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Abstract

The problem of shaping the intensity distribution of an electromagnetic field is

a canonical and fundamental problem of wave physics, which is relevant to many

applications ranging from telecommunications, biomedical engineering and energy

harvesting. In this framework, this thesis introduces novel paradigms for the field

intensity shaping and deals with their applications to the hyperthermia treatment

planning.

Hyperthermia is a cancer treatment modality in which the tumor temperature

is elevated to a supra-physiologic temperature (40–44◦C) for 60-90min. Clinical tri-

als have demonstrated the therapeutic benefit of this treatment in combination with

radio- and chemo-therapy. According to the clinical findings, further increase of tem-

perature would enhance the clinical effectiveness. In this respect, further progress

and widespread clinical adoption of hyperthermia are dependent on the development

of accurate treatment optimization approaches able to sharply control the adminis-

tered heating. Optimization of the heating pattern is nowadays tackled by optimally

determining the complex excitation coefficients feeding a phased array applicator.

In the thesis, the problem of inducing a homogeneous temperature over a given

target area while avoiding high temperatures in healthy tissues has been faced.

In particular, different hyperthermia treatment planning optimization approaches

have been proposed and clinically tested. For the first time, the multi-objective non-

convex problem of maximizing the power deposition within a given target volume

constraining it to prescribed level outside has been tackled by means of a convex

optimization problem.

The achieved clinical results suggested that the nowadays clinically adopted

optimization approaches are not able to successfully deal with the locally advanced

tumors (i.e., the larger target volumes). In other words, “just” focusing the power

deposition distribution in a target point set into such a target volume was shown to

be a sub-optimal solution for such challenging cases where a shaped distribution is

needed. Hence, the novel paradigm of power deposition shaping (as opposed to power

deposition focusing) has been herein introduced and novel shaping optimization

approaches have been developed and tested.
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I

Introduction

Shaping a wavefield (acoustic or electromagnetic) into an inhomogeneous medium is a

challenging as well as an open problem in applied physics. Besides the methodological

point of view, this is relevant in many applications where there is the need of conveying

the energy carried by the wavefield in a desired space location while taking into

account interactions with the surrounding environment.

The range of application spans from telecommunications to geophysical prospect-

ing, non-destructive testing and medicine [1–7]. Concerning geophysical prospecting,

the problem is that of efficiently detecting buried targets. Analogously, the same

problem is that of probing earthquake epicenters [3]. In the telecommunications, this

problem plays a crucial role in the propagation of waves into complex environments

(e.g., in urban scenarios) as well as it is useful to reduce channel dispersion and

interference in wireless communications [8].

Analogously, a properly shaped wavefield results to be of particular relevance in

different medical-related applications such as MRI shimming, High-Intensity Focused

Ultrasound (HIFU), Extracorporeal Shock Wave Lithotripsy (ESWL) and hyperther-

mia [5,6,9,10]. As an example, HIFU aims at generating very high temperatures (up

to 100◦C) through focused/shaped ultrasound fields to perform a very precise non-

invasive tissue heating (mild hyperthermia or ablation). Another noteworthy example

is ESWL. This aims at focusing the acoustic pressure field in order to non-invasively

disintegrating kidney stones. Although similar in spirit, no thermal effects are ex-

ploited here. Finally, a clinically challenging and interesting application is represented

by hyperthermia. This is a cancer treatment adjuvant modality based on the selective

cancer temperature increase achieved through properly shaping the power deposition.

A common point to all the aforementioned applications is the need of a strategy

to properly drive (i.e., phase and amplitude) a given phased array applicator in order

to generate the desired power shaping. In this framework, the innovative contribute of

this thesis is that of proposing novel optimization strategies for the “optimal” shaping



2 I Introduction

of a wavefield (ultrasound or electromagnetic). Besides the interest in the methodol-

ogy, this thesis deals specifically with the relevant problem of planning a hyperthermia

treatment. In collaboration with the Hyperthermia Unit of the Department of Radi-

ation Oncology at the Erasmus MC (Rotterdam, The Netherlands), the proposed

strategies have been clinically tested and comparatively assessed on actual patient

data. The clinical assessment have been pursued within the very challenging clinical

scenario of patients with head & neck (H&N) cancer. This scenario presents a very

good case for assessment of the benefit of novel shaping approaches. In fact, target

conformal heating is possible and therefore the optimal planning of the treatment is

pivotal and routinely used [5]. Therefore, this scenario is highly suited for our aims

in terms of predicted treatment quality and computational costs.

A description of the problem of hyperthermia is given in Chapter 1. Firstly, the

different approaches proposed in the literature are reviewed. Secondly, without loss

of generality the clinical hyperthermia workflow is given with some specific hints to

the H&N, being this the site chosen for comparison. Thirdly, the shaping approach

adopted at Erasmus MC, as presented in [11], has been detailed described both to

provide an example from the state-of-the-art and to provide details on the approach

adopted in the following comparison. Finally, the structure of the thesis is given only

at the end of Chapter 1 since, despite the broad range of applicability, the proposed

approaches have been developed starting from specific clinical needs, hence better

framed after the description of the problem.



1

A Promising Thermal Therapy: Hyperthermia

Hyperthermia belongs to the class of thermal cancer treatments. It consists in a

selective increase of the tumor temperature to a supra-physiologic temperature (40−

44◦C) for 60-90min. Clinical trials have demonstrated the therapeutic benefit of this

treatment in combination with radio- and chemo-therapy [12–15]. Given the thermal

dose-effect relations found in literature [13, 16], selective increase of the temperature

would further enhance this clinical effectiveness.

Accurate pre-treatment optimization and real-time adaptations of the adminis-

tered heating may be crucial steps for further progress and widespread clinical adop-

tion of hyperthermia [5]. Maximization of the heating is nowadays tackled by phased

array applicators. Optimization of treatment settings plays a central role in pre-

treatment planning especially for challenging anatomical sites such as the head &

neck (H&N) region [5] and when real-time feedback control is absent [17,18]. Hyper-

thermia treatment planning (HTP) involves obtaining the optimal complex excitation

coefficients (phases and amplitudes) of the signals feeding the applicator. The objec-

tive of this procedure is to induce a homogeneous temperature over a given target

area, while avoiding high temperatures, i.e. “hot-spots”, in healthy tissues. Given the

relation between the specific absorption rate (SAR) and the temperature distribu-

tion [19], treatment quality surrogates based on both have been defined and used

to obtain the desired target conformal temperature increase [5, 20]. The problem of

shaping the intensity distribution of an electromagnetic field is a canonical and fun-

damental problem of wave physics, which is relevant in many applications. In this

thesis, novel paradigms for the field intensity shaping have been introduced and par-

ticularized to deal with the hyperthermia treatment planning.

The remainder of this Chapter is organized as follow: Sect 1.2 reports a brief

review of the many different planning routine so far proposed/clinically tested. The

general HTP process is given in Sect. 1.3 with specific reference to the planning in

H&N, since that was used as clinical bench-test in this thesis.



4 1 A Promising Thermal Therapy: Hyperthermia

1.1 How to optimally plan an hyperthermia treatment?

Whether the SAR or temperature distribution should be optimized is still a topic of

debate amongst hyperthermia researchers [20]. Optimizing the temperature distribu-

tion would seem the most natural approach, since increasing temperature is of course

the basis for therapeutic effectiveness of a hyperthermia treatment [21]. However, al-

though thermal optimization intuitively relates better to measured temperatures, a

systematic study to assess the actual relation between the predicted temperature and

the clinical outcomes is to the best of our knowledge not available yet. For SAR, a

study by Lee et al. [22] demonstrated that a relation exists between SAR coverage

indicators and clinical outcome of the hyperthermia treatments. In addition, temper-

ature based optimization generally exploits global optimizers, which are affected by

high computational cost, problem-specific parameters tuning. Also, they are applica-

ble only to limited-size problems, since optimization complexity rises exponentially

with the number of unknowns (i.e., number of antennas) [23]. Since computation time

is not unlimited and parameter tuning might be different for each clinical scenario,

global optimizers may in practice not always deliver the optimal solution. While some

efficient approaches have been proposed in the literature [24–26], performances can-

not be guaranteed for all possible cases. In this respect, Canters et al. [27] showed

that, for the case of deep pelvic hyperthermia, the benefit of directly optimizing the

temperature pattern is lost under the very large uncertainties of thermal modeling.

Moreover, note that the more accurate thermal dependent model [28] strongly im-

pacts on the overall computational burden. Conversely, SAR is directly related to

the complex excitation coefficients via the Maxwell equations. Hence, SAR is usually

correctly predicted by a planning system which is not the case for the temperature

distribution because of the assumptions in thermal modeling. Further, SAR can be ex-

perimentally validated within a quality assurance procedure. Hence, SAR performance

of a hyperthermia system can be computationally and metrologically controlled [5].

Whatever the case, while results in contrast with the one in [29] were found by de

Greef et al. [30, 31], optimizing the SAR pattern is, anyway, faster than temperature

optimization, since it does not imply solving the bio-heat equation as well.

On the basis of the attractive features recalled above, many SAR based opti-

mization approaches have been proposed in the literature. Some approaches aim at

maximizing the SAR within the target volume while minimizing it in the surrounding

healthy tissues. Global optimizers have been usually invoked to address this problem

as in [32, 33]. With the same spirit, the group of prof. Hagness proposed a tech-

nique based on time multiplexing of multiple beam-formers in the context of brain
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hyperthermia treatment [34]. Hereto, while a clinical assessment is lacking in the

literature, the optimization problem was conveniently cast as a eigenvalue problem.

In [35,36], HTP optimization routine based on the well-known time-reversal (TR) ap-

proach [37] are proposed. While very intuitive, straightforward and with a negligible

computational time, such approaches suffer from two main drawback: 1) the need of

the so-called time reversal mirror (i.e., a spherical applicator surrounding the region

under test), difficult in many cases, and 2) the impossibility of controlling hot-spot

arising. Among the others, a relatively recently proposed approach is the so-called

focusing via constrained power optimization (FOCO). In the first place, such an ap-

proach was proposed in the antenna framework for the optimal synthesis of pencil

beams [2]. The similar mathematical formulation of such a problem with the one at

hand led to its feasibility in HTP [19]. FOCO allows to focus the SAR distribution

in the target volume and at the same time enforce hot-spot-limiting constraints in

the healthy tissues. Being cast as a convex programming problem, FOCO does not

require global search algorithms and it delivers the globally optimal solution regard-

less of problem size (i.e., number of unknowns/antennas) or parameters tuning [19].

On the other side, as compared to TR-based approach, the computational time is

expected to be higher. Lastly, FOCO was shown to be relatively insensitive to un-

certainties on both thermal and electromagnetic [19]. However, the performance of

FOCO in a clinical setup is unknown.

1.2 The Hyperthermia Treatment Planning Work-Flow

Planning an hyperthermia treatment can be identified as a 6-steps procedure as shown

in Fig. 1.1. In the following we describe the clinical HTP workflow as implemented at

the Erasmus MC [20, 33]. While software or technical/technological implementation

could vary between institutions, the spirit as well as the outcome is to be considered

equivalent. In this thesis we specifically dealt with the very challenging clinical sce-

nario of patients with H&N cancer. As such, in the following, specific hints to this

case are given.

The first two steps aim at building up a 3-D patient specific model. This is created

by delineating the various tissues starting from computerized tomography scans and

making use of a custom atlas based auto segmentation routine followed by a manual

adjustment [38]. The segmented tissues of the generated 3-D patient-specific models

are then associated to group optimized constant electromagnetic and thermal tissues

parameters accordingly to [33,38,39]. Then, 3-D patient-specific models are imported
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Fig. 1.1. Schematic description of the HTP workflow

into a full wave numerical simulator and simulated together with the designed appli-

cator.

Many different phased array applicators have been developed and proposed so far

both for the deep pelvic and the H&N. Applicators vary in the number of antenna

as well as in antenna element in itself. Usually a water bolus fills the space between

the applicator and the patient to avoid undesired heating that may arise at the pa-

tient’s skin and to enhance electromagnetic coupling [40]. Examples are the RHOCS

system (18 antennas), the BSD-2000 Sigma-Eye (12 antennas), the AMCs systems

(4/8 antennas) [41], the H&N applicators from Trefná et al. (10/16 antennas) [42,43],

the hybrid MRI system (8/16 antennas) from the group of Winter et al. [44, 45].

For the H&N, the HYPERcollar3D is nowadays the only clinically tested applicator

world-wide.

The third step of HTP consists in design the applicator and to simulate it together

with the generated 3-D patient model. Using this setup, the total field is computed for

each antenna. The total electric field generated by each antenna are then used as ele-

mentary brick to be combined to generate the desired patient-specific heating pattern.

Hence, the fourth step of HTP consists in optimizing the SAR or the temperature to

determine the complex (phase and amplitude) excitation coefficients feeding the ap-

plicator. At the Erasmus MC, a in-house optimization routine has been implemented

and is nowadays clinically adopted for both deep pelvic and H&N hyperthermia. This
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optimization approach has been reported in the following paragraph since, in this

thesis, it has been used as a comparison benchmark.

Finally, the last two steps of HTP concern the evaluation of the treatment both

in terms of SAR and temperature by means of quality metrics which are known to be

correlated to good outcome of a treatment. These clinically adopted standard HTP

quality metrics [29] are reported and discussed in Appendix A.

1.2.1 Treatment Planning Approach: A Clinically Tested Example

A possible strategy, which is the implemented in clinical Visualization Tool for Electro-

magnetic Dosimetry and Optimisation (VEDO) is the so-called Target to Hot-Spot

Quotient PSO-optimized [33]. Such an approach is nowadays used in the clinic for

different applicators in both deep pelvic and H&N patients. In this paragraph some

details are given concerning this optimization approach since it was used as a com-

parison benchmark in the following analysis.

This approach is based on the notion that planning in hyperthermia treatment is

a multi-objective optimization problem with a twofold aim: 1) maximizing the SAR

within the target volume and 2) minimizing the SAR in hot-spots in healthy tissues.

Starting from this consideration, the cost function is the Target to Hotspot SAR

Quotient. This latter is defined as:

THQ =
< SARtarget >

< SARHS >
(1.1)

where < SARtarget > is the mean SAR in the target volume and < SARHS > is the

average SAR in hotspots, defined as the 1% volume of healthy tissue volume where

the highest SAR occurs [33]. Note, being the ratio of the average SAR in two different

volumes, THQ is a-dimensional.

This optimization problem is non-convex and it is tackled by a global optimizer.

Hereto, the well-known particle swarm optimization (PSO) was used exploiting ad-hoc

customized settings [33,46].

1.3 Structure and Relevance of the Thesis

While the debate on whether SAR-based or temperature-based optimizers have to be

considered still open, this thesis work is focused on SAR-based optimizers because of

its many attractive features as from Sect. 1.2. Amongst the many approaches proposed

in the literature, a relatively recently proposed approach is FOCO. An interesting

remark about FOCO is that it was firstly introduced by Isernia et al. [2] within the
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(a) (b) (c)

Fig. 1.2. Schematic view of the phased array applicator surrounding the domain of interest

(Ω) and of the target volume (HTV) in case a focused (a) or uniformly shaped (b) or multi-

spot focused (c) SAR distribution is desired.

framework of antenna synthesis problems. Because of its very general formulation,

FOCO is able to deal both with ultrasound and electromagnetic wave as well as

to be exploited within HTP. FOCO, indeed, aims at focusing the power deposition

within the HTV while constraining it to prescribed levels in the healthy tissues, i.e.,

limiting hot-spots. A relevant feature of FOCO is that it is formulated in terms of a

CP problem, hence it is operator-independent as it ensures the global optimality of

the solution regardless of the problem size/complexity. Here, for the first time FOCO

has been translated into the clinical work-flow and tested in 3-D patient models.

In this thesis, a clinical assessment have been pursued within the very challenging

clinical scenario of patients with H&N cancer. This scenario presents a very good

case for assessment of the benefit of novel HTP optimization routines. In fact, target

conformal heating is possible and therefore HTP is pivotal and routinely used [5] and

temperature simulations have been extensively validated and a dedicated set of tissue

properties are available [39]. Therefore, this scenario is highly suited for our aims

in terms of predicted treatment quality (SAR and temperature) and computational

costs. For benchmarking, we used the clinic adopted optimization routine, as presented

in [11] and reported in the previous Section.

Our clinical results suggested that the present optimization routines were not al-

ways able to successfully deal with the locally advanced tumors (i.e., the larger target

volumes). In other words, “just” focusing the SAR distribution in a target point set into

the HTV, schematically reported in Fig. 1.2.(a), was shown to be a sub-optimal solu-

tion for such challenging cases where a uniformly shaped SAR distribution is needed.

Hence, the novel paradigm of SAR shaping, as opposed to SAR focusing, is herein

proposed and tested. Hence, the work carried out is separated into two Chapters: one

including the optimization strategies aimed at focusing the SAR distribution and one
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Fig. 1.3. Graphical view of FOCO and its derivations.

including the optimization approaches aimed at shaping the SAR distribution over an

extend HTV possibly with irregular contours. Note, the shaping paradigm is not only

related to the generation of a uniformly shaped distribution but also of a multi-spot

focussed one as schematically shown in Fig. 1.2.(c). This could be of great interest

to large tumors at challenging locations with sensitive tissues, such as glioblastoma

multi-forme [47,48].

The proposed approaches are divided into the ones aimed at a focusing and the one

aimed at shaping the power deposition distribution, in Chapter II and in Chapters III-

IV respectively. In Chapter II, named Constrained Power Focusing, the general math-

ematical formulation of FOCO has been modified in order to address different clinical

needs. Versatility, amongst all, is the more remarkable feature of FOCO. Following,

Chapter III, named Un-Constrained Power Shaping contains an un-constrained SAR

shaping approach developed exploiting both the theoretical finding of this thesis and

the well-known TR method. However, besides the many remarkable perks of TR, its

intrinsic inability in controlling undesired heating triggered the development of the

only constrained shaping approach based on a convex-programming problem in the

literature, proposed in Chapter IV, named Constrained Power Shaping.

Three considerations are in order. Firstly, this thesis represent the creation of a

pool of different focusing/shaping strategies inspired by different clinical needs, at

the same time with a general methodological point of view leading to their possible

application in different fields. Second achievement of this thesis is that for the first time

in the Hyperthermia Community the problem of shaping, as opposed to focusing, the

power deposition has been recognized and properly tackled. Thirdly, a remarkable

novelty of this thesis is the introduction of constrained convex-programming-based

optimization strategies into the hyperthermia treatment planning framework. Lastly,

this thesis represents a solid merge between theory and application since the developed

methodologies were tested on actual patient data thanks to the collaboration with the

Erasmus MC.
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Besides the unconstrained shaping approach proposed in Chapter III, Figure 1.3

aims at giving a pictorial view of FOCO and its derivation proposed in this thesis.

Specifically, these are:

• multi-frequency FOCO (mf-FOCO), in Chapter I, is based on the idea that

hot-spot spatial collocations could change with frequency. Hence, exploiting such

a feature, adopting multi-frequency applicators one could (in principle) avoid hot-

spots occurrence (or lower their impact) [7].

• sparsity promoted FOCO (sp-FOCO), in Chapter I, was (recently) introduced

to address the need of “optimally” selecting the active elements of a given appli-

cator in a patient-specific fashion [49].

• multi-target FOCO (mt-FOCO), in Chapter IV, aims at uniformly shaping the

SAR over an extended possibly with irregular contours target area (i.e., late stage

tumors). Nowadays this task is not efficiently addressed by the clinically adopted

algorithms [11].



2

Constrained Power Focusing

In this Chapter three different optimization approaches addressing different clinical

needs are introduced and developed. The three constrained approaches aim at focusing

a wave-field in a target point and based on FOCO. In Sect. 2.1, the general formulation

of FOCO is reported together with a comparative clinical assessment against the op-

timization approach adopted at the Erasmus MC. Following, in Sect. 2.2, the problem

of optimally selecting a subset of antennas from an oversized applicator (where more

antennas than amplifiers are available) is tackled by merging FOCO with concepts

taken from the compressive sensing theory. Again, a comparative assessment against

the clinically procedure adopted at the Erasmus MC is provided. Finally, in Sect.

2.3, aimed at further decreasing undesired heating in healthy tissues, the extension of

FOCO to the case of multi-frequency electromagnetic field is reported together with

a proof of concept on 2D realistic phantoms. The mathematical formulation of the

proposed approaches (both in this Chapter and in the following) are reported under

a common mathematical framework which is briefly given in the following.

With reference to the scheme reported in Fig. 1.2.(a), and indicating r ∈ Ω a

generic point of the 3D region of interest (Ω), the SAR can be expressed as:

SAR(r) =
σ(r)

2ρ(r)

∣

∣E(r)
∣

∣

2
(2.1)

Where σ is the conductivity [S/m], ρ is the mass density [kg/m3] and
∣

∣E(r)
∣

∣

2
is the

squared amplitude of the total electric field generated by the “weighted” N monochro-

matic sources surrounding Ω.

Assuming Φn = Φx,nix + Φy,niy + Φz,niz the total electric field induced by the

unitary excited n-th antenna in Ω when all the other antennas are off, the overall

electric field, i.e., E = Exix+Eyiy +Eziz, in a generic point in the domain of interest

can be expressed as:

E(r) =
N
∑

n=1

InΦn(r) (2.2)
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where In(n = 1, 2, ..., N) represent the complex excitation coefficients of the signals

feeding the different applicators.

2.1 Focusing via Constrained Power Optimization

FOCO aims at focusing the power deposition onto a target location “properly” set

within the target volume, while constraining it to predisposed levels in the healthy

tissues to prevent treatment limiting hot spots. From the physical point of view,

FOCO pursues the focusing of the electromagnetic field pattern. Note the choice of

the target point is in some sense a “degree of freedom” of the procedure.

Considering a target point properly set within the target area, say rt ∈ Ω, a

generic constrained focusing problem could be stated as:

Determine the set of the array’s complex excitations coefficients such to maximize

the squared amplitude of the field in the target point, i.e.,
∣

∣E(rt)
∣

∣

2
, while enforcing

arbitrary upper bounds in the rest of the domain of interest.

This maximization problem is non-linear and belongs to the class of NP-hard

problems [23], since the considered cost functional
∣

∣E(rt)
∣

∣

2
is a non-negative quadratic

polynomial with respect to the unknowns In. As such, by using local optimization

procedures the global optimality of the solution is not ensured.

On the other hand, when one of the field components, (Ei(r)), can be considered

to be dominant above the other ones, FOCO circumvents the above difficulty by

exploiting the degree of freedom on the field phase reference, assuming that the field

in the target point is real [2, 19].

Under such a circumstance, the problem can then be stated as:

Find In (n = 1, ..., N) such to:

max{<{Ei(rt)}} (2.3)

subject to:

={Ei(rt)} =0 (2.4a)
∣

∣E(r)
∣

∣

2
≤MF(r) r ∈ Ω \Π(rt) (2.4b)

where <{·}, ={·} and Π(rt) represent the real part, the imaginary part and the target

volume, respectively.

As constraints (2.4a)-(2.4b) define a convex set in the space of the unknown un-

knowns [2], and considering that cost function (2.3) is a linear function of the un-

knowns, the overall constrained focusing problem can be now conveniently cast as a
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Fig. 2.1. Sketch of the mask function adopted for FOCO. CTV is in plain orange line, RS

in light purple, ΠFOCO in dotted blue and the target point as the blue dot.

convex programming problem. As such, the globally optimal solution can be efficiently

determined via local optimization procedures.

Note constraint (2.4b) allows to enforce an upper bound on the power deposition

outside the chosen target volume, Π(rt) ∈ Ω, by means of a non-negative function

MF(r) (a “mask" function). The “mask” function is a non-negative arbitrary function

that allows enforcing patient-specific constraints on the power deposition outside the

chosen target area. Higher weights can be applied to tissues exhibiting higher power

losses to counteract undesired heating.

The target volume ΠFOCO is defined as a non-isotropic volume expansion of the so-

called Hyperthermia Target Volume (HTV) which, following Radiotherapy, generally

corresponds to the Clinical Target Volume (CTV) [50]. Figure 2.1 schematically shows

how ΠFOCO was defined. Starting from the CTV delineation, the margins used by

ΠFOCO include the volume of a minimum focusing sphere, which we define as a

“resolution sphere” (RS). Considering the physical limitation of the focusing capability

of any phased array applicator in tissue, as theoretically and experimentally shown

in [51, 52], this RS is a sphere with a diameter of ≈ λm/3, being λm the wavelength

in a medium with average dielectric tissue properties. The RS is centered at the HTV

centre of mass, i.e. the “target point” (rt). Note that ΠFOCO is used only in the

optimization phase. All distribution evaluations have been done using the HTV for a

fair comparison.

2.1.1 Clinical Assessment

In the following we benchmarked FOCO to the clinical adopted procedure, i.e., THQ

PSO-optimized, detailed reported in Sect. 1.3.1. The considered dataset consists of

twelve 3D patient models generated during HTP for patients with H&N cancer that

were planned for treatment with the HYPERcollar3D and as from Sect. 1.3. The

comparison was carried out exploiting both SAR-based and temperature-based qual-
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Fig. 2.2. Temperature and normalized SAR distribution related to case A on a sagittal

view, and N on a coronal view obtained by means of THQ PSO optimized and FOCO.

ity metrics as reported in Appendix A. In the following the subscripts PSO and

FOCO have been added to indicate the metrics respectively related to the clinical

benchmark and FOCO. In this study, the planning results are ultimately evaluated

using the temperature distribution, which is simulated using the Penne’s Bio-Heat

Transfer Equation [53]. The temperature distribution was achieved by adjusting SAR

to a maximum of 44◦C in normal tissue, i.e. outside the HTV. Lastly, since opti-

mization time is relevant in a real-time re-optimization scenario, in this extensive

clinical assessment also the computational time has been monitored and indicated as

tFOCO and tPSO. All simulations are run on a pc equipped with an Intel Core i7-3770

(3.4GHz) CPU and 8GB of RAM.

In total, twelve patient models were included, of which one was planned for treat-

ment, but not treated due to insufficient TC25 (see Appendix A), and two patients

were treated using a reduced HTV. These cases where specifically included to investi-

gate if FOCO would not only improve the optimization of currently treated patients

but also enable to expand the number of treated patients.



2.1 Focusing via Constrained Power Optimization 15

Results

As an initial verification step, the Dice similarity coefficient1 [54] between ΠFOCO

and HTV was evaluated, obtaining a value of, i.e., ≈ 1, which demonstrates their

excellent overlap.

Table 2 and Table 3 report TC25, THQ, T50 and computational time, as well as

patient details including target volume size. The target volumes ranged from 19.1 to

287.1cm3. As expected, THQ for FOCO is on average ≈ 20% lower than THQPSO

coherently with the circumstance that THQ is the optimization parameter in the clin-

ical PSO-based strategy. Conversely, on average, target coverage and T50 were found

to be approximately equal, with a slight improvement with FOCO, since TC25FOCO

was 3% greater and ∆T50 increased by 0.05◦C. Moreover, the computational time

required by FOCO was 0.36± 0.14min, which is 44% lower than (0.61± 0.53min).

Figure 4.3 depicts the normalized SAR distribution and the inherent temperature

distribution obtained by means of FOCO and THQ PSO optimized for patient IDs A

and N. This figure shows that the optimization results for FOCO and THQ PSO are

indeed very similar in small tumors, but differ greatly in large tumors. Specifically,

FOCO provides a much higher SAR coverage in large target volumes, while reducing

SAR in normal tissue. Table 2 shows that FOCO indeed performs much better for

these patients, i.e. ∆TC25 = +5% and ∆T50 = +0.39◦C on average for patients A-C,

N and M. Note that the target volumes of this group are all larger then >40 cm3,

with an average volume size of 145.4± 111.6cm3.

Fig. 2.3 depicts the SAR and temperature comparison parameters for PSO and

FOCO. PSO was better in terms of THQ and the metrics were equal in terms of

TC25. In this figure, green circles have been added to mark the large TV cases.

Discussion

This analysis demonstrates the clinical capabilities of FOCO, a recently proposed

method for hyperthermia treatment planning, based on constrained SAR optimization

via convex programming. The assessment has been carried out in an actual clinical

scenario and the outcomes compared to the clinically used benchmark, i.e., THQ PSO

optimized planning [11]. The results, showed that, although FOCO overall performs

comparably to the benchmark, there is a tendency to outperform this benchmark for

target volumes above ≈ 40cm3 in terms of T50. In ≈50% of the analyzed cases (i.e.,

1 The Dice coefficient is a statistic used for comparing the similarity of two samples and

is equal to twice the number of elements common to two sets divided by the sum of the

number of elements in each set [54].
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(a) (b) (c)

Fig. 2.3. SAR and temperature distribution performances comparison on TC25 (a) and THQ

(b) and T50 (c). Note that the group of large targets contains untreated cases to analyze if

FOCO would enable treating these patients. Large target volumes have been marked with

additional green circles. Note, in (a) two cases are overlapped - see Table 1.

patient D to L) a negligible average difference was found on TC25, corresponding to a

∆T50 of 0.05◦C and to an average TV of 30±9cm3. In the remaining cases, related to

a bigger average TVs of approximately 145.4±111.6cm3, a ∆TC25 equal to +5% and

a ∆T50 equal to +0.39◦C was found. This analysis suggests that similar performance

can be achieved by the two planning approaches for the average target volume in

all locally-advanced diseases, whereas FOCO delivers a higher average for the larger

target volumes in this group compared to the THQ PSO optimized solution. On the

other side, the discordant results found for patient D and M indicate that further

investigations are needed to better evaluate the large target volume threshold.

In alignment with the study of Wust et al. [55], we found that performance of THQ

based optimization is worse for larger and more complex HTVs. Notably, a crucial

aspect of SAR optimization is the proper choice of the cost function, as the problem

is multi-objective. In the case defocusing is needed, as required for a relatively small

wavelength relative to the target region area, optimizing the THQ yields sub-optimal

solutions, see Fig. 2. Interestingly, the possibility of achieving a tighter control on the

spatial distribution of SAR, by properly positioning the target point exploited by the

FOCO procedure, would allow to overcome such a limitation.

In the current study, we used SAR optimization and exploited temperature sim-

ulations for relative assessment of optimization performance. The reason for this ap-

proach is that current temperature simulations are prone to severe uncertainties due

to uncertainties in tissue cooling parameters, which can vary in time, within tissues,

between tissues and between patients. The impact of tissue cooling uncertainties for

H&N hyperthermia are unknown. For deep pelvic hyperthermia, Canters et al. [29]

have shown that large uncertainties of thermal properties denies the benefit of opti-
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Patient ID Tumor Location TV [cm3]
TC25 [%] THQ [-] T50 [oC]

PSO FOCO PSO FOCO PSO FOCO

A NNM 54.1 80 73 1.29 1.01 40.01 40.18

B* Oropharynx 239.4 72 78 0.94 0.99 40.01 40.41

C** Larynx 40.1 70 81 1.70 1.19 37.97 39.01

D NNM 34.3 80 88 1.55 1.10 40.33 39.88

E PG 36.6 98 98 0.89 0.91 40.71 41.46

F Oropharynx 34.5 79 76 0.86 0.66 40.17 39.48

G Oropharynx 28.0 100 100 1.27 1.21 40.77 40.47

H Hypopharynx 43.4 97 98 1.54 1.38 41.43 41.03

I Oropharynx 19.1 100 100 1.23 1.16 41.38 41.77

L Oropharynx 21.8 98 94 1.10 0.88 42.17 41.39

M Oropharynx 106.5 88 78 0.99 0.93 40.24 40.04

N** NNM 287.1 24 50 1.18 0.74 38.23 38.79

mean 78.7±89.7 82±21 85±15 1.21±0.28 1.01±0.21 40.28±1.21 40.33±0.96

mean(TV >40cm3) 145.4±111.6 67±25 72±12 1.22±0.30 0.97±0.16 39.29±1.10 39.64±0.73

Table 2.1. Patient and treatment characteristics, i.e. tumor volume, location, TC25, THQ

and T50 for the analyzed HTP approaches. The patient indicated with ∗ was planned for

treatment with the HYPERcollar3D, but not treated due to insufficient TC25. Patients in-

dicated with ∗∗ were treated using a reduced HTV, which was smaller than the radiotherapy

treatment volume. NNM and PG stand respectively for Neck Node Metastasis and Parotid

Gland.

mizing the temperature distribution. Also, Drizdal at al. [56] found large differences

between predicted target coverage for different thermal tissue property models, but

a strong correlation between the coverage derived from SAR and H&N specific con-

stant tissue cooling base temperature predictions, as also used in the current study.

These results shed a different light on the ongoing debate on SAR or temperature

optimization. They also stress the crucial importance of more research on the valida-

tion of thermal modelling and on the assessment of dynamic, temperature dependent,

tissue cooling properties. In future, with increasing knowledge on temperature depen-

dent and transient tissue cooling properties, temperature optimization is generally

expected to start replacing SAR optimization. However, given the large uncertainties

in the currently available tissue properties at present, temperature predictions are

primarily useful for comparative dosimetry, as also indicated by [57].

In the comparison, the common inability to define optimal treatment outcome was

faced. In the clinic, thermal dose effect relations advocate the use of CEM43◦CT90 [58]



18 2 Constrained Power Focusing

Patient ID t [min]

PSO FOCO

A 0.40 0.28

B* 0.49 0.41

C** 0.65 0.26

D 0.30 0.40

E 0.50 0.24

F 0.42 0.33

G 0.52 0.33

H 0.43 0.25

I 0.51 0.41

L 0.49 0.38

M 2.28 0.32

N** 0.39 0.77

mean 0.61±0.53 0.36±0.14

Table 2.2. Computational times related to the analysis reported in Table 2.3.

and/or T50 [59]. In contrast to measurements, which are often from a limited number

of locations, thermal modelling holds the advantage that techniques can be compared

using the full 3D distribution. Unfortunately, thermal modelling is prone to severe

thermal tissue property inaccuracies and hence temperature simulation accuracy is

limited [60]. Current thermal modelling ignores the considerable impact of the temper-

ature dependence of the tissue properties [39], which can seriously hamper technology

comparisons [56]. In this work, we analyzed both temperature (T50) and SAR (THQ,

TC25) quantifiers. Power was increased in the temperature simulations until the max-

imum temperature in normal tissue reached 44◦C, to match the clinical procedure in

patients are treated up to feedback by complaints. As such, we focussed our attention

to relative differences rather than absolute values. Note that, for the particular case

of H&N hyperthermia, Verhaart et al. [39] showed that T50 can be predicted with

a median accuracy of 0.8◦C, even when ignoring thermoregulation. Hence, our simu-

lations are expected to be sufficiently predictive since the tissue cooling values have

been specifically optimized for the H&N. By exploiting both SAR and temperature

indicators, we assume that our analysis provides the optimal combination of relative

metrics to compare optimization performance from a clinical point of view.

While FOCO delivers the globally optimal solution of its optimization functional,

in practice THQFOCO values were lower than THQPSO. Of course, THQ represents

the cost function in PSO in the current clinical procedure, whereas FOCO incorpo-
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rates a different cost function. Hence, THQ would be a biased quantifier for com-

parisons between THQ PSO and FOCO. Moreover, looking at the relation between

THQ and T50 in H&N hyperthermia, it is questionable whether higher THQ values

are necessarily related to a higher performance in terms of T50. Hence, while THQ

unquestionably is a relevant optimization function and predictive for T50 (in deep

pelvic hyperthermia [29]), our investigation suggests that a work similar to the one

in [29] needs to be carried out for the case at hand. Additionally, the conflicting re-

sults between the SAR and temperature metrics related to case A, depicted in Fig.

4.3, suggested a possible hybrid FOCO optimization procedure that exploit the fast

SAR optimization with a mask function created on the basis of the temperature field

hot-spots. Concerning the results of case A, it is possible to state that while FOCO is

outperformed on TC25, this does not hold true on the temperature quantifier, T50.

From a computational point of view, FOCO is approximately 44% faster than

THQ PSO. Since FOCO is cast as a convex programming problem, it does not ex-

ploit global optimizers that may suffer from larger computational times. In addition,

global iterative optimizers may also suffer from sub-optimal solutions which, depend-

ing on the optimization space, could lead to a lower reproducibility. On the other side,

FOCO is able to reduce computational time and ensure a less operator-dependent so-

lution. From a clinical prospective, the improvement of the computational time goes

towards the real-time adaptation of the administered heating, e.g., in case of patients

complains. Moreover, in such a case an additional constraint on the sensitive area

would be enforced. Assuming that the new constraints would not deliver an optimiza-

tion result far from the previous one, FOCO can take profit from such a circumstance

(using the first optimization solution as an improved initial guess) and further reduce

the computational time. The same approach is impossible using global optimizer.

Moreover, accordingly to the clinic practice, in the present work a voxel size equal

to 5 × 5 × 5mm has been adopted to keep the computational time of THQ-PSO

optimized curbed. On the other side, FOCO would allow to increase the resolution

(i.e., using a smaller voxel size) as well as an higher number of antennas at a limited

increase of the computational time. Such a feature is of particular interest in mag-

netic resonance compatible applicators with PCB2 type antennas [61]. In this case

higher requirement in terms of resolution for the treatment planning are needed [62].

Here also the inevitable impact of electromagnetic and thermal uncertainty of tissue

parameters on both FOCO and THQ PSO must be taken into account, to better

understand the combined impact. Finally, note that GPU3 implementation is feasible

2 Printed Circuit Board
3 Graphic Processor Unit
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also for FOCO, and future plans are aimed at comparing optimization time improve-

ment against THQ PSO.

Another improvement in FOCO could be the extension to all three components of

the field. FOCO, indeed, is assuming that the axial component of the electric field was

dominant above the others. Hence, even though the amplitude of the z-component

was on average 3± 0.8 times greater than the x- and the y-component in the FOCO

target point, FOCO performance versus PSO optimization could be improved when

applied on three components of the field. This could, for example, affect the analysis

of patients A and N, where the polarization may play a relevant role. Hence, we can

conclude that further improvements could be achieved by exploiting the full vector

nature of the field, determining the field intensity polarization in the target point

leading to an improved power deposition distribution [63].
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2.2 Sparsity Promoted FOCO for Antenna Selection

Accurate pre-treatment optimization and real-time adaptations of the administered

heating includes the optimally design of both the applicator and the complex excita-

tions (phases and amplitudes) feeding its elements [5].

Parallel to an optimal planning strategy (either SAR- or temperature-based), the

second key ingredient of hyperthermia is the proper design of the phased antenna

array applicator. Hereto, constructive interference of fields radiated by each antenna

is exploited to maximize the SAR in the target area while avoiding over-heating of

the healthy tissues, i.e., hot-spots. This task involves different design parameters. By

increasing the frequency, for instance, a more target conformal heating pattern can be

achieved, although a price is paied in terms of a reduction of the penetration depth

(thus lower SAR levels). For a fixed frequency, the heating pattern can be optimized

by both increasing the number of transmitting elements (coherently with [64]) and/or

optimizing the array geometry [65].

The need of treating tumors positioned in different anatomical regions triggered

researchers to propose different applicators with various geometries, (larger) antenna

element number and working frequency, e.g., the RHOCS system (18 antennas), the

BSD-2000 Sigma-Eye (12 antennas), the AMCs systems (4/8 antennas) [41], the head

and necks applicators from Trefná et al. (10/16 antennas) [42, 43], the hybrid MRI

system (8/16 antennas) from the group of Winter et al. [44, 45] and the HYPERcol-

lar3D (20 antennas) [40]. As a general concern, given the necessary patient-specific

aspect of the problem, increasing the number of radiating elements may represent a

straightforward strategy to improve SAR levels into arbitrary positioned hyperthermia

target volume (HTV), as it would enable a larger number of degrees of freedom read-

ily available for the optimization. However, each radiating element requires a power

amplifier which, because of the required specifics, has a non-negligible impact on the

overall system cost [40]. As a result, taking into account that only a limited number

of amplifiers are usually available, and that each treatment is strongly case-specific,

the development of an antenna selection procedure is advisable.

The problem we are dealing with is that of minimizing/reducing the arrays active

elements number able to maximize the SAR within the target volume and, at the same

time, avoid undesired heating in heathy tissues. Hence, the sparsity of the solution,

i.e., the complex excitation coefficients, has to be promoted. Hence, many concepts

can be profitably borrowed from the CS theory [49,49,66,67].

In the following, we present and test the feasibility of a novel optimization tool that

is able to optimally select a desired number of active antennas from a given applicator
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able to maximize the SAR deposition in the HTV while avoiding hot-spot occurrence.

The proposed sparsity promoted FOCO (SP-FOCO) determines the optimal active

elements configuration (and the corresponding excitations) exploiting possible con-

structive and/or destructive interference of the fields generated by each element of a

given applicator. The development of the proposed approach takes advantage both

from FOCO and from the CS theory [49].

2.2.1 The proposed approach

The proposed approach is based on FOCO. Hereto, enforcing that just a certain

number of antennas (L) from the whole set (Nwa) has an excitation different from

zero could be formulated as:

Find In (n = 1, ..., N) such to:

max{
∣

∣E(rt)
∣

∣

2
} (2.5)

subject to:

∣

∣E(r)
∣

∣

2
≤MF(r) r ∈ Ω \Π(rt) (2.6a)

‖In‖l0 ≤L (2.6b)

where ‖·‖l0 is the pseudo l0 norm (counting the number of elements different from

zero in the sequence) [66].

Unfortunately, the optimization problem (2.5-2.6a,b) would be a very hard one

(belonging to the NP-class hard class [23]). Analogously to FOCO, a first simplifi-

cation can be gained when one of the field components (Ei(r)) can be considered to

be dominant above the other ones. Then, it is possible to borrow from the CS the-

ory [49,66,67] the circumstance that in optimization (or reconstruction) problems the

l0 pseudo-norm can be often and conveniently relaxed into the l1-norm. Interestingly,

provided a number of hypothesis are fulfilled [49, 66], such a relaxation is “free of

charge”, in the sense that the global optimum of the original problem holds true.

Hence, by exploiting the above relaxation of the cost function and of the con-

straints, formulation (2.5-2.6a,b) can be conveniently written as:

Find In (n = 1, ..., N) such to:

max{<{Ei(rt)}} (2.7)

subject to:

={Ei(rt)} =0 (2.8a)

∣

∣E(r)
∣

∣

2
≤MF(r) r ∈ Ω \Π(rt) (2.8b)

‖In‖l1 ≤ε (2.8c)
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where ε is a tunable parameter.

Constraints (2.8a)-(2.8c) define a convex set in the space of the unknowns [2].

The cost function (2.7) is a linear function of the unknowns. Hence, formulation

(2.7, 2.8a,c) is now again conveniently cast as a CP problem. As such, the globally

optimal solution can be efficiently determined via local optimization procedures. An

alternative formulation to SP-FOCO would aim at determining the minimum number

of active antenna elements (and the corresponding In) able to deliver a certain a-priori

known optimal SAR distribution.

The proper tuning of the sparsity parameter ε has a pivotal role in the optimization

process [67–69]. In our specific application, we aim at selecting NA antennas out of

the Nwa elements of the whole array. As such, large values of ε will determine a

large number of complex excitation coefficients different from zero, i.e., a number of

antennas possibly larger than required. In a dual fashion, small values of ε would

imply not taking advantage from all the available amplifiers. A possible choice is to

set ε equal to a fraction of εwa defined as the average ‖Iwa
n ‖l1 , where Iwa

n are the

complex excitations coefficients obtained when optimizing the whole applicator [67].

Hereto, an intuitive choice could be to set ε equal to NA/Nwaεwa.

A common practical drawback of sparsity-promotion-based approaches, regardless

of the procedure adopted to properly set the ε, is that they aim at setting to zero

a certain amount of complex excitation coefficients, but, the actual number is not

ensured. Therefore, in order to tackle such a limitation, a two step procedure has

been devised and schematically depicted in Fig. 2.4. Indicating with NA the number

of available amplifiers, the procedure can be schematized as follow:

Fig. 2.4. Schematic view of the proposed SP-FOCO. M indicates the number of active

elements identified by SP-FOCO and NA the desired number of active elements, i.e., the

number of available amplifiers
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1. The complex excitations coefficients In are determined through the proposed SP-

FOCO;

2. Evaluation of M : the number of excitation coefficients different from zero;

3. If M ≤ NA: M antennas can be exploited in the treatment;

4. If M > NA: a thresholding procedure is applied [67];

In case the number of active antennas is larger the available amplifiers, i.e., M > NA,

our thresholding procedure aims at setting to 0 the M−NA antennas exhibiting lower

weights in terms of |In|, as schematically depicted in Fig 2.4.

(a) (b)

(c) (d)

(e) (f)

Fig. 2.5. Comparison of SAR-based quality parameter achieved with SP-FOCO and

FOCODSIA on TC50 (1st column) and THQ (2nd column) concerning ε1 (1st row),ε2 (2nd

row) and ε3 (3rd row). Cases where M = 12, M = 11 or M = 10 are marked with additional

light blue, pink and green circles, respectively.
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2.2.2 Evaluation Setup

The considered dataset consists of fifteen 3D patient models generated during HTP for

patients with H&N cancer that were planned for treatment with the HYPERcollar3D

and as from Sect. 1.3.

In order to quantitatively evaluate the proposed approach, the SAR pattern was

optimized through both SP-FOCO and FOCO exploiting the antenna selection pro-

cedur presently adopted at the Erasmus MC, where a selection procedure has been

devised for the HYPERcollar3D applicator [40]. This applicator consists of a ring-

shaped phased array made up by twenty patch antennas. Since twelve amplifiers are

available, twelve out of the whole available array elements are selected individually

for each patient. The clinical antenna selection approach identifies antenna-wise the

twelve Dominant SAR Inducing Antennas (DSIA) within the HTV. This procedure,

while being very intuitive, may suffer from the drawback of not exploiting interferences

of the electromagnetic fields generated by different antenna subsets. As a matter of

fact, destructive interference of fields generated from two antennas far from the HTV

could counteract (or even avoid) hot-spot occurrence.

Different ε values have been tested. Accordingly, we considered ε1 = 12/20εwa,

ε2 = 11/20εwa and ε3 = 10/20εwa. Here, εwa was evaluated as the ‖Iwa
n ‖l1 averaged

on 15 patients where the Iwa
n have been obtained optimizing through FOCO when

considering 20 antennas.

The comparison was carried out exploiting both SAR-based and temperature-

based quality metrics as reported in Appendix A. Let us stress that these standard

SAR-based quality metrics, implemented in the clinical tool VEDO, are used for clini-

cal decision making and patient inclusion as they have been correlated to temperature-

based quality metrics [29,70] which have been previously shown predictive for clinical

outcome [22,29,58,71,72].

Finally, in order to quantitatively assess the impact of the thresholding procedure,

the so-called thresholding error has been introduced and evaluated. Such a metric

indicates the percentage of the truncated energy of the complex excitations, evaluated

as the ‖·‖l2 .

2.2.3 Results & Discussion

In this study, we have demonstrated the interest of SP-FOCO as an innovative ap-

proach for hyperthermia treatment planning, based on SAR constrained optimization

via convex programming and the compressive sensing theory. The assessment has
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Fig. 2.6. Normalized SAR distribution related to case A and B on a axial view obtained by

means of FOCODSIA and SP-FOCO

been carried out in an actual clinical scenario and the outcomes compared to the clin-

ically used antenna selection procedure, i.e., choosing as the dominant SAR inducing

antennas [40]. The results showed that on average the proposed approach is able to

outperform, although not by far, the adopted benchmark. Investigating various spar-

sity promoting parameter values, ε, had a twofold outcome: first, it helped setting the

most suitable value of such parameter for the case at hand and, second, it suggested

the proposed approach as an applicator design procedure, aimed at determining both

the optimal number and position of radiating element starting from the patient data.

Figure 2.5 depicts the results obtained by means of both FOCO and SP-FOCO

when adopting ε1, ε2 and ε3. Each graph reports the comparison of one SAR-based

quality metric. In each sub-graph, each star represents one patient. Hence, all the

cases in which stars appear in the upper (white) triangle SP-FOCO is outperforming

FOCODSIA. According to theory, by lowering the sparsity parameter the number of

active elements was reduced. When exploiting ε1, the procedure was able to identify

two cases in which the number of active elements was exactly equal to the available

amplifiers, i.e., M=12 - see Fig. 2.9. Surprisingly, when exploiting ε2 and ε1, the

number of active elements in those cases is M=11 and M=10 which is lower to the

available amplifiers - see Fig. 2.9. However, in the other cases where a soft thresholding

procedure was applied, the truncation error was always found to be below 1%.



2.2 Sparsity Promoted FOCO for Antenna Selection 27

Interestingly, the antenna selection process pursued by the proposed SP-FOCO

is never equal to the clinically adopted process, i.e., the DSIA ones. In particular,

two different scenarios can be identified: the deep-seated HTVs and the one closer to

the skin surface. Results related to one patient for each case, A and B, have been

reported in Figs. 2.7 and 2.6. Here, we reported for both cases the |In| obtained

through FOCODSIA and SP-FOCO exploiting ε1 and the induced SAR distributions.

Clearly, in the first case, choosing the antennas inducing the average higher SAR in

the HTV is a physically meaningfully procedure. However, while a different, still very

similar, antenna subset are selected, results are approximately equal (only ∆THQ

was found ≈ +4%). On the other side, SP-FOCO improvements are more evident in

the case of the deeper seated tumors. In reference to case B, indeed, both the active

radiating elements and the resulting SAR pattern are very different (∆T50 ≈ +14%

and ∆THQ ≈ +4%) - see Fig. 2.7 and 2.6.

(a) (b)

(c) (d)

Fig. 2.7. Normalized excitation coefficients evaluated through SP-FOCO (1st row) and

FOCODSIA (2nd row) for patient A and B, 1st and 2nd column, respectively.

When comparing FOCO with SP-FOCO results, on average, show a difference of

1% for TC25 and TC75. A more significant improvement has been observed for THQ

(≈ +4%) and for TC50 which, amongst all, was shown to be the most temperature

predictive [70]. Improvements on TC50 equal to +6%, +5% and +4% were found when

exploiting respectively ε1, ε2 and ε3. These promising results proved the feasibility of

exploiting the CS theory in HTP. However, there are few cases in which performances

are not improved. This can probably be the price of considering the ‖·‖l1 rather than

the (pseudo-) ‖·‖l0 . According to the CS theory, in order to deal with sparse signals,

one should consider the‖·‖lp where p should be as small as possible (but > 0) [73]. On
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the other side, the set defined‖·‖lp is not convex as long as p < 1, so the optimization

problem would be cast as a hard one [66,73].

Finally, it is worth noting that in this feasibility study we decided not to assess

performance of SP-FOCO as compared to the clinical optimization routine [11]. Here,

indeed, one component of the field was assumed to be dominant amongst the others.

In [74], we showed that within the HYPERCollar3D, the field component along the

main axis of the patient is the dominant one by approximately a ratio of 3 ± 0.8.

However, the clinical optimization routine, optimizes the SAR distribution taking into

account the whole vector nature of the electric field. Hence, since field depolarization

could be exploited towards a “more optimal” solution, in this feasibility study we

avoided such a biased comparison. However, let us note that the extension to the case

of vector field, while computationally more onerous, is straightforward following the

guidelines in [63].
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2.3 Multi-Frequency FOCO

The idea to adopt multi-frequency applicator was firstly proposed by Trefná et al. [42].

Then, in [34], multi-frequency-based HTP was introduced under the assumption that

this could decrease undesired heating in healthy tissues [34]. Under the assumption

that the collocation of undesired hot spots will change with frequency, one can possibly

exploit this additional degree of freedom to lower the hot-spot occurrence outside the

target volume. Notably, one does need wide-band antennas, as dual frequency or multi

band antennas (which are widely diffused in the telecom applications) are sufficient.

However, the procedure presented in [34], similarly to the TR-based one very recently

proposed by Trefná et al. [75, 76], cannot guarantee the avoidance of such hot-spots.

In the following, starting from the FOCO theory and exploiting a multi-frequency

applicator4, an innovative multi-frequency approach, the multi-frequency FOCO (mf-

FOCO) is herein detailed and discussed. Similarly to FOCO, this strategy allows to

achieve a focused SAR distribution in correspondence of a given target point located

within the tumor, while constraining the power distribution deposition elsewhere.

In addition, by exploiting frequency diversity, it also allows achieving the maximum

possible separation between the main SAR peak, in the target point, and the secondary

hot-spot. Furthermore, by recurring to some simplifying still reasonable assumption,

the proposed multi-frequency approach reduces to a CP problem and, as such, it

delivers an optimal solution to the problem.

2.3.1 The proposed approach

With reference to the above described scenario, let us now consider the N elementary

electric sources operating at different frequencies. In the following we dealt with scalar

field and for sake of a cleaner notation we dropped the i, still referring with E to

the dominant field component. Notably, hints on the extension to the case of vector

fields are deferred to the conclusion. Hence, without loss of generality, let us initially

deal with just two frequencies, say fA and fB , and let EA(r) =
∣

∣EA(r)
∣

∣ ejφA and

EB(r) =
∣

∣EB(r)
∣

∣ ejφB be the corresponding steady state (phasor) fields at the two

frequencies. Neglecting the beating terms giving a null contribution when averaging

over the whole treatment duration, the overall SAR distribution in a generic point is

given by:

SAR(r) =
1

2

σ

ρ

(

∣

∣EA(r)
∣

∣

2
+
∣

∣EB(r)
∣

∣

2
)

(2.9)

where, by sake of simplicity, an average electric conductivity has been considered.

4 We assume different excitations are used at the different frequencies.
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Fig. 2.8. Geometrical representation of the adopted relaxation. The l2 and l1 iso-norms,

defined as the real part of the field in the target point at the two different frequencies, are

sketched.

The multi-frequency focusing problem can be then formulated as:

Determine IAn and IBn n = 1, 2, ..., N such to:

max
[

∣

∣EA(rt)
∣

∣

2
+
∣

∣EB(rt)
∣

∣

2
]

(2.10)

subject to:

∣

∣EA(r)
∣

∣

2
+
∣

∣EB(r)
∣

∣

2
≤ UB(r) r ∈ Ω \Π(rt) (2.11a)

Notably, eq. (2.9) holds true whatever the phase shift φA − φB . Hence, by using

different excitations, say {IAn } and {IBn } at the two different frequencies, it is possible

to set the phase reference φA and the phase shift φB − φA in such a way that the

corresponding phasor fields are both real and positive at the target point, allowing

a significant simplification of the optimization problem. Consequently, the overall

approach can be re-cast as:

Determine IAn and IBn n = 1, 2, ..., N such to:

max
[[

<{EA(rt)}
]2

+
[

<{EB(rt)}
]2]

(2.12)

subject to:

={EA(rt)} =0 (2.13a)

={EB(rt)} =0 (2.13b)

∣

∣EA(r)
∣

∣

2
+
∣

∣EB(r)
∣

∣

2
≤ UB(r) r ∈ Ω \Π(rt) (2.13c)

This latter, while easier to be optimized as compared to problem (2.10-2.11a), is

still a NP-hard problem. To circumvent this difficulty, let us suppose that the two

frequencies contribute by a similar amount to the cost functional (2.10). Accordingly,

we can conveniently introduce the relaxed functional:
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max
[

<{EA(rt)}+ <{EB(rt)}
]

(2.14)

which is linear in the unknowns.

In fact, (see Fig. 2.8 for a better comprehension), as long as <{EA(rt)}/<{EB(rt)} ≈

1 the optimization of the l2 norm (2.10) can be well approximated by optimization of

the corresponding l1 norm (2.14).

Finally, the resulting linearly-relaxed cost function (2.14), together with con-

straints (2.13a-2.13c), again allows one to deal with a CP problem which can deliver

the globally optimal solution by means of off-the-shelf local optimization procedures.

Note that, to further improve performances, the globally optimal solution of prob-

lem (2.14, 2.13a-2.13c) can be possibly used as an optimal-biased initial guess for the

original problem (2.12, 2.13a-2.13c).

The extension of the proposed mf-FOCO approach can be generalized to the case of

more than two frequencies in an easy fashion. The extension to the case of vector fields,

while conceptually straightforward, is instead more computationally cumbersome, as

one also has to determine the optimal polarization for each single frequency. Such a

strategy can be developed along the guidelines of [77,78].

2.3.2 Preliminary Assessment

In this section we present the results of an extensive numerical campaign aimed at

validating the proposed mf-FOCO as a promising tool in HTP.

In this thesis, the proposed approach has been tested as opposed to monochromatic

FOCO and to a different multi-frequency procedure proposed in [19]. This latter

consists in overlapping the focused SAR distribution gathered by means of the FOCO

technique independently applied at the different frequencies. This simple scheme, from

now on termed independent multi-frequency FOCO (i-mf-FOCO), while easy to be

implemented, requires to solve a number of convex programming (CP) problems equal

to the number of frequencies and it still does not allow to guarantee any constraint

on the power deposition outside the target area.

In the following, after a description of the numerical test bed, we reported the

results of our analysis in terms of SAR and temperature distribution.

The adopted numerical test bed

The test-bed used in this study is made up by 2-D breast phantoms derived from the

anatomically and electromagnetically realistic 3-D phantoms provided by Wisconsin

repository [79]. The phantoms are representative of four virtual patients characterized
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by fatty, scattered fibroglandular, heterogeneously dense, and very dense breast com-

positions. They are, respectively named: Breast Class (BC) I fatty breast (slice 155

- phantom ID:071904); BC II scattered fibroglandular breast (slice 158 - phantom

ID:012204); BC III heterogeneously dense breast (slice 100 - phantom ID:080304)

and BC IV very dense breast (slice 100 - phantom ID:012304).

The original phantoms are referred to healthy patients and therefore a circular

inclusion, of radius ≈ 0.5cm, simulating a tumor has been inserted in the breast model.

In order to cover all the realistic possibilities, for each phantom two different tumor

positions have been considered: an intra-glandular tumor and an extra-glandular one.

Tumor dielectric properties have been set accordingly to the literature adopting a

single-pole Debye dispersion characteristic [80].

The breast is supposed to be surrounded by a matching and/or cooling liquid

aimed at both reducing the reflection at the breast surface and keeping the skin

temperature curbed. Following [81,82], the relative permittivity and the conductivity

of such a background medium have been set equal to 18 and 0.1S/m, respectively.

Note such a background medium can be realized by proper mixtures of Triton-X and

water. Triton-X is a safely handling non-ionic detergent, so that it can be actually

used to obtain the background medium permittivity as in the simulations.

The applicator is supposed to be a circular array of elementary (filamentary)

currents surrounding the breast phantom with a radius ≈ 14cm. The number of array

elements, N , has been determined according to the theory of Degrees of Freedom

(DoF), [52,64], in order to provide optimal performances while not being redundant.

In the following numerical examples, performed at fA = 1.25GHz and fB = 1.75GHz,

the number of array elements has been set as the average of the degrees of freedom

related to each frequency, respectively equal to N ≈ 2βa, where β = 2π/λ is the

real part of the wave number in the background medium and a is the radius of

the minimum circle enclosing the region to be treated. Thus, considering an average

breast dimension of ≈ 7cm, N has been set equal to 28. Note that fA and fB have

been chosen, following [19], on the basis of a trade-off between penetration depth and

resolution.

Electromagnetic Focusing: Results Analysis

By sake of brevity, Fig. 2.9 depicts some of the normalized SAR distributions achieved

by means of mf-FOCO at fA ∪ fB for both the intra- and extra-glandular case. As

expected, the SAR distributions are peaked into the target point and the maximum

hot-spot amplitude, even in the worst case, is kept below 31%. Notably, it drops of
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(a) (b)

(c) (d)

Fig. 2.9. Normalized SAR distribution achieved with the proposed mf-FOCO exploiting

fA and fB . Intra-glandular tumor case (1st row) is reported for fatty and scattered fibrog-

landular breast (a and b, respectively) whereas the extra-glandular tumor case (2rd row)

for heterogeneously dense and very dense breast (c and d, respectively). Breast shapes and

target area contours are reported by black and blue lines, respectively.

(a) (b)

Fig. 2.10. Maximum SAR side peak obtained by means of monochromatic FOCO at fa

and fb (green and light blue dashed line, respectively), i-mf-FOCO and mf-FOCO at fa+fb

(yellow and dark blue dashed line, respectively) for both intra-glandular (a) and extra-

glandular (b) tumors.

≈ 10 − 15% on average with respect to monochromatic FOCO or i-mf-FOCO. Note

that the mask function herein adopted has been ad-hoc tailored on the requirements

of each specific case. In particular, a difference equal to −3dB has been set between

adipose an fibroglandular tissue to counteract the higher losses exhibited by this lat-
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(a) (b)

Fig. 2.11. Maximum SAR side peak obtained by means of the proposed mf-FOCO exploiting

from 1 (set a) to 5 (set e) frequencies in the range 1−2GHz (with a step equal to 250MHz)

for both intra-glandular (a) and extra-glandular (b) tumors.

ter. A performance comparison between mf-FOCO and both monochromatic FOCO

and i-mf-FOCO has been carried out. In particular, the different normalized SAR

distributions have been compared. In Fig. 2.10, we report the maximum hot-spot am-

plitude for all the considered cases. The results confirm the optimality of the SAR

distribution (in terms of minimal hot-spot) achieved by means of the proposed tech-

nique. In a restricted number of cases the i-mf-FOCO exhibits good performances,

but it cannot avoid undesired SAR peaks.

The second goal of this study was aimed at assessing the effect of using more

than just two frequencies. To this end, different frequencies sets have been considered

in the frequency range [1 − 2]GHz. Starting f = 1GHz, set a, we progressively

increase number of frequencies with a 250MHz step, until we reach 2GHz (set e, 5

frequencies). The number of sources adopted for this study has been kept constant

and equal to 28. The results of such analysis are depicted in Fig. 2.11, where we

report the hot-spot amplitude obtained with mf-FOCO for all the considered cases

(i.e. breast class/tumor position). Notably, the possibility of decreasing the hot-spot

prominence by exploiting frequency diversity is bounded. A saturation type trend can

be, indeed, identified since no meaningful improvement can be achieved with more

than 3 frequencies. Of course, the choice of the working frequencies plays a relevant

role. However, in view of the initial aims of the study, such a point is not further

developed herein.

Thermal Focusing: Results Analysis

The thermal distributions corresponding to the above cases and solutions have been

obtained by solving the Pennes’ Bioheat Transfer equation [53]. The thermal problem
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(a) (b)

(c) (d)

Fig. 2.12. Temperature distribution corresponding to the SAR distribution shown in Fig.

2.9. Intra-glandular tumor case (1st row) are reported for fatty and scattered fibroglandular

breast (a and b, respectively). Extra-glandular tumor case (2rd row) are reported for hetero-

geneously dense and very dense breast (c and d, respectively). Breast shapes and anatomical

structure are reported in gray.

has been numerically solved by means of the Comsol Multiphysics BioHeat Transfer

Module exploiting the typical average values for breast tissues [79, 83], as reported

in [19], and considering a 50−min treatment [5,19]. The effect of the cooling (15◦C)

medium on the skin has been modeled by imposing convective boundary conditions

with a convective coefficient of 300W/m2K [83]. The heating potential, entry of the

Pennes’ Bioheat Transfer equation, has been empirically determined in such a way to

achieve a temperature at the desired focus, rt, of ≈ 45◦C [19]. Note that this operation

simply corresponds to scaling the antenna excitations, i.e. {In}, so that the achieved

temperature distribution corresponds to the appropriately scaled array excitation set.

For the sake of comparison the thermal analysis has been conducted by exploit-

ing the above mentioned monochromatic and multi-frequency approaches considering

both an intra- and an extra-glandular tumor for all the different BCs. Figure 2.12

depicts the temperature distribution, obtained by means of the proposed mf-FOCO

approach at fA ∪ fB , related to the SAR distributions as shown in Fig. 2.9. To better

appreciate from a visual point of view the resulting temperature distribution, differ-

ent iso-temperature contours at 43, 41, 39 and 37◦C have been visualized with the



36 2 Constrained Power Focusing

Table 2.3. Thermal Focusing Performances: Intra-Glandular Tumor Case

TA [cm2] UHA [cm2] TBPT [◦C]

Technique\BC I II III IV I II III IV I II III IV

FOCO@fA 1.5 2.1 1.3 1.9 3.8 6.5 3.8 7.7 45.4 45.4 45.2 45.6

FOCO@fB 2.1 2.11 2.1 1.2 7.3 8.1 6.1 4.8 45.5 45.3 45.5 45.6

i-mf-FOCO 1.8 2.0 1.7 1.6 4.8 7.1 5.3 6.0 45.5 45.3 45.6 45.6

mf-FOCO 1.3 1.6 1.2 1.1 3.9 6.0 4.0 4.6 45.1 45.2 45.1 45.1

Table 2.4. Thermal Focusing Performances: Extra-Glandular Tumor Case

TA [cm2] UHA [cm2] TBPT [◦C]

Technique\BC I II III IV I II III IV I II III IV

FOCO@fA 1.5 1.3 1.1 1.1 3.7 5.1 2.4 3.3 45.8 45.3 45.6 45.5

FOCO@fB 1.4 1.3 1.0 3.2 5.4 9.9 3.5 13.2 45.4 45.2 45.2 45.1

i-mf-FOCO 1.3 1.6 1.0 1.1 4.0 6.8 2.7 6.5 45.2 45.6 45.4 45.3

mf-FOCO 1.2 1.2 1.2 1.0 3.5 5.8 4.0 6.0 45.1 45.1 45.1 45.0

related breast anatomical map. The peak temperature locations are marked with a

black cross.

Results show that the technique is both able to deliver a temperature focused into

the target point and able to be very selective. The therapeutic temperature is achieved

in an area surrounding the target point not larger than ≈ 1.5cm2, in agreement with

surgical resection protocols [84,85].

The effectiveness of the obtained thermal distributions has been analyzed and

compared by exploiting the following synthetic parameters:

• Treated Area (TA), defined as the area of the breast where the temperature

reaches values higher than the therapeutic value (43◦C);

• Undesired Heated Area (UHA) defined as the area of the healthy breast where

the temperature reaches values higher than 41◦C;

• Tumor Breast Peak Temperature (TBPT) defined as the highest temperature

reached in malignant breast tissues -TBPT ≈ 45◦C;

Tables 2.3 and 2.4 reports the overall thermal analysis in terms of the above

described metrics. All the investigated single/multi-frequency focusing strategies are

able to achieve a temperature distribution focused into the target point and mf-FOCO

outperforms the other methods in terms of TA. In some cases, one also notices an

increased UHA for mf-FOCO. Such a circumstance can be attributed to the fact that
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the final temperature distribution depends not only from hot-spot, but also from the

overall SAR distribution as well as on the specific thermal parameters of the different

tissues. We expect in fact that an even better temperature control can be achieved by

using a UB(r) mask such to take into account both the e.m. and thermal parameters

of the different tissues.





3

Un-Constrained Power Shaping

In this Chapter we propose a novel un-constrained optimization approach aimed at

shaping the power deposition uniformly over an extend target area, as in Fig. 1.2.(b),

or in a multi-spot focused fashion, see Fig. 1.2.(c). Probably because of the intrin-

sic challenging nature of the problem, while several focusing approaches have been

proposed, only a few able to address this more demanding need can be found in the

literature.

A shaped pattern can be possibily conceived as a superposition of many patterns

focused in different points, named control points, set in the target volume. Hence a

straightforward possibility would suggest to tackle the shaping problem by simply

solving some focusing problems and then juxtapose the results. This strategy allows

to control to some extent the field intensity through a proper choice of the distance

among the control points. As an example, Zhao et al. [86] proposed a very simple

shaping strategy, named independent multi target TR (i-mt-TR) which amounts to

add the contributes gathered by solving, through TR, several focusing problems into

different control points placed within a certain target area.

However, an additional degrees of freedom of the problem could be exploited.

Surprisingly, indeed, when simply adding focused field intensity distributions one is

neglecting the additional degrees of freedom represented by the phase shifts of the

field in the different control points. Motivated by the lack in the literature of methods

such to be both computationally and practically efficient, we propose in the following

a shaping procedures exploiting this additional degree of freedom: the multi-target

TR based on the (un-constrained) TR. In particular, starting from shaping state-

of-the-art idea and noticing that this corresponds to exploit in-phase focused fields

in the different control points, the developed procedures propose a more effective

(still very simple) strategy, based on the same basic bricks. This allows to improve

performance and to achieve a results in cases where a simple superposition fails. The

basic idea of the techniques proposed in the following is that one can combine the
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fields and excitations of the single target problems in a different fashion. In particular,

the proposed procedure simply explores different phase shifts among the excitations

of the single target problems. Then, observation of the performances achieved by the

different superpositions will allow to a-posteriori determine the one leading to some

“optimal” field intensity distribution.

In the remaining of this Chapter the proposed mt-TR is described and presented

together with results achieved in a canonical scenario. Besides presenting the mt-

TR, a twofold numerical assessment is provided. First, the analysis allows evaluating

both the actual improvements with respect to state-of-the-art. Second, one can get a

preliminary and empirical understanding of the more appropriate choice of the control

points in order to shape (uniformly within a certain area either in a multi-spot focused

configuration) the field intensity within a 3-D in-homogeneous scenario.
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3.1 Multi-Target Time Reversal

The procedure herein proposed is similar in spirit to both the one proposed by Zhao et

al [86] it exploits the same additional degree of freedom so far surprisingly neglected.

In the following, we dealt with scalar field and for sake of a cleaner notation the i

indicating the dominant component has been dropped.

Considering the same general framework described at the beginning of Chapter

I, let us consider a set of control points (rtk (k = 1, .., L)) arbitrary located into the

target area. Denoting with Ψn(rtk) the total field measured by the n-th antenna when

a unit amplitude point source is located into the control point rtk, according to the

standard TR theory, the focused (time-reversed) field in rtk is provided by:

Ek(r) =
N
∑

n=1

Ψ∗
n(rtk)Φn(r) (3.1)

where ∗ denotes the conjugation operation.

A first “basic” shaping approach is the so-called i-mt-TR [86] and it is cast as a

simple sum of the excitations corresponding to different control points, so that:

E(r) =
N
∑

n=1

L
∑

k=1

Ψ∗
n(rtk)Φn(r) (3.2)

which simply corresponds to sum the excitations related to the different focusing

problem.

By the sake of simplicity, let us refer to the case of just two control points and let

φ1 ∈ [0, 2π] be an auxiliary variable indicating the phase shift between the fields in

rt1 and rt2 (as computed from single target TR).

As such, the mt-TR approach, for each (sampled) value of φ1, casts the shaping

problem as the combination (through complex unit amplitude coefficients) of the fields

focused in correspondence of rt1 and rt2 through TR. The excitations coefficients

could be determined as:

In = Ψ∗
n(rt1) + Ψ∗

n(rt2)e
jφ1 (3.3)

where φ1 is another degree of freedom of the problem.

In case L control points are considered, if we indicate with φ = {φk}k=1,..,L−1 the

vector containing the L − 1 auxiliary variables having the physical meaning of the

phase shift between the field at the “reference” control point rt1 and the k-th control

point, i.e., rtk, eq. (3.3) will become:

In(φ) = Ψ∗
n(rt1) +

L−1
∑

k=1

Ψ∗
n(rtk)e

jφi (3.4)
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Of course, a key point is how to select the optimal phase shifts. This requires two

ingredients: the definition of an objective function and the application of some opti-

mization criterion. In all cases where just a few control points can be considered the

optimal solution can be determined enumeratively observing a-posteriori the results

achieved at the different φ values, and picking the most convenient one according

with the application at hand.

The generalization to the case of L control points and M sampled values of the

auxiliary variables will require ML−1 linear superposition, thus impacting the com-

putational burden (which could eventually take advantage from parallel computing).

A possible goal is to maximize the field intensity in the considered shaped region,

in this thesis the average field intensity in the target volume, indicated as Π(r), was

considered to be the objective function.

In particular, the “optimal” phase shifts are selected as:

max
φ

∫

Π(r)

∣

∣E(r)
∣

∣

2
dr =

∫

Π(r)

∣

∣

∣

∣

∣

∣

N
∑

n=1

In(φ)Φn(r)

∣

∣

∣

∣

∣

∣

2

dr (3.5)

where In(φ) are as from eq. (3.4).

Another possibility could, for instance, consist in selecting amongst the different

φ−solutions the one providing the best trade off between the field intensity uniformity

within the target area and the lowest side peak elsewhere. This latter could result

of interest for the case of microwave hyperthermia. Of course, very many different

choices are possible for the objective function as well as for the a-posteriori criterion

for the selection of the “optimal” phase shift, and more sophisticated methods will

be required for optimization when considering more control points. However, as our

main aim here is to demonstrate the usefulness of the additional degrees of freedom we

have introduced, both these points (where many possible alternatives can be fruitfully

introduced) are outside of the scope of this thesis.

Note, the approach can be eventually extended to the case of a non-uniform shap-

ing by inserting a given amplitude factor. The extension to the vector case can be

pursued by following the guidelines implemented in [77,78].

3.1.1 Assessment in 3-D inhomogeneous scenario

The 3-D scenario used for the validation is depicted in Fig. 3.1.(a) and consists in two

dielectric objects (a cube and a sphere) contained in a spherical region of interest, i.e.

Ω, which is hosted in free space. The diameter of Ω is dΩ = 2, 5λm
1 and its relative

1 Being λm the wavelength in the background medium
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(a) (b)

Fig. 3.1. Scenario used for validation (a) and antenna array configuration (b).

Table 3.1. Details on control points and target area for the tested numerical configurations.

Conf.
Control Points Target Area

# Distance Shape Dimension Axes

0 2 0.4λm - - x

I
3 0.4λm Ellipsoid 1.5× 0.3× 0.3λm

z

II z-y

III 2 0.4÷ 2λm

Spheres 0.3× 0.3× 0.3λm

x-y

IV
3

0.4λm y

V 0.65λm x

permittivity equal to εΩ = 2, the cube has a side of lc = λm/2 and εc = 4, whereas

the sphere has a diameter of ds = λm/4 and εs = 3.

The antennas array is cylindrical array of radius r ≈ 2λm made up by 65 very small

unitary-excited dipoles, arranged over 5 equi-spaced circles, along the z-axis (i.e., 13

per circle), as shown in Fig. 3.1.(b). Numerical simulations have been performed using

a 3-D full wave finite element solver with a working frequency of 1.5GHz. Finally, only

the z-component of the field has been optimized since, according to the considered

antennas configuration, this component can be considered to be dominant above the

others.

The following analysis is articulated in three different numerical experiments whose

details are reported in Table 3.1. First, the different possible impacts of the phase

shifts values is discussed and emphasized. To this end, two control points have been

placed along the x-axis at a distance of approximately 0.4λm, say configuration 0 -

see Table 3.1. Then, excitations (4) have been determined for with different φ values,

and the resulting φ−solutions observed. In this starting example, as well as in the

other numerical experiments, 20 values of φ have been uniformly sampled between 0

and 2π.
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(a) (b) (c)

Fig. 3.2. Squared field intensity distributions configuration 0 along a cut view on the x-y

plane obtained by means of the i-mt-TR for φ = 0 (a), 2π/5 (b) and π (c). Control points

set at ≈ 0.4λm.

Second, we have tested the capability of the proposed approach to achieve a

(nearly) uniform shaping of the field intensity over an extended target area. To this

end, an extended ellipsoidal shaped target volume, of axes ≈ 3λm/2× λm/3× λm/3,

has been placed in two different positions2 in Ω (configurations I and II in the follow-

ing - see Table 3.1). In order to get the desired shaping, three control points have been

used and arranged uniformly (with a spacing of ≈ 0.4λm) along a segment placed in

the center of mass of the target volume. In order to better (and quantitatively) ap-

preciate the differences with respect to i-mt-TR, results have been appraised in terms

of coverage factor (CF). The CF is defined as the fraction of the target area in which
∣

∣E(r)
∣

∣

2
is higher than 50% of its maximum value3. Such a parameter was adopted as

an additional quality metric since it provides indications on how the field intensity is

distributed within the target volume.

Third, we have proved the capability of the proposed approach to achieve a multi-

spot field intensity distribution even in case of sub-wavelength spots spacing (which

is unfeasible with i-mt-TR). To this end, two control points have been placed at a

distance varying from ≈ 0.4λm to ≈ 2λm along the x- and the y-axes, indicated as

configuration III - see Table 3.1. Then, the mt-TR and the i-mt-TR have been applied

and compared.

Finally, in order to validate the approach for an even more difficult case, two dif-

ferent configurations (say IV and V) with three control points have been considered.

In these latter examples the control points have been set at a distance approximately

equal to 0.4λm and 0.65λm from the central point along the y- and x-axes, respectively

indicated as configuration IV and V - see Table 3.1. Concerning this third analysis,

dealing with the “multi-spots” field intensity shaping, the target volumes have been

2 With the main dimension oriented along the z-axis.
3 Ideally CF=1.



3.1 Multi-Target Time Reversal 45

(a) (b)

(c) (d)

Fig. 3.3. Squared field intensity distributions for uniformly shaping obtained by means of

mt-TR (a-b) and i-mt-TR (c-d) for configuration I in a 3D plot (a-c) and a cut view along

the main axes of the target area (b-d). Target area is as black line and control points are as

white dots.

(a) (b)

(c) (d)

Fig. 3.4. Squared field intensity distributions for uniformly shaping obtained by means of

mt-TR (a-b) and i-mt-TR (c-d) for configuration II in a 3D plot (a-c) and a cut view along

the main axes of the target area (b-d). Target area is as black line and control points are as

white dots.
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modeled as spheres of diameters ≈ λm/3 centered in the control points4 [64,87]. Note

that also in this last analysis, the CF has been observed in order to better estimate

the performances of the two TR-based approaches.

Results: Analysis & Discussion

As a first result helping to understand the role of the auxiliary parameter φ, Fig. 3.2

depicts three φ−solutions, related to configuration 0. As it can be seen, different

choices of the additional parameter allow to pass from a kind of shaped intensity

(see Fig. 3.2.(b)) to a dual-spot configuration (see Fig. 3.2.(c)). In the same graph,

Fig. 3.2.(a) represents the i-mt-TR, as in [86].

As far as the possibility to achieve uniformly shaped field intensities is concerned,

Fig. 3.3-3.4 depicts the normalized squared amplitude of the fields obtained by means

of mt-TR for both configurations I and II. In addition to what can be visually appre-

ciated from a quantitative point of view, mt-TR is able to significantly enhance the

uniformity of the field intensity within the target region with respect to mt-TR. In

fact, for configuration I, the CF increases from 44% to 71%, whereas for configuration

II it raises from 39% to 81%. Note that the proposed approach not only outperforms

the original mt-TR in terms of CF, but in some cases, e.g., configuration II, is able

to gather an uniform coverage of the target area which cannot be achieved at all by

means of mt-TR (see Fig. 3.3.(d)-3.4.(d)).

As far as the multi-spot case is concerned, Fig. 3.5 depicts the CFs related to both

mt-TR and i-mt-TR for the dual-spot focusing configuration III (i.e., along the x- and

y-axes) as a function of the control points distance. From this plot, two different kind

of results can be identified depending on whether the spacing is below or besides a

threshold of approximately 0, 8λm. While for more “distant” control points an average

improvement on CF of ≈ 10% can be achieved, when the control points distance is

smaller than ≈ 0.8λm, mt-TR outperforms the i-mt-TR on average by 20% (and up

to ≈ 45%). Similarly to the previous analysis, mt-TR is not only able to improve i-mt-

TR performances, but it is also delivers a dual-spot focused field intensity distribution

where the un-optimized approach fails, as shown in Fig. 3.6. More in detail, Fig. 3.6

depicts a cut view along the target areas of the normalized squared amplitude of

the field obtained by means of mt-TR and O-mt-TR when target points are distant

≈ 0.5λm.

4 These analyses were not conducted along the z-axis as the cylindrical array configuration,

while being realistic, does not allow a tight control of the field in this dimension.
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Fig. 3.5. Coverage factor obtained in configuration III by means of i-mt-TR and mt-TR

with respect to control points distance for two control points along the x and the y axes

respectively depicted in green (circle and stars) and blue (rhombus and squares).

(a) (b)

Fig. 3.6. Squared field intensity distributions for multi-spot focusing obtained by means of

mt-TR (a) and i-mt-TR (b) for configuration III with control points at ≈ 0.5λm in a cut

view along the main axes of the target area. Target area is as black line.

Similar reasonings and performances can be observed in the three control points

configuration IV and V. In these cases, indeed, as shown in Fig. 3.7 and 3.8, the CF

is increased from 38% to 77% for configuration IV and similarly from 35% to 79%

for configuration V. Apart from the metrics, which confirm the remarkable improve-

ment, it is worth to note that in case of multi-spot focusing the mt-TR comes to be

fundamental as the standard approach completely fails - see Fig. 3.7.(d)-3.8.(d).

From these results we can conclude that the auxiliary parameters represented by

the phase shifts between the field in the different control points plays a role which is

more and more relevant as the control point distance became smaller. As a matter

of fact, when dealing with “distant” control points and multi-spot requirements, the

additional degrees of freedom, while still relevant, are not necessary to avoid the

failure of the field intensity control. Conversely, controlling the phase shifts becomes

essential to deliver either a uniformly shaped or sub-wavelength multi-spot focused

field intensity distribution when control point are at a sub-wavelength distance. This is

likely the case of hyperthermia treatment planning. However, a constrained approach
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(a) (b)

(c) (d)

Fig. 3.7. Squared field intensity distributions for multi-spot focusing obtained by means of

mt-TR (a-b) and i-mt-TR (c-d) for configuration IV with control points at ≈ 0.4λm in a

3D plot (a-c) and a cut view along the main axes of the target area (b-d). Target area is as

black line and control points are as white dots.

(a) (b)

(c) (d)

Fig. 3.8. Squared field intensity distributions for multi-spot focusing obtained by means of

mt-TR (a-b) and i-mt-TR (c-d) for configuration V with control points at ≈ 0.65λmin a 3D

plot (a-c) and a cut view along the main axes of the target area (b-d). Target area is as black

line and control points are as white dots.
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able to arbitrary shape the field intensity distribution would be advisable to also

ensure the avoidance of undesired heating.

Lastly we compared the computational burden of the proposed mt-TR as compared

to the i-mt-TR. In our numerical experiments, we found that mt-TR delivers an in-

creased computational time which passes from ≈ 0, 17sec with i-mt-TR to ≈ 4, 76sec,

for the case of two control points, and to ≈ 84sec for the case of three control points.

All numerical calculation were run on a workstation equipped with two Intel Xeon

E5-2687W processors and 256GB RAM.
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Constrained Power Shaping

In this Chapter, the innovative constrained optimization routine, multi-target FOCO

(mt-FOCO), has been proposed. The proposed approach is based on the homonym

technique FOCO from which it inherited both the convex programming formulation

and the possibility of enforcing hot-spot limiting constraints. Similarly to mt-TR

(presented in the previous Chapter), also mt-FOCO is based on both the use of

a number of control points, rather than just one target point, and of the additional

degrees of freedom played by the phase shift of the field at the different control points.

Despite aimed at a common end, different aspects are singularly characterizing

the mt-TR to the proposed mt-FOCO. From one side, mt-FOCO delivers the globally

optimal solution by means of off-the-shelfs search algorithms as it casts the shaping

problem as several CP problems1. On the other side, mt-TR is not able to enforce

constrains on the power deposition outside the target area, as this represents an in-

trinsic limitation of TR, but it has a relatively modest computational burden since

it “only” requires a linear superpositions for each considered phase shift value. In-

stead, analogously to FOCO, mt-FOCO exploits a mask function enabling hot-spots

avoidance.

In the remaining of this Chapter the mt-FOCO is proposed and tested. First, its

feasibility in a 3-D canonical scenario is reported and then, mt-FOCO is compared to

the “standard” focusing FOCO in a preliminary clinical assessment.

1 One for each considered phase shift value.
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4.1 Multi-Target FOCO

Let us refer again to the general framework given at the beginning of Chapter I

and consider the case one of the field components, (Ei(r)), can be considered to be

dominant above the other ones. Differently to mt-TR, herein the TR has been replaced

by FOCO. Introducing rtk (k = 1, ..., L) as a set of “control points” located into the

chosen target area and, for a better understanding, considering initially the case of

L = 2, namely only rt1 and rt2, the problem of shaping the field intensity in a given

target region, at a fixed frequency, can be formulated as:

Find In (n = 1, ..., N) such to:

max

{ 2
∑

k=1

[

<{Ei(rtk)}
2 + ={Ei(rtk)}

2
]

}

(4.1)

subject to:

∣

∣Ei(rt1)
∣

∣ =
∣

∣Ei(rt2)
∣

∣ (4.2a)
∣

∣E(r)
∣

∣

2
≤MF(r) r ∈ Ω \Π(rt) (4.2b)

Formulation (4.1, 4.2a-4.2b) is able to guarantee both the uniformity of the field

at the target points as well as to avoid the occurrence of unwanted hot spot, by means

of constrains (4.2a) and (4.2b) respectively. However, the problem is again non-linear

and belonging to the class of the NP hard problems. Also, no simple trick as the one

used for the focusing problem can be exploited. Luckily, as we are going to show, the

problem can be recast in terms of several (different) CP problems. Assuming the field

in rt1 to be purely real, similarly to FOCO, and exploiting the redundancy between

(4.1) and (4.2a), problem (4.1, 4.2a-4.2b) can be formulated as:

For sufficiently dense sampling values of φ, determine In such to:

max

{

<{Ei(rt1)}

}

(4.3)

subject to:

={Ei(rt1)} =0 (4.4a)

<{Ei(rt2)} =<{Ei(rt1)}cos(φ) φ ∈ [−π, π] (4.4b)

={Ei(rt2)} =<{Ei(rt1)}sin(φ) φ ∈ [−π, π] (4.4c)

∣

∣E(r)
∣

∣

2
≤MF(r) r ∈ Ω \Π(rt) (4.4d)

Where constraints (4.4b) and (4.4c) still enforce the uniformity of the field in the

target points.
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For any fixed value of φ, problem (4.3-4.3a-d) is cast as the maximization of a

linear function in a convex set, which corresponds to a CP problem. As such, mt-

FOCO is able to determine the globally optimal solution by solving different CP

problems and then a-posteriori picking the most convenient one. A possible strategy,

adopted in the reported results, is to select the optimal solution as the one maximizing

cost function (4.1). Notably, as all the different possibilities for φ are explored (in a

sampled fashion), one is able to guarantee the global optimality of the final excitations.

The procedure can be extended in a conceptually easy fashion to the case of more

control points. Of course, a price is paid in terms of computational complexity. In fact,

one will need L − 1 (phase shifts) auxiliary variables, so that if M is the number of

sampling points in each auxiliary variable, the overall number of CP problems raises

as ML−1. On the other side, advantages can be taken from parallel computing, as

well as from non-enumerative optimization procedures for the identification of the

auxiliary variables’ optimal values.

It is worth of noting that comparing the proposed mt-TR with mt-FOCO, although

in both one has to explore the space of “phase shifts”, two relevant differences can be

noted. First, at each step, just a linear superposition of fields has to be computed for

mt-TR, whereas a CP problem has to be solved in mt-FOCO. Second, as it is based

on a generalization/optimization of the widespread and intuitive TR technique, the

mt-TR, differently from mt-FOCO, it cannot enforce any constraints on the power

deposition outside the target area.

Let us also note that while a TR based technique would require sensors and appli-

cators entirely surrounding the region of interest, the proposed approach will also work

(in a provable globally optimal fashion2) with a restricted set of antennas (possibly

covering just a part of the possible impinging directions).

Similarly to mt-TR, the approach can be extended to the case of a non-uniform

shaping and the extension to the vector case can be pursued by following the guidelines

implemented in [77,78].

4.1.1 Assessment in a 3-D inhomogeneous canonical scenario

The 3-D scenario used for the validation is depicted in Fig. 4.1.(a) and consists in

two dielectric objects (a cube and a sphere) hosted in free space into the cubic region

of interest, i.e. Ω, of side l ≈ 2λm
3. The cube has a side of lc = λm/2 and εc =

2, whereas the sphere has a radius of rs = λm/4 and εs = 3. The antenna array

2 We mean globally optimal for the given set of antennas.
3 Being λm the wavelength in the background medium
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(a) (b)

Fig. 4.1. Scenario used for validation (a) and antenna array configuration (b).

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 4.2. Normalized shaped field intensity distribution obtained by means of mt-FOCO for

both configuration respectively on a 3-D cut and on the x-, y- and z-cut view of the target

area.

is an hemispherical array of radius r ≈ 4λm made up by 92 very small unitary-

excited dipoles (i.e. approximating point-sources), arranged, along the z-axis, evenly

distributed over 6 equi-spaced circles (23, 21, 19, 15, 9 and 5 dipoles respectively), as

shown in Fig. 4.1.(b).

Full wave numerical simulations have been performed with CST Microwave

STUDIO R© with a working frequency of 1, 5GHz. In order to deal with a scalar field,

only the z-component of the field has been considered. To test the reliability of the

proposed approach, in this study an extended elliptical shaped target area, of axes

≈ 3λm/4 × λm/4, has been placed in two different positions in Ω (configurations I

and II in the following).
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The results, reported in Fig.4.2, have been obtained by means of the proposed mt-

FOCO exploiting 2 control points evenly spaced with respect to the center of the target

area and 20 values for the auxiliary variable φ. Fig.s 4.2.(a) and 4.2.(e) report the

squared amplitude of the globally optimal solution field intensity, for configurations

I and II respectively.

Note that, defining the Coverage Factor (CF) as the fraction of the target area

in which
∣

∣E(r)
∣

∣

2
is higher than 50% of its maximum value, the mt-FOCO allows

to have CFs approximately equal to 80% and 95%, respectively for configuration

I and II, while keeping the maximum side lobe level amplitude outside the target

region, respectively, as low as 48% and 42%. In order to appraise the aforementioned

performances of the proposed mt-FOCO, Fig.s 4.2.(b), (c), (d) and Fig.s 4.2.(f), (g),

(h) report, respectively for the two configurations, three cut views along the target

area.

The reported examples have been run on a workstation equipped with two Intel

Xeon E5-2687W processors and 256GB RAM with a calculation time of approximately

2hrs each. Finally, note that no significant shaping capability of the field intensity has

achieved, in both configurations (as well as in many others) by using the approach

in [86].

4.1.2 Preliminary Clinical Results

In the following we present a preliminary clinical assessment of mt-FOCO on three

3-D patients models planned for treatment with the HYPERcollar3D (A, B and C).

To effectively validate the improvement introduced by the shaping procedure, mt-

FOCO has been compared to FOCO. The comparison was carried out exploiting both

SAR-based and temperature-based quality metrics as reported in Appendix A. The

subscripts mt-FOCO and FOCO have been added to indicate the metrics respectively

related to the two optimization routines.

The control points adopted for mt-FOCO have been selected within the HTV as

the centers of the minimum number of spheres of diameters ≈ λm/3 approximating

the HTV. For the considered cases, three control points have been used. On the other

side, for the FOCO target point, i.e. rt, the HTV center of mass was used.

The effect of EM tissues uncertainty on mt-FOCO has been appraised by com-

paring the standard synthetic parameters (see Appendix A) achieved in the actual

scenarios (i.e., uncertainty equal to 0%) with the ones obtained in case of uncertainty

equal to ±10%, i.e., considering a total uncertainty equal to 20%. The chosen uncer-

tainty values have been selected accordingly with the literature [38,88]. In the work of



56 4 Constrained Power Shaping

Fig. 4.3. Off center cut views of the temperature distribution obtained by means of FOCO

and mt-FOCO for patient ID A, B and C. Target area is in green.

Table 4.1. Synthetic HTP parameters of the considered analysis

TC25 THQ

ID −10% 0% +10% −10% 0% +10%

A
FOCO 87 87 87 1.01 0.97 0.94

mt-FOCO 98 99 99 1.08 1.09 1.09

B
FOCO 88 88 88 1.12 1.10 1.08

mt-FOCO 99 99 99 1.15 1.15 1.15

C
FOCO 77 78 79 1.02 0.99 0.96

mt-FOCO 87 88 88 1.04 1.00 0.96

Iero et.al [19], such a robustness assessment has been already carried out for FOCO

bu only on 2D realistic phantoms. Hereto, we also tested the robustness of FOCO in

an actual clinical setup.
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Table 4.1 reports the synthetic metrics in addition to the visual information pro-

vided by Fig. 4.3. As expected, mt-FOCO outperforms the standard FOCO by an

absolute % gain of ≈ 10-15% in terms of TC and of ≈ 5% in terms of THQ, except for

the challenging case C in which we still obtain clinically acceptable THQ values (≥ 1).

The shown metrics confirm the expected robustness of the mt-FOCO when dealing

with EM scenario uncertainty. The reported values differ, indeed, by a maximum of

2% for TC25 by a maximum of 7% for THQ compared to nominal situations.

The planning results have been ultimately evaluated using the temperature dis-

tribution, which is simulated using the Penne’s Bio-Heat Transfer Equation [53]. The

temperature distribution was achieved by adjusting SAR to a maximum of 44◦C in

normal tissue, i.e. outside the HTV. Figure 4.3 shows an off center cut view of the

temperature distribution obtained with both FOCO and mt-FOCO for the three con-

sidered patient models. In patient A the T50 increases from 40, 2◦C to 41, 5◦C by

means of FOCO and mt-FOCO, respectively. Analogously, T50 for patients B and C

are increased from 39, 9◦C and 40, 4◦C (FOCO) to 41, 0◦C and 40, 5◦C (mt-FOCO),

respectively. Hence, an average median temperature improvement of ≈ 0.8◦C with

respect to standard FOCO is gained by means of mt-FOCO. Note that, in 2 out of

3 patients the thermal dose is increased by a factor of 4 according to the CEM43

model [72].

Motivated by the promising results, present efforts are aimed at extending the

proposed procedure to the case of vector field [77,78].
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Conclusion

In this thesis the problem of shaping the intensity of a (scalar) field have been con-

sidered and innovative results and approaches have been presented. Despite the very

general mathematical formulation and the broad interest in many different applica-

tion, this thesis was particularly focused in the planning of hyperthermia treatments.

It is possible, hence, to identify a twofold interest in this thesis. First, dedicated

optimization approaches with a very broad mathematical formulation and range of

application were developed starting from clinical needs. Second, thanks to the collab-

oration with the Hyperthermia Unit of the Department of Radiation Oncology at the

Erasmus MC (Rotterdam, The Netherlands) the approaches were tested and com-

paratively assessed exploiting actual patient data. This thesis represent a solid merge

between theory and clinical application.

The novelties of this thesis can be briefly stated as: 1) exploitation of convex-

programming based constrained algorithms in HTP [R1,R6,R10]; 2) the definition of

the novel shaping the field intensity paradigm as opposed to “solely” focusing [R9,R11];

3) introduction of concept borrowed from the compressive sensing for the optimal HTP

[R1]. Details related to the different points are given in the following discussion.

A remarkable consideration is that, for the first time, in this thesis, planning

an hyperthermia treatment has been cast as a convex programming problem. The

proposed approaches, besides the one in Chapter III, are convex-programming based

constrained focusing/shaping approaches [R1,R6,R10]. This opened the way to many

interesting development, both theoretical and application wise. Avoiding the use of

global search algorithms (as in principle) allowed the reduction of the computational

time. This was shown, for instance, when comparing FOCO with the currently clinical

approach adopted at Erasmus MC. From a clinical prospective, the improvement of

the computational time goes towards the real-time adaptation of the administered

heating, e.g., in case of patients complains. Also, in this thesis, a not very fine voxel

size has been adopted to keep the computational time curbed. The circumstance of a
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reduced computational time, on the other side, would allow to increase the resolution

as well as a higher number of antennas at a limited increase of the computational time.

Still, note that GPU implementation are feasible, hence even better performance are

expected. A second main benefit related to the exploitation of a convex programming

problem is that the globally optimal solution is achieved in an operator-independent

fashion. This has a clear benefit into the clinical practice since (once the target point is

properly set) only one solution (the globally optimal one) is delivered and no need to

further adjustment are needed, as well as no (possibly arising) reproducibility issues

have to be faced.

For the first time, in this thesis, the problem of shaping as opposed to focusing

has been identified within the hyperthermia treatment planning framework and two

different ad-hoc procedures have been devised and tested [R9,R11]. This problem was

already known in other applications (e.g., in the telecommunication) but it wasn’t

properly recognized and coped in the hyperthermia framework. Still, the group of

Wust et al. [55] found some optimization weakness for the larger target areas. The

problem, has been tackled 1) by the adoption of more target points, named control

points, rather than one target point and 2) by exploiting an additional degrees of

freedom played by the phase shift of the field at the control points, so far unexploited.

Firstly, in Chapter III, an un-constrained approach has been proposed [R9]. Despite

the very promising results as well as the low computational burden, the impossibility of

controlling undesired heating led to the development of a new optimization method. In

Chapter IV, starting from the FOCO, the only constrained and convex-programming

based shaping approach in the literature has been proposed and tested [R11]. Beside

the interest in the methodologies, the message gathered from these investigations is

that different optimization algorithms have to be used for different tumors (as well as

applicator and anatomical site).

Within the hyperthermia treatment planning research, this thesis represent the

creation of a novel planning tool (which has been presented in a unified mathematical

framework herein). The problem of uniformly shaping the power deposition within a

certain target volume in a non-homogenous media has been tackled by (five) differ-

ent approaches, all of them singularly different from each other and from the state-

of-the-art. The planning tool created with this thesis is made up by both focusing

and shaping approaches, three and two respectively. Cornering the first category, the

convex-programming based constrained focusing approach, FOCO, has been compar-

atively assessed against the clinical adopted optimization approach with interesting

results as well as physical insight driving the present research [R6]. Secondly, for the
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first time, concepts borrowed from the compressive sensing theory have been bor-

rowed for optimally select the antennas when planning the treatment [R1]. Lastly, the

physical intuition that multi-frequency applicators could eventually lead to a further

reduction of the undesired heating in healthy tissues was the basis for the developed

of the multi-frequency FOCO [R10]. Notably, the latter are also convex-programming

based constrained focusing approaches.

Some final considerations on two important aspects which were not treated in this

thesis are in the following.

Concerning the (un-constrained) method in Chapter III, note we have dealt with

single frequency 3D spatial shaping (over an extended area) in loss-less media so

that there has been no need to compensate for frequency dispersion and losses. In

this respect, note a loss compensation technique as the ones proposed in [89–91] is

needed in case of biological media. Considering both this reasoning and the strong

need of controlling undesired heating in healthy tissues, we decided to propose a novel,

constrained, shaping approach as reported in Chapter IV. Still, it is worth of noting

that the proposed Chapter III has a very general formulation which can be eventually

also generalized to the case of multi-frequency shaping by taking advantage from the

concepts in Chapter II.

Finally, we have dealt with scalar fields as a step towards the optimal solution of

the vector problem. Focusing or shaping the intensity of a vector field will require

to merge the approach which follow with the one in [77, 78]. Hereto, an enumerative

search, similar to the one proposed in Chapter III and IV, is carried out towards

the determination of the optimal polarization in the target point(s). Clearly, this

represents an additional computational burden which is increasing with the number

of control points adopted. On the other hand, the presented approaches can be directly

applied to ultrasound fields in biological media and to any case where one knows a

priori that one of the field components is dominant with respect to the other ones.





A

Standard Evaluation Metrics

The SAR quality indicators used in our study are used in the clinic and implemented

in VEDO. These allow understanding of the quality of the SAR distribution induced

into the patient. The considered quality indicators are the target coverage and the

THQ. The target coverage has been evaluated at 25%/50%/75% (TC25/TC50/TC75)

level and is defined as the volume percentage of the HTV covered by 25%/50%/75%

iso-SAR value when the SAR distribution is normalized to the maximum SAR in the

whole patient model. As an example, TC25 equal to 50% means that the normalized

SAR distribution is ≥0,25 in one half of the HTV. Concerning the THQ, we would

refer the reader to Section 2.1.1 for a more detailed description.

A straightforward way to analyze the quality of a hyperthermia treatment is to

take into account both the power deposited within the HTV and the SAR peaks

outside, i.e., the so called hot-spots. As a matter of fact, the target coverage gives

information on the iso-SAR level covering the HTV, i.e., within the target volume,

whereas the THQ is somehow a balance of the power deposited within and outside the

HTV (note, 1/THQ was also investigated in [29]). Hence, we decided to investigate

these SAR quality metrics as particularly suitable and relevant for this analysis.

SAR-based indicators have been correlated to temperature-based indicators 5 be-

ing correlated to clinical outcome [16, 29, 58, 71, 72]. Those are the T50 and the T90,

defined as the lower temperature covering respectively 50% or 90% of the HTV vol-

ume.
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