical use. This procedure allows the generation of calibration curves
that compensate for systematic mapping errors. Dry-run verification must be
complemented by probe calibration in a temperature-controlled water bath.
Moreover, for QA applications, no more than two probes should be used si-
multaneously, as this ensures reliable and reproducible measurements.

These verification procedures could not be implemented during the cam-
paign due to practical constraints. The study was limited to three weeks,
with only about two days available at each centre, leaving insufficient time
for detailed system checks. Several probe-related issues could likely have been
mitigated with additional preparation.

Phantom positioning

The phantom position within the applicator substantially influences the re-
sulting temperature profiles. As demonstrated in Paper B, misalignment of
the phantom along the z-, y-, or z-axis relative to the applicator centre can
produce temperature deviations of up to 2 °C. Because phantom positioning
is performed manually, the risk of misplacement is inherently high. The use of
dedicated positioning supports to ensure that the phantom is secured at the
vertical centre of the applicator is therefore essential. In addition, alignment
aids, such as laser guides or other positioning tools, are strongly recommended
to ensure correct placement along the z- and y-axes. Pairwise verification is
advisable when manually measuring the distance between the phantom and
the applicator frame, as this helps minimize operator-dependent errors. Care
must also be taken during bolus filling: the weight of the water bolus can
cause the phantom to shift. For this reason, rechecking the phantom position
after the bolus has been filled is recommended.

Quality metrics definition

The investigated systems were evaluated using the metrics defined in the most
recent QA guidelines [34] (under review). These metrics were originally for-
mulated based on expected heating patterns in homogeneous phantoms, sup-
ported primarily by simulation studies rather than extensive experimental
validation. While some parameters such as TR, focus location, and focus
symmetry were relatively straightforward to determine from the measured
axial temperature profiles (see Paper D for details), the application of the
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TEFV proved challenging in its original form.

Originally, TEFV was defined as the volume within a homogeneous phan-
tom enclosed by the 75% maximum temperature-rise contour, i.e., the region
where the temperature rise reached at least 4.5°C for a target TR of 6°C. In
practice, this corresponded to an ellipsoidal volume whose XY cross-section
was determined from radial probe measurements falling below the 75% thresh-
old (Figure [4.44). However, the experimental data showed that this assump-
tion did not consistently hold: hotspots generated by conductive heat transfer
near the phantom wall often maintained temperatures above the 75% thresh-
old, preventing the contour from closing as required by the original definition.
Therefore, the parameter had to be revised.

Based on observations collected during the campaign, the TEFV has been
redefined as the ellipsoidal volume characterized by three axial dimensions,
L., Ly, and L, describing the extent of the heated region in a uniform QA
phantom. The dimensions L, and L, are derived from the inflection points
of the temperature profiles along the z- and y-axes, identified via the second
derivative of the curves measured by the radial probes on the phantom’s X-Y
plane (Figure . The average temperature at these inflection points, Ti,q,
is then used as a reference to determine L., defined as the distance between
the two points along the z-axis where the temperature equals Ti,g. If only
half of the longitudinal temperature profile is available, L, is estimated by
doubling the distance from the inflection point to the focus centre coordinate
C..

Updated QA protocol

Taking into account the limitations imposed by the available instrumentation,
together with evidence from practical experience, we derived a recommended
measurement setup to account for system- and experiment-related inaccura-
cies. The main steps required to perform a QA experiment in deep HT can
be defined as follows:

1. Thermometry verification: All thermometry probes planned for use
in the experiment must be calibrated, preferably in a temperature-
controlled water bath using a reference sensor. If a thermal mapping
system is used, its positional accuracy must be verified through a dry
run in a marked catheter. The resulting calibration curve should be
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Figure 4.4: Graphical representation of the two definitions for TEFV. (a) TEFV
as volume defined by the 75% isoline. If a hotspot is present, as in
the example shown, the base area of the ellipsoid cannot be defined.
(b) TEFV based on the lengths defined by the inflection points. This
definition holds even in the presence of hotspots.
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applied subsequently to correct the recorded temperature profiles.

2. Phantom positioning: The phantom must be carefully positioned
inside the applicator. Its vertical position should be secured using ded-
icated holders. Alignment along the x- and y-axes should preferably
be verified using laser-guidance systems or equivalent tools. Positioning
along the z-axis can be checked by measuring the distance between the
phantom edge and the applicator frame with a measuring tape. Peer
verification is strongly recommended.

3. Probe positioning: The probes are inserted into the catheters accord-
ing to the planned experiment (central or shifted focus). It is recom-
mended to verify that each probe tip is located at the expected position.
This can be done by marking the correct insertion depth on the probe
and inserting it until the marker aligns with the catheter entrance. To
improve the accuracy of focus localization and temperature mapping,
the use of five probes is advised. This configuration provides additional
measurement points for curve fitting, thereby reducing uncertainty in
estimating the focus location. The recommended setup is as follows:

o For central focus: three longitudinal probes placed at (0,—3), (0,0),
and (0,3) cm along the main axis.

o For eccentric focus: three longitudinal probes placed at (0,0), (0,—3),
and (0,6) cm along the main axis.

e Two radial probes.

4. Bolus filling: The water bolus is filled and the water temperature is
recorded. Care must be taken to ensure that the phantom does not move
during filling; if displacement occurs, its position must be corrected and
re-verified.

5. Heating procedure: The heating process is carried out in three phases:

e Baseline acquisition: If thermal mapping is used, a baseline scan
is performed. Otherwise, temperatures are recorded for 1 minute
using static probes.

e Heating phase: Heating is applied at 1000 W for 10 minutes. The
temperature at the phantom centre (or at the steering location)
is monitored. If the temperature rise does not reach 6 °C within
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10 minutes, the experiment must be repeated with higher power
(after verifying that antenna reflections remain within acceptable
limits). When using a steered focus, steering to a target location
of (0, 3) cm is recommended, as this represents a clinically relevant
displacement and minimizes interference from the phantom wall. If
only three probes are available, the focus may be steered to (3, 3)
cm, or alternatively, the phantom can be rotated so that a radial
catheter intersects the steered focus at (0, 3) cm.

o Post-heating temperature acquisition: If mapping is used, a sec-
ond scan is performed after heating. Otherwise, temperatures
are recorded with static probes immediately after power-off. If a
clear focus shift from the expected location is observed, the system
should be checked with a lamp phantom for rapid verification of
steering performance.

6. Data analysis: The recorded temperature profiles are processed using
any suitable data-analysis tool to compute the required quality metrics.
If mapping data are used, the profiles must be corrected according to
the thermal-mapping calibration curves prior to further analysis.

A notable limitation of this procedure is the time required between suc-
cessive measurements. Due to thermal equilibration constraints, a minimum
waiting period of approximately five hours is needed for the phantom to re-
turn to baseline temperature before a new measurement can be performed.
This requirement imposes practical restrictions on the number of measure-
ments that can be completed within a given time frame and should therefore
be taken into account when planning experimental QA procedures.

Identified thresholds for QA measurements

Despite a rigorous measurement procedure, non-systematic errors and resid-
ual uncertainties related to the device, thermometry, and the phantom may
still arise during system verification. This issue is particularly relevant when
repeated measurements are not feasible because of the aforementioned time
constraints, which might be incompatible with routine clinical workflows. For
this reason, we established the following tolerance criteria, which provide con-
fidence that the device is performing correctly, even in the presence of un-
avoidable uncertainties:

64



4.2 Deep HT QA assessment

¢ Minimum temperature increase of > 6 °C within 10 minutes (£0.4 °C
deviation).

e Focus location accuracy within £2.0 cm of the intended target.

o Focus symmetry within < 10%, corresponding to a maximum tempera-
ture difference of +0.8-1.0 °C depending on the evaluation method.

More details on these can be found in paper D. These thresholds, together
with the experimental recommendations introduced above, have been incor-
porated into the current QA guidelines, thereby enhancing their robustness
and supporting reproducibility in multi-institutional QA of deep HT systems.
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CHAPTER b

Regulatory aspects in HT and the link to QA guidelines

The European Medical Device Regulation (MDR 2017/745) was developed to
ensure the safety and performance of medical devices within the EU market
[135]. Despite the improvements in safety and transparency achieved by the
MDR, it currently imposes substantial operational, financial, and structural
burdens on medical device developers [136]. This is particularly relevant in
the HT field, where most technological innovation originates from research
institutes or small- and medium-sized enterprises, which often lack dedicated
in-house regulatory expertise and must consequently outsource these activi-
ties. Moreover, developing an HT system is especially challenging from a reg-
ulatory perspective, as it requires the integration of multiple interconnected
subsystems, as shown in Figure both hardware (signal generation and am-
plification, applicator, thermometry) and software (treatment planning and
monitoring) into a single device that must deliver treatment both effectively
and safely.

The MDR process starts with defining the conformity pathway, illustrated
in Figure[5.1] which consists of the sequence of regulatory steps a manufacturer
must follow to legally place a medical device on the EU market. The details
of this pathway are described in Section Although all these steps are re-
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Article 5(5)

Device Device Technical Conformity
qualification classification documentation assessment

PMS and Merket Product q Declaration of
vigilance placement registration CIE e conformity

Figure 5.1: MDR conformity route: the main steps are delineated, with the steps
relevant under the Article 5(5) in-house exemption highlighted. The
upper pathway indicates which regulatory obligations remain applica-
ble for in-house manufactured devices (device qualification, classifica-
tion, and compliance with GSPRs), while the lower pathway shows
the additional steps required for full MDR conformity leading to CE
marking and market placement.

quired for a commercially developed device, the process is partially simplified
for in-house manufactured medical devices used exclusively within a health
institution. For these cases, the MDR includes a specific provision—Article
5(5)—that enables their development and clinical use without undergoing the
full conformity assessment process. Devices manufactured under this exemp-
tion are not CE-marked, provided that strict conditions are met. This results
in a somewhat simplified regulatory route, as shown in Figure [5.1

In Paper E, this simplified pathway under Article 5(5) is described in detail
for external phased-array HT systems, offering comprehensive guidance on
navigating the MDR framework in the context of HT.

Once the MDR conformity route is defined, the next step is to under-
stand how to translate it into the practical development of a medical system.
For an HT system this represents a particular challenge, given the complex
and tightly integrated structure of its subsystems. Two examples of well-
established systems (engineering frameworks) that can be adopted are the
V-model (or V-scheme) and the Waterfall model [138].

The V-model, illustrated in Figure [5.2] consists of two complementary
branches: the left branch translates clinical needs into increasingly detailed
design inputs, while the right branch maps these inputs to their correspond-
ing verification and validation activities. Further details on the V-model are
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provided in Section[5.2] The Waterfall model, by contrast, is a linear, sequen-
tial development approach in which each phase must be completed before the
next begins. Although it offers clear structure and documentation, it provides
limited flexibility, and for this reason the V-model is adopted in this chapter.

Following the V-model also clarifies how QA procedures integrate into the
MDR framework. QA supports device commissioning, a fundamental step
that follows regulatory compliance and must be completed before clinical ver-
ification of the device can take place. In practice, while the MDR defines the
conformity pathway—specifying what must be ensured from a safety and per-
formance perspective—QA guidelines define the commissioning procedures,
describing how these requirements are assessed, monitored, and maintained
throughout the device lifecycle.

5.1 Standard MDR path for HT systems

The regulatory workflow applicable to any medical device in the EU can be
adapted to the specific requirements of HT systems. The main steps are
summarised below:

Device qualification and classification: The regulatory process begins
with determining whether the product meets the MDR definition of a medical
device, based on its intended purpose and mode of action (Article 2). Once
confirmed as a medical device, it must be classified using the rules in Annex
VIII, ranging from Class I (low risk) to Class III (high risk). Classification
determines the level of regulatory assessment and whether Notified Body
(NB) involvement is required. HT systems qualify as medical devices because
they deliver controlled thermal energy for therapeutic purposes. They are
typically classified under Rule 9 or Rule 11 as active therapeutic devices,
placing them in Class ITb. Applicators or probes may fall under Rules 9, 5.4,
or 5.5, depending on invasiveness and their connection to the active device.
Almost all such components require NB involvement.

Compliance with General Safety and Performance Requirements
(GSPRs): All devices must comply with the GSPRs outlined in Annex I
of the MDR. These requirements cover essential aspects such as quality
management (ISO 13485:2016), electrical and electromagnetic safety, elec-
tromagnetic compatibility, usability, safety, and performance. Additional
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component-specific requirements may apply, including biocompatibility (i.e.,
for water bolus), software lifecycle management (i.e., treatment planning
and control software), and others. A list of these standards is also detailed
in Paper E.

Technical documentation: Manufacturers must compile technical doc-
umentation in accordance with Annex II and Annex III, including device
description, intended purpose, design and manufacturing information, risk
management (ISO 14971), verification and validation results, the clinical
evaluation, and the post-market surveillance (PMS) plan. In Paper E, we
outline the structure and content of such documentation for an HT system,
highlighting subsystem-specific requirements.

Conformity assessment and Notified Body involvement: All devices
in Classes Is, Im, Ir, Ila, IIb, and III require assessment by a NB. For a Class
ITb HT system, conformity assessment typically follows Annex IX (QMS
audit + design examination) or the Annex X/XI routes. Upon successful
assessment, the manufacturer issues a Declaration of Conformity and affixes
the CE mark. The system, its applicators, and accessories must then be
registered in EUDAMED and assigned UDI codes before they can be legally
placed on the EU market.

Market placement and post-market surveillance: Once an HT sys-
tem is authorised for market placement—through EUDAMED registration,
UDI assignment, and compliant labelling—the manufacturer must maintain
continuous oversight of the device in clinical use. This includes fulfilling all
PMS, vigilance, and documentation-update obligations to ensure sustained
safety and performance throughout its lifecycle.

Exception: Article 5(5)

Article 5(5) provides an alternative regulatory pathway for health institu-
tions, enabling them to manufacture, modify, and use medical devices within
their own facilities without undergoing commercial distribution or full MDR
conformity assessment. This exemption is dedicated to hospitals and uni-
versity medical centres that require bespoke HT devices—such as customised
applicators, phantoms, prototypes, or software tools—for clinical or research
purposes when no suitable CE-marked device meets their needs.

70



5.1 Standard MDR path for HT systems

¢ The institution must justify why no equivalent CE-marked device
is clinically appropriate

e The device must not be produced on an industrial scale

e A publicly accessible statement must be published confirming
compliance with Article 5(5)

¢ Documentation must be made available to competent authorities
upon request and

e Appropriate internal PMS and vigilance systems must be main-
tained.

Although Article 5(5) removes the market-access requirements of the MDR,
it does not exempt health institutions from ensuring device safety. Institutions
must still:

Comply with all relevant GSPRs
Maintain adequate technical documentation,
Perform risk management, verification, and validation,

Conduct a clinical or technical evaluation appropriate to the device’s
intended use

Operate under an institutional quality management system appropriate
for in-house manufacture.

In contrast with standard commercial manufacturers, institutions operating
under Article 5(5):

do not undergo Notified Body assessment;
do not issue a Declaration of Conformity;
do not affix the CE mark;

and do not register the device in EUDAMED or assign a UDI.

71



Chapter 5 Regulatory aspects in HT and the link to QA guidelines

Validation
(clinical studies)

Intended use

Clinical System
requirements commissioning

System high level Integrated system
design test

Figure 5.2: V-model representation of the MDR-compliant development process
for an HT system. The left branch outlines progressively detailed sys-
tem and subsystem requirements, while the right branch maps the
corresponding verification and validation steps needed to demonstrate
conformity.

These exemptions significantly reduce the regulatory burden while still en-
suring that in-house HT devices remain safe and capable of fulfilling their
intended purpose.

5.2 HT system development according to MDR

As already introduced, the V-model (Figure is particularly well suited
for the development of HT systems, whose subsystems are tightly integrated.
It provides a structured framework for demonstrating that an HT system is
safe, reliable, and fit for its intended purpose. The model applies both under
the standard MDR conformity pathway and under the Article 5(5) in-house
exemption. The key difference lies only in documentation and regulatory
oversight: commercial manufacturers must present the V-model outputs for
assessment by a Notified Body, whereas institutions operating under Arti-
cle 5(5) may adapt the level of detail and format of documentation to internal
clinical needs while still ensuring full compliance with all technical safety re-
quirements.

On the left branch of the V-model, the development begins with defining
the intended use and the clinical or user requirements. For HT systems,
these include the therapeutic objective of achieving preferential heating in
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the target—establishing a focal region while sparing surrounding healthy tis-
sues—minimum heating efficacy, safety measures to avoid thermal side effects
(e.g. skin overheating), the required accuracy and stability of temperature
monitoring, and workflow considerations such as patient positioning and in-
tegration with imaging or treatment-planning tools. These initial require-
ments are then translated into system-level specifications expressed in techni-
cal terms. For HT systems, this includes compliance with the standards listed
in the previous section (e.g. IEC 60601, IEC 61000, ISO 10993, IEC 62304),
as well as functional limits derived from the clinical requirements.

As development progresses, the system is decomposed into subsystem, as
shown in Figure[2.4] and component-level specifications describing measurable
performance criteria for the amplification chain, applicators, water-circulation
or cooling systems, thermometry hardware, and planning/control software.
For example, signal generation requirements may include a minimum phase
accuracy, amplitude accuracy, and power-output tolerances; applicator re-
quirements may include acceptable antenna coupling (e.g. < —20dB) and bo-
lus temperature stability; thermometry requirements may include a response
time < 10s and precision of £0.2 °C For treatment-planning (TP) software,
requirements may include verification against accepted computational bench-
marks [111], including demonstration of mesh-independent temperature pre-
dictions with an uncertainty below 0.05 °C. QA principles are embedded at this
stage by ensuring that every requirement is testable, traceable, and linked to
explicit acceptance criteria such as calibration intervals, allowed sensor drift,
or tolerances for EM field uniformity.

The right branch of the V-model mirrors the design stages with structured
verification and validation. At each step, testing is repeated after integrat-
ing individual components into larger subsystems and, ultimately, into the
complete system. Component-level verification confirms the performance of
isolated subsystems—such as amplifier performance evaluation, antenna S-
parameter measurements, electromagnetic compatibility testing, and software
unit verification. When external components are procured, such as tempera-
ture sensors, component-level verification is not required because these devices
must already be CE-marked. However, their correct functioning within the
HT system still needs to be verified during the subsystem or system integra-
tion.

Subsystem-level verification evaluates the behaviour of combined compo-
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nents, including the joint performance of amplifiers and applicators in gen-
erating phase-steered fields, the influence of electromagnetic interference on
thermometry accuracy, the cooling-system stability under expected loads, and
correct data exchange between the treatment-planning software and the RF
control unit. System-level verification assesses the fully assembled HT device,
examining electromagnetic and electrical safety, the functionality of safety in-
terlocks, the usability of the clinical interface, and overall system performance.

The next step is system commissioning, which consists of a structured set
of pre-clinical verification activities guided by QA guidelines, performed after
regulatory compliance but before first clinical use. Its purpose is to ensure
that the complete system operates safely, reliably, and in accordance with its
intended performance specifications prescribed. This may include full end-to-
end tests comparing predicted and measured temperature distributions and
system performance characterization based on QA defined quality metrics.
Successful commissioning confirms that the device is ready for clinical imple-
mentation.

Finally, system validation demonstrates that the device fulfils its intended
use in a clinical environment. Clinical validation is performed by involving pa-
tients in a clinical study designed to confirm that the system its able to deliver
its intended therapeutic effect under real treatment conditions. Validation not
only verifies technical performance but also shows that the device consistently
meets the clinical objectives defined at the beginning of the V-model.

In summary, the MDR provides the formal regulatory foundation for defin-
ing clear and rigorous product requirements concerning safety. QA guidelines,
in turn, provide clinically oriented verification procedures that ensure system
reliability and clinical validity. For HT system development, integrating these
two dimensions is indispensable. Only by aligning MDR-driven requirements
with QA-driven verification can a system be designed that fulfils its clinical
purpose, operates safely for patients and staff, and integrates smoothly into
the clinical environment.

In this chapter, we clarified the relationship between the MDR and QA.
Building on this, Paper E provides practical guidance for applying the MDR
pathway to HT systems, supporting the development of clinically effective and
regulatory-compliant technologies.
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CHAPTER O

Summary of included papers

This chapter provides a summary of the included papers.

6.1 Paper A

Mattia De Lazzari, Anna Strom, Laura Farina, Nuno P Silva, Sergio
Curto, Hana Dobsicek Trefna

Ethylcellulose-stabilized fat-tissue phantom for quality assurance in clin-
ical hyperthermia

Published in International Journal of Hyperthermia,

vol. 40, no. 1, pp. 2207797, May 2023.

©2023 Taylor & Francis Group, DOI: 10.1080/02656736.2023.2207797.

This paper introduces an innovative formulation for a fat-mimicking phan-
tom material designed for use in superficial HT QA procedures. The phantom
is based on an ethylcellulose (EC) stabilized glycerol-in-oil emulsion. In con-
trast to previously proposed fat phantoms, the formulation contains no water,
which greatly simplifies the preparation process and significantly extends shelf
life by preventing dehydration and microbial degradation. Moreover, the EC-
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based oleogel structure provides enhanced mechanical stability, thereby ad-
dressing common limitations of earlier phantoms such as insufficient rigidity,
poor handling properties, and rapid structural deterioration. The dielectric,
thermal, and rheological properties of the phantom were rigorously assessed
through state of the art techniques. Our phantom exhibits representative ther-
mal and mechanical properties, able to withstand high temperatures without
weakening its structure. It accurately replicates the dielectric properties of
average fat tissue in the frequency range of 200-700 MHz. Moreover, reduc-
ing the glycerol concentration to 52 wt% effectively brings the conductivity
within the desired range for frequencies above 700 MHz. However, the phan-
tom conductivity is below the desired values at lower frequencies (8-200 MHz).
Unfortunately, no practical solution has been identified to address the low con-
ductivity observed at frequencies below 200 MHz, despite attempts involving
the addition of salts like sodium chloride or calcium chloride. Nevertheless,
the impact of this reduced conductivity was evaluated in silico for capacitive
systems using numerical simulations. The results showed that the standard
quality-metric parameters TEFS and TEPD were overestimated by only 13.7%
and 23.5%, respectively. These findings underline the need for experimental
verification on capacitive systems to confirm the numerical predictions. Fi-
nally, our phantom underwent testing for compliance with QA guidelines for
superficial HT. The experimental results affirm the suitability of our phantom
for routine use in superficial HT QA procedures.

Contributions. Conceptualization: M.D. and H.D.T.; Methodology: M.D.,
A.S.; Formal analysis: M.D.; Data curation: M.D; L.F., N.P.S.; Writing:
M.D, A.S; Review: M.D, H.D.T, S.C.; Supervision: H.D.T.

6.2 Paper B

Mattia De Lazzari, Hana Dobsicek Trefna, Carolina Carrapigo-Seabra,
Patrick V. Granton, Sergio Curto, Dario B. Rodrigues

Quality Assurance Phantoms for Deep Hyperthermia Devices: Design
Principles Informed by Computational Modeling

Submitted to Physics in Medicine and Biology.

This paper investigates the design of QA phantoms for DHT devices through
a combined computational and experimental approach. Parametric simula-
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6.3 Paper C

tions were performed using simplified models of the BSD2000 Sigma 60 ap-
plicator at 75 and 100 MHz to study the influence of phantom geometry
(diameter, length, wall thickness) and dielectric properties (permittivity, con-
ductivity) on specific absorption rate (SAR) and temperature distributions.
The analysis demonstrated that conductivity has the strongest impact, with
lower values improving gradient sharpness and reducing peripheral hotspots.
Two cylindrical phantom designs (25 and 31.5 cm diameter) were tested, and
catheter placement was optimized to maximize resolution of temperature gra-
dients. Comparisons with anatomical patient models showed good agreement
in the central regions, while deviations near the boundaries reflected the sim-
plified phantom geometry. Experimental validation with a tissue-mimicking
gel phantom confirmed the simulation predictions, with discrepancies of 0.7
=+ 0.5 °C at the focus, largely explained by probe positioning errors, catheter
bending, and phantom misalignment. Accounting for these effects in the sim-
ulations improved agreement and highlighted the need for positioning margins
along and perpendicular to the probe axis. Overall, this study provides a vali-
dated modeling framework and practical design recommendations for phantom
dimensions, material properties, and catheter placement, thereby strengthen-
ing the technical foundation for standardized, temperature-based QA of DHT
applicators and supporting consistent performance assessment across clinical
centers.

Contributions. Conceptualization: M.D., D.B.R.; Methodology: M.D., C.C.S.
and D.B.R.; Formal analysis: M.D.; Data curation: M.D.; Writing: M.D.; Re-
view: M.D., D.B.R. H.D.T. and S.C.; Supervision: D.B.R. and H.D.T.

6.3 Paper C

Carolina Carrapico-Seabra*, Mattia De Lazzari*, Abdelali Ameziane,
Gerard C. van Rhoon, Hana Dobsicek Trefna, Sergio Curto
Application of the ESHO-QA guidelines for determining the perfor-
mance of the LCA superficial hyperthermia heating system

Published in International Journal of Hyperthermia,

vol. 40, no. 1, pp. 2272578, Oct. 2023.

©2023 Taylor & Francis Group DOI: 10.1080/02656736.2023.2272578
*shared first authorship.
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This paper evaluates the performance of the Lucite Cone Applicator (LCA)

used in superficial HT treatments, assessing its compliance with the QA guide-
lines for superficial hyperthermia. Six different antenna elements were exam-
ined individually, as well as in 2x1 and 2x2 array configurations. Each an-
tenna setup was tested by measuring the temperature distribution within a
fat—muscle layered phantom manufactured according to guideline recommen-
dations. The resulting temperature distributions were used to verify compli-
ance with the Temperature Rise (TR) criterion and to evaluate two essential
quality metrics: the Thermal Effective Field Size (TEFS) and the Thermal
Effective Penetration Depth (TEPD). All LCAs fulfilled the TR requirement,
producing a temperature increase greater than 6 °C at a depth of 2 cm in
the phantom. The work went beyond the sole LCA QA evaluation, com-
paring the experimental results with simulations conducted using a standard
phantom model and a realistic model segmented from CT imaging data. The
mean negative difference between simulated and experimental data was 1.3°C
when employing the standard phantom model, which was reduced to a mean
negative difference of 0.4°C when using the realistic model. Simulated and
measured TEPD exhibited good agreement for both scenarios, while some
disparities were observed for TEFS. These results underline how various un-
certainties during QA procedures, such as antenna positioning, applicator
efficiency, water bolus utilization, and heat transfer coefficients can impact
on the experiment reproducibility. It suggests that further characterization of
these parameters can improve the accuracy of QA assessments. Finally, this
work provided important insights from the practical application of the super-
ficial HT guidelines—particularly regarding phantom design, fabrication, and
experimental setup preparation.
Contributions. Conceptualization: M.D., C.C.S. (shared first authors),
H.D.T. and S.C. (shared last authors); Methodology: M.D., C.C.S., A.A;
Formal analysis: M.D. and C.C.S.; Data curation: M.D and C.C.S.; Writing:
M.D and C.C.S.; Review: M.D, C.C.S., H.D.T., S.C. and G.V.R.; Supervision:
H.D.T, S.C. and G.V.R.
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6.4 Paper D

6.4 Paper D

Mattia De Lazzari*, Carolina Carrapico-Seabra*, Dietmar Marder,
Gerard C. van Rhoon, Sergio Curto, Hana Dobsicek Trefna

Toward enhanced quality assurance guidelines for deep hyperthermia
devices: a multi-institution study

Published in International Journal of Hyperthermia,

vol. 41, no. 1, pp. 2436005, Nov. 2024

©2024 Taylor & Francis Group DOI: 10.1080/02656736.2024.2436005
*shared first authorship.

This paper reports on a multi-institutional evaluation of deep HT applica-
tors, aiming to verify the feasibility of the upcoming QA protocols and allowing
an inter-institutional comparison of applicator performances. Six European
centers participated in the study. We performed standardized heating experi-
ments on cylindrical phantoms equipped with catheter arrays for temperature
monitoring. BSD-Sigma 60 and Sigma Eye applicators were tested by applying
the same experimental protocol (10 min heating time at 1000 W). The analysis
focused on three temperature-based quality metrics: overall temperature rise
(TR), focus location, and focus symmetry. A total of 54 measurements were
performed, of which 43 fulfilled the inclusion criteria. The results showed that
all applicators, with a single exception, achieved the TR criterion of a > 6 °C
increase within 10 minutes. The heating focus was generally located within
1-2 cm of the intended target, and focus symmetry deviations were typically
below 10% (< 0.8 °C). Minor differences between institutions were primar-
ily attributed to limitations in thermometry accuracy rather than intrinsic
applicator performance. Based on these findings, QA thresholds of > 6 °C
TR, < 2 cm focus deviation, and < 10% symmetry deviation are proposed for
integration in the upcoming deep HT QA guidelines. The study highlights
the robustness and reproducibility of QA indicators across institutions and
supports their adoption in updated guidelines, while emphasizing the impor-
tance of standardized phantoms and harmonized measurement protocols for
consistent inter-institutional QA procedures.

Contributions. Conceptualization: M.D., C.C.S., H.D.T. and S.C. (shared
last authors); Methodology: M.D., C.C.S., D.M.; Formal analysis: M.D. and
C.C.S.; Data curation: M.D and C.C.S.; Writing: M.D. and C.C.S.; Review:
M.D., C.C.S., H.D.T., S.C. and G.V.R.; Supervision: H.D.T, S.C. and G.V.R.
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6.5 Paper E

Mattia De Lazzari, Anton Rink, Patrick V. Granton, Dario B. Ro-
drigues, Hana Dobsicek Trefnd

Navigating EU MDR, 2017/745 for in-house deep hyperthermia systems:
A practical workflow and case study

To be submitted to IEEE Journal of Translational Engineering in Health
and Medicine .

This paper presents a structured regulatory framework to support the in-

house development and clinical use of external deep HT systems under the
European Medical Device Regulation (EU MDR 2017/745), with specific fo-
cus on the exemption pathway defined in Article 5(5). Using a phased-array
electromagnetic HT device as a representative case study, the work trans-
lates MDR, requirements into a practical, stepwise workflow covering justifi-
cation for in-house manufacture, risk classification, specification of General
Safety and Performance Requirements (GSPRs), verification, validation, and
post-market surveillance. The framework explicitly integrates hyperthermia-
specific QA principles, highlighting how performance verification must be ad-
dressed alongside regulatory compliance. By clarifying stakeholder roles, doc-
umentation requirements, and decision points throughout the device lifecycle,
the paper bridges the gap between technical development and regulatory im-
plementation. References to the U.S. FDA framework are included to provide
regulatory context and to highlight key differences in oversight approaches for
HT technologies. Overall, this work provides actionable guidance to facilitate
compliant innovation, strengthen QA-regulatory alignment, and support the
safe clinical translation of advanced HT systems developed within academic
and hospital environments.
Contributions. Conceptualization: M.D., H.D.T.; Methodology: M.D., A.R,
P.V.G.; Formal analysis: M.D., A.R., P.V.G.; Data curation: M.D; Writing:
AR., PV.G. and D.B.R.; Review and Editing: M.D., A.R., P.V.G., D.B.R.
and H.D.T.; Supervision: D.B.R. and H.D.T.
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Concluding Remarks and Future Outlook

This thesis focuses on the development and implementation of QA guidelines
in clinical HT. Chapter 3 introduces the tools required for QA (primarily phan-
toms) while Chapter 4 demonstrates how these guidelines can be translated
into experimental practice. Chapter 5 then situates QA within the broader
framework of the Medical Device Regulation (MDR). Collectively, these re-
sults support QA procedures for both superficial and deep HT and introduce
refinements that enhance their applicability and clinical relevance, ultimately
contributing to a smoother and more consistent adoption of QA protocols
across HT centres.

Despite these contributions, the consistent implementation of QA guidelines
across institutions remains limited. As shown in Chapter 4, even when QA
protocols are available, their application varies considerably between centres.
For superficial HT, temperature-based QA protocols have existed for eight
years [32], yet their adoption has been limited. Our study (Paper C) offers
the first fully documented execution of these guidelines. For deep HT, prac-
tices also vary widely between centres, and interpretation of existing guidance
remains inconsistent—although new QA protocols are forthcoming and are
expected to support a more uniform implementation. This variability cur-
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rently restricts the inter-institutional comparison of HT devices performance,
which would otherwise promote improved treatment quality.

To address some of these gaps, this thesis translates QA recommendations
into validated, step-by-step procedures. Nonetheless, integrating QA proce-
dures into clinical workflows remains demanding. QA activities are time-
consuming, requiring extensive preparation (e.g., phantom construction as
shown in Paper C) and repeated measurements, which call for optimized plan-
ning to align with clinical throughput and staff availability. Many centres also
lack sufficient HT expertise and specialised equipment—such as dielectric and
thermal measurement systems and well-characterised phantoms—hindering
standardisation efforts. Substantial inter-institutional variability further com-
plicates implementation, as differences in applicator performance, thermome-
try accuracy and calibration can produce divergent results even under nomi-
nally identical protocols, as highlighted in Paper D.

The question is now how to strengthen and support the broader adoption
of QA practices. A first essential step is the creation of consensus among
centres, with the explicit aim of standardising procedures, tools and accep-
tance criteria. A positive example is provided by the Swiss Hyperthermia
Network [139], which has begun coordinating national-level efforts to define
and harmonise QA procedures, leveraging the expertise of research-oriented
centres to support others. A similar initiative was undertaken by the Hellenic
Association of Medical Physicists [140], which proposed a standardised QA
protocol aligned with ESHO recommendations.

A second area for improvement is the refinement of current guidelines. This
thesis contributes by supplying practical guidance not originally included in
the QA protocols. For superficial HT, we show that system characterisation
should not rely solely on temperature measurements but must also include
antenna efficiency, rigorous and reproducible antenna positioning, and veri-
fication of water-bolus uniformity. While we propose a practical recipe for
preparing fat-equivalent phantoms, achieving highly reproducible and stan-
dardised phantoms remains challenging. Progress is being made—for instance,
Kanagaratnam et al. [141] recently introduced an improved muscle phantom
formulation based on the original superstuff mixture. This formulation offers
long shelf life and a simplified preparation process, thereby reducing prepara-
tion time and minimizing the potential for user-induced errors.

For deep HT, we demonstrate the fundamental role of accurate thermom-
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etry. Mapping inaccuracies were identified as one of the dominant sources
of error in deep-HT QA. Proper calibration and verification of probes prior
to QA measurements are then fundamental, as mapping errors can introduce
deviations of up to 2 °C in measured temperature profiles (Paper B). Reduc-
ing these uncertainties may allow these margins to be narrowed. Therefore,
we proposed a standardized procedure for systematic verification of thermal
mapping devices. This, together with the reproducible positioning of phan-
toms are essential for obtaining reliable and comparable data across institu-
tions. Accounting for these limitations, we proposed acceptability thresholds
for deep-HT QA evaluations (see Chapter 4) that include a wider margin of
deviation to accommodate potential measurement uncertainties not directly
related to heating performance.

Another important consideration is the distinction between a full system
characterisation and routine functionality checks. A full characterisation re-
quires comprehensive measurements and complex phantom setups and should
thus be performed periodically or when routine verification indicates irregu-
larities. Routine checks, by contrast, should rely on simplified, time-efficient
procedures that minimize the burden on clinical centres For deep HT sys-
tems, options include LED- or lamp-based phantoms, which allow rapid visual
assessment of heating patterns and can reveal major applicator or coupling
issues without the need for full thermal measurements. The same principle
applies to superficial HT, where IR cameras can be used to quickly assess
the temperature distribution. Additionally, electric-field measurements offer
complementary information for both superficial and deep HT and can further
support routine QA activities. While absolute E-field dosimetry remains tech-
nically demanding—due to field perturbation, dielectric loading, and calibra-
tion challenges—relative E-field measurements can still reliably detect system
drift, verify steering behaviour, and assess reproducibility [142]. Recent de-
velopments, such as multi-axis E-field sensors composed of three orthogonal
probes [143], represent promising steps toward more quantitative electromag-
netic characterisation, although limitations related to isotropy, perturbation
and scanning time still restrict their clinical practicality.

In conclusion, the translation of QA protocols into routine practice is fea-
sible but requires further technical refinement and, above all, strong commit-
ment from clinical centres. Establishing consensus, standardising procedures
and tools, and embedding QA into the broader clinical culture are essential
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to elevate hyperthermia to a new level of quality and reproducibility. The
results and methodologies developed in this thesis aim to support this tran-
sition and contribute to the ongoing effort toward harmonised, reliable and
clinically meaningful QA in hyperthermia.
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