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Simple Summary

This study investigates the application of the Alternating Projections Algorithm (APA) for
specific absorption rate (SAR)-based optimization in microwave hyperthermia treatment
planning. This method leverages a two-level power mask to iteratively shape the electric
field distribution, focusing energy deposition in the tumor region while limiting exposure
in healthy tissues. To enhance the effectiveness of this approach, an adaptive mask thresh-
old selection strategy is introduced, based on quantitative metrics that evaluate energy
spillover. The performance of APA is assessed using two numerical models of the head
and neck (H&N) region: a simplified cylindrical model and a realistic anatomical phantom.
Comparative analysis are conducted against the widely used particle swarm optimization
(PSO) technique. Results demonstrate that APA achieves comparable tumor coverage
while offering superior hotspot suppression, positioning it as a promising deterministic
alternative to meta-heuristic SAR optimization strategies.

Abstract

Objective: Microwave hyperthermia is a clinically validated adjunctive therapy in oncology,
employing antenna applicators to selectively raise tumor tissue temperature to 40–44 °C.
For deep-seated tumors, especially those in anatomically complex areas like the head and
neck (H&N) region, phased array antennas are typically employed. Determining optimal
antenna feeding coefficients is crucial to maximize the specific absorption rate (SAR) within
the tumor and minimize hotspots in healthy tissues. Conventionally, this optimization relies
on meta-heuristic global algorithms such as particle swarm optimization (PSO). Methods:
In this study, we consider a deterministic alternative to PSO in microwave hyperthermia
SAR-based optimization, which is based on the Alternating Projections Algorithm (APA).
This method iteratively projects the electric field distribution onto a set of constraints to
shape the power deposition within a predefined mask, enforcing SAR focusing within the
tumor while actively suppressing deposition in healthy tissues. To address the challenge
of selecting appropriate power levels, we introduce an adaptive power threshold search
mechanism using a properly defined quality parameter, which quantifies the excess of
deposited power in healthy tissues. Results: The proposed method is validated on both
a simplified numerical testbed and a realistic anatomical phantom. Results demonstrate
that the proposed method achieves heating quality comparable to PSO in terms of tumor
targeting, while significantly improving hotspot suppression. Conclusions: The proposed
APA framework offers a fast and effective deterministic alternative to meta-heuristic meth-
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ods, enabling SAR-based optimization in microwave hyperthermia with improved tumor
targeting and enhanced suppression of hotspots in healthy tissue.

Keywords: alternating projections algorithm (APA); microwave hyperthermia (HT); particle
swarm optimization (PSO); specific absorption rate (SAR)

1. Introduction
Microwave hyperthermia (HT) has emerged as a complementary thermal treatment

in cancer therapy, demonstrating significant radio- and chemo-sensitizing effects [1]; it
consists of increasing the temperature of cancerous tissues to the range of 40–44 ◦C while
minimizing the risk of hotspots in the surrounding healthy tissues [2]. Numerous clinical
trials have shown that combining HT with chemotherapy and/or radiotherapy enhances
treatment efficacy without exacerbating long-term side effects [1,3–7], with particular
effectiveness reported for recurrent cancers [8–10].

For sub-superficial and deep-seated tumors, microwave hyperthermia is typically
delivered using phased array antenna systems, optimized to provide focused energy on
the tumor target through appropriate amplitude and phase settings for each antenna of the
applicator [11,12]. Although clinical results show promise, achieving the desired optimal
thermal dose for an almost hour-long HT treatment is often hindered by hotspots in normal
tissues, which prevent the further increase in total power, impacting the ability to reach the
targeted thermal dose [13–15].

To address these limitations, hyperthermia treatment planning (HTP) has become an
essential step in HT preparation [16]. HTP uses patient-specific anatomical models—derived
from CT or MRI scans—and detailed EM simulations to optimize the feeding amplitude and
phase of each antenna in the array applicator [17], with the aim of selectively focusing energy
within the tumor while limiting exposure in healthy tissues.

Various optimization techniques have been developed for HTP [18–23]; among them,
specific absorption rate (SAR)-based methods [23–27] remain the most practical and widely
adopted technique in clinical settings, typically implemented using global meta-heuristic
algorithms such as the particle swarm optimization (PSO) algorithm [28]. While global
meta-heuristic algorithms provide robust solutions, they are computationally demanding
and may require many iterations to converge. This high computational cost can hinder
real-time adjustments or re-optimizations, even though the initial optimization is usually
performed during the pre-treatment planning phase.

In recent years, an alternative class of algorithms—local power synthesis techniques—
has been explored for SAR-based optimization [29,30]. Inspired by far-field antenna array
synthesis [31,32], these methods attempt to directly shape the SAR distribution by constraining
the electric field within a spatially defined “power mask”.

In this study, we propose a deterministic SAR-based optimization method based on
the Alternating Projections Algorithm (APA), which iteratively enforces convex constraints
on the electromagnetic field to confine power deposition within a multi-level spatial mask.
This approach enables precise shaping of the SAR pattern, facilitating tumor targeting
while actively suppressing energy in healthy tissues.

To overcome the practical challenge of selecting appropriate power thresholds, we
introduce an adaptive threshold selection mechanism guided by a SAR-based hotspot
suppression indicator, denoted as VH , which quantifies the percentage of healthy tissue
volume exceeding a relative SAR level.
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The proposed APA-based method is validated through simulations in both a simplified
numerical testbed and a realistic anatomical model of the H&N region. Its performance is
compared to that of the PSO-based SAR optimization in terms of tumor coverage, hotspot
suppression, and computational efficiency.

2. Materials and Methods
2.1. Heating Mechanism in Hyperthermia

In order to clarify the physical principles underlying microwave hyperthermia, we
briefly recall the standard mechanisms of electromagnetic (EM) energy deposition in
biological tissues [33,34].

The interaction of microwave (MW) fields with biological tissue is typically investi-
gated using a macroscopic model including two key parameters: the relative permittivity
εr (unitless) and the effective electrical conductivity σ (units of S/m) [35]. The relative
permittivity describes the ability to polarize a material subjected to an applied EM field [11].
The effective electrical conductivity embodies all electrical losses in the material due to the
currents driven by the EM field, as formalized in well-known macroscopic tissue models
(e.g., Cole–Cole, Gabriel–Gabriel models) [36–39]. Both εr and σ are strongly frequency-
and tissue-dependent, with comprehensive datasets available in the IT’IS database [40]. The
dielectric properties of tumor tissue differ from those of normal tissue, reflecting changes
in tissue composition and structure [41–43].

In lossy media, power dissipation per unit volume due to time-harmonic EM fields is
represented by [44]:

dpdiss
dV

= E(r, t) ·J (r, t), (1)

where E = ℜ{Eejωt} is the electric field (V/m) and J = ℜ{Jejωt} is the induced current
density (A/m2). Taking the time average over one period T, Equation (1) becomes〈

dpdiss
dV

〉
T
=

1
2

σ(r)|E(r)|2, (2)

using the macroscopic constitutive relation J = σ E (with effective conductivity σ) [35].
The quantity in (2) is the volumetric heat source (W/m3) generated by EM absorption

and we denote it with QEM:

QEM(r) =
1
2

σ(r)|E(r)|2. (3)

The convention adopted in Equation (3) assumes complex peak phasors; when RMS
fields are used, the prefactor 1/2 is omitted.

A metric widely adopted in MW hyperthermia [35] is the specific absorption rate
(SAR) (units of W/kg) which quantifies the rate at which the EM energy is absorbed per
unit mass of tissue [45]), defined as

SAR(r) =
QEM(r)

ρ(r)
, (4)

so that

SAR(r) =
1
2

σ(r)
ρ(r)

|E(r)|2, (5)

where ρ (kg/m3) is the tissue mass density, at position vector r.
As common in hyperthermia literature, the rise in tissue temperature caused by the

absorption of EM energy can be described using Pennes’ bioheat equation (PBHE) [46]:

ρCp
∂T
∂t

= ∇ · (k∇T)− ρbCp,bωρ(T − Ta) + Qmet + QEM, (6)
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where k (W/m/◦C) is the tissue thermal conductivity, ρb = 1060 kg/m3 and
Cp,b = 3890 J/kg/◦C are the volume density and specific heat capacity of blood,
Ta = 37 ◦C is the arterial blood temperature, and ω (mL/min/kg) is the tissue vol-
umetric blood perfusion rate. Moreover, QEM is the EM heat source related to SAR
(Equation (4)) and Qmet is the metabolic heat generation term (often negligible w.r.t.
external heat sources).

While PBHE is widely adopted for treatment planning due to its simplicity, more
detailed models (e.g., discrete vasculature models [47]) provide improved accuracy but
remain computationally demanding.

In summary, tissue heating under MW exposure arises from fundamental electrody-
namic principles: effective conductivity captures both conduction and dielectric losses in
a macroscopic sense. The SAR metric provides the standard bridge between EM fields
and thermal response, and—combined with bioheat modeling—constitutes the accepted
theoretical foundation for clinical hyperthermia.

2.2. Optimization Approach

The primary objective of SAR-based optimization is to maximize power deposition
within the tumor region while minimizing the risk of overheating in the surrounding
healthy tissues. In deep hyperthermia, the electromagnetic field must inevitably propagate
through layers of healthy tissue before reaching the tumor—this is precisely what makes
selective heating challenging. The optimization procedure adjusts the feeding coefficients
of the antenna array to exploit constructive interference in the tumor and destructive
interference elsewhere, thereby focusing the absorbed power where it is needed.

The total electric field can be written as the superposition of the individual electric
fields generated by each antenna element when excited individually, weighted by their
corresponding complex excitation coefficients. Accordingly,

E(r) =
N

∑
n=1

bn en(r), (7)

where en(r) denotes the electric field at point r generated by the nth antenna with unit
excitation (all others turned off), and bn is the complex excitation coefficient (amplitude
and phase) of the nth antenna in an N-element array. In the present work, we considered
an array of patch antennas [48], linearly polarized along the vertical (z) axis, as common in
deep hyperthermia systems [49].

To optimize the excitation coefficients [b], we apply the Alternating Projections Algorithm
(APA). We discretize the electric fields defined in Equation (7) over a set of M sampling points
rm, corresponding to the mesh points in the simulated volume of interest. The matrix,

[EN ] = [[e1], [e2], . . . , [eN ]], (8)

collects the simulated electric fields generated by each unit-excited antenna. The field
distributions are calculated only once at the beginning of the optimization. These fields
are obtained from full-wave simulations in a heterogeneous anatomical model, where each
tissue is assigned its own dielectric properties. Each column, [en], n = 1, . . . , N, contains the
values of the electric field vector en(r) estimated in the set of spatial points rm, m = 1, . . . , M,
arranged by stacking the three Cartesian components as follows:

[en] =

 [en,x][
en,y

]
[en,z]

, (9)
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with

[en,k] =


en,k(r1)

...
en,k(rM)

, k = x, y, z. (10)

To reproduce a power pattern focused on the tumor mass, a starting target field [Et]

(e.g., a Gaussian field centered on the tumor region) is considered and projected onto the
column space of the matrix [EN ] to find a reconstructed field [Erec

t ]. Before generating the
initial target field [Et], we assess the polarization of the unit-excited fields en by examining
the dominant component in the matrix [EN ]. In our setup, the z-component entries are
about one order of magnitude larger than the x- and y-components, reflecting the intrinsic
polarization of the chosen antenna type. The Gaussian target [Et] is then generated using
this dominant component, ensuring that its polarization matches that of en. The amplitude
and width of this starting Gaussian target field were properly fixed to fit an optimized
power distribution in the region of interest. Since the first reconstructed field was consider-
ably different from the target field, an iterative procedure was implemented to adapt its
profile to the desired focused pattern.

First, following common HTP procedures, the tumor (T ) and healthy (H) tissue
regions are identified; this step is performed in clinical practice using patient-specific
anatomical segmentations obtained from CT or MRI scans. Then, at each step of this
procedure, the squared norm of the reconstructed field is compared to a power mask with
two threshold levels (see for reference Figure 1 and Section 3.2 for details). To ensure a
sufficient field focusing on the target, the first level thlow is enforced within the tumor tissue
T , defined as a region with maximum radial extent rt. To avoid hotspots, the second level
thup is applied in the healthy tissue H located outside rh, where rh denotes the outer edge
of the transition region measured radially from the tumor centroid. The transition region is
thus a shell region defined between rt and rh where no constraints are imposed, allowing
for a more gradual tapering of the field (see Figure 1b).

(a) (b)

Figure 1. (a) Clipping of a generic 1D function using a two-level mask, where values are confined
between two thresholds thlow and thup through smooth transitions. The distances rt and rh are
the maximum radial distances from the tumor center that define, respectively, the boundary of the
tumor region and the outer edge of the transition (gray) region. (b) APA mask defined on a 3D
phantom: red points correspond to the tumor region where the thlow is applied; gray points denote the
transition region where no constraints are imposed; blue points indicate the healthy region (outside
the transition zone) where the thup is enforced. For visualization clarity, only the boundary of the
healthy region is shown in blue.
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When the squared modulus of the reconstructed field is below thlow for rm ∈ T ,
or exceeds thup for rm ∈ H, its value is adjusted (clipped) to the corresponding mask
threshold, and the new field is projected again onto the columns of [EN ], providing a vector
of complex antenna feedings bn, n = 1, . . . , N, which is normalized at each step to fix the
total input power to 1 W. This normalization includes the parameters P0, the total power
fed to the array, R0, the reference input resistance, and ∥[b]∥2, the squared norm of the
complex excitation vector.

The detailed steps of the APA optimization procedure are outlined in Algorithm 1.

Algorithm 1 APA Optimization Algorithm

1: procedure APA OPTIMIZATION
2: Inputs: Electric field matrix [EN ], Gaussian initial guess [Et], tumor region T ,

healthy region H, thlow, thup, input power P0, reference input resistance R0

3: Output: Optimized antenna excitation vector
[
b̃
]

4: Initialization:
5: Compute pseudo-inverse: [EN ]

† = pinv([EN ])

6: [b] = [EN ]
† · [Et]

7: C = P0/(∥[b]∥2/(2R0))

8:
[
b̃
]
=

√
C [b]

9: [Erec
t ] = [EN ] ·

[
b̃
]

10: while stopping criterion not met do
11: for each voxel rm ∈ T do
12: if |[Erec

t ]m|2 < thlow then

13: [Erec
t ]m =

√
thlow ·

[Erec
t ]m

|[Erec
t ]m|

14: end if
15: end for
16: for each voxel rm ∈ H do
17: if |[Erec

t ]m|2 > thup then

18: [Erec
t ]m =

√
thup ·

[Erec
t ]m

|[Erec
t ]m|

19: end if
20: end for
21: [b] = [EN ]

† · [Erec
t ]

22: C = P0/(∥[b]∥2/(2R0))

23:
[
b̃
]
=

√
C [b]

24: [Erec
t ] = [EN ] ·

[
b̃
]

25: end while
26: end procedure

To monitor convergence and determine the stopping point of the iterative process,
we adopt a well-established criterion from the literature [23], aimed at minimizing the
Hotspot-to-Target SAR Quotient (HTQ), defined as

HTQ =
⟨SAR V1⟩

⟨SAR TARGET⟩
, (11)

where ⟨SAR V1⟩ is the average SAR in V1, with V1 being the 1% of the healthy volume with
the highest SAR [50,51], and ⟨SAR TARGET⟩ is the average SAR in the target region. It should
be noted that, for the evaluation of the HTQ metric, the healthy tissue region is defined
to include both the outer healthy region H and the transition region (see Figure 1), i.e., all
tissues outside the tumor, in accordance with the standard definition [50].

The developed APA algorithm includes a dynamic stopping criterion based on the
evolution of the HTQ parameter and the number of field points exceeding the power
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mask. Specifically, the optimization is stopped when the HTQ reaches a plateau, or begins
to increase, and when the number of out-of-mask points starts increasing persistently
indicating that no further meaningful improvement can be achieved. This safeguards
against unnecessary iterations and ensures timely convergence within a maximum of
4000 iterations.

3. Results
3.1. Reference Testbed

To validate the APA-based SAR optimization, a simplified numerical phantom of the
human neck and an HT applicator were modeled in COMSOL Multiphysics® (Stockholm,
Sweden) [52]. The setup, illustrated in Figure 2a, consists of a cylindrical phantom
mimicking the human neck, surrounded by a circular array of N = 8 patch antennas, and
immersed in water to emulate the clinically used waterbolus [49]. This device is a plastic
bag filled with circulating demineralized water to enhance electromagnetic coupling into
tissues, preventing superficial heating, and improve patient comfort [49].

The neck phantom is composed of concentric tissue layers, each assigned electromag-
netic properties representative of typical H&N anatomy, following the widely accepted
dielectric model for biological tissues [38–40]. As illustrated in Figure 2b, the tissues in-
clude skin, fat, muscle, bone, spinal cord, and a tumor region. The tumor is modeled
as a sphere with radius rt = 6 mm and is embedded within the phantom at coordinates
(−18, −18, −15) mm relative to the center of the cylindrical phantom. For the tumor tissue,
dielectric properties have been tailored for realistic H&N HTP according to [41] (εr = 59
and σ = 0.89 S/m). Moreover, to mimic the influence of the shoulders and minimize
air–water boundary effects, the phantom is positioned on a 4 cm thick muscle layer [48].
For APA optimization, the outer radius of the transition region was assumed to be almost
1 cm greater than the extent rt of the tumor, i.e., rh = 18 mm [53].

(a) (b) (c)

Figure 2. (a) Circular array of patch antennas surrounding the simple neck model immersed in the
waterbolus. (b) Middle-top view (z = 0 plane) of the simplified neck model with all the considered
tissues. (c) Employed patch antenna and optimized dimensions.

The array of patch antennas was designed and optimized to operate efficiently at
the frequency f = 434 MHz, as commonly used in clinical hyperthermia systems [48].
With reference to Figure 2c, the optimized antenna geometry includes a ground plane of
dimensions Lsub = 50 mm, Wsub = 40 mm. The patch is placed at a distance hsub = 8.8 mm
from the ground and has dimensions Lp = 28.8 mm and Wp = 8.4 mm. The antenna is fed
by a coaxial probe located at an offset distance x f = 4.8 mm from the patch edge.
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In the implemented model, the electromagnetic and thermal distributions are com-
puted using the finite element method (FEM) [52]. A tetrahedral mesh is employed,
with maximum element sizes of 5 mm in the neck tissues and 1 mm in the antenna ap-
plicator, as chosen to find a suitable trade-off between computational cost and solution
accuracy [2].

3.2. Power Levels Search

The effectiveness of the APA in maximizing power deposition in the tumor region
while suppressing unwanted hotspots in healthy tissues depends critically on the proper
selection of the power mask thresholds. As illustrated in Section 2.2, the first threshold
thlow is applied in the tumor region T to ensure sufficient field focusing, while the second
threshold thup is defined in the healthy tissues H to suppress the formation of hotspots.
A transition region between these levels allows smooth clipping, avoiding abrupt constraint
changes in the field pattern (see Figure 1a).

To identify suitable values for these thresholds for the simplified testbed described
in Section 3.1, we introduce a metric denoted as VH

χ%, which measures the percentage of
healthy tissue volume experiencing SAR values above χ% of the maximum SAR within
the tumor. The VH

χ% metric, computed for different χ values, provides a more detailed
understanding of SAR distribution than scalar performance metrics such as the HTQ.
Two values of this metric are primarily used: VH

10% to assess overall SAR spillover into
healthy tissues, and VH

50% to highlight the presence of high-intensity hotspots.
The adaptive power mask search starts with generating a Gaussian field initial guess

as detailed in the Algorithm 2. A fixed peak amplitude A0 = 104 V2/m2 is imposed at
the tumor center (xt, yt, zt), ensuring a predefined maximum intensity at the focal point.
An upper bound to this quantity may be obtained by evaluating the values of squared
modulus of the electric field that can be reached inside the tumor region by each field en

in (7), combining these values assuming complete constructive interference and taking
into account the bound on the total input power (lines 7 and 8, as well as 22 and 23, of
Algorithm 1).

Algorithm 2 Adaptive Threshold Search for APA Optimization

1: Inputs: Electric field matrix [EN ], input power P0, reference input resistance R0,
tumor region T with radius rt, healthy region H with radius rh

2: Fixed Gaussian peak amplitude A0 at tumor center (xt, yt, zt) with the maximum
achievable intensity

3: Candidate set {th(i)up} to control hotspot suppression
4: Outputs: Optimal excitation vector

[
b̃
]⋆ and selected threshold th⋆up

5: Determine the dominant polarization component ν of [EN ]

6: for each th(i)up in candidate set do

7: Compute standard deviation σ0 = rh

(
2 log

(
A0/th(i)up

))−1/2

8: Compute th(i)low = A0 · exp
(
−r2

t /(2σ2
0 )
)

9: Construct Gaussian field [Et] with parameters A0 and σ0 and polarization ν

10: Run APA Optimization (Algorithm 1) with ([Et], th(i)low, th(i)up)

11: Compute metrics VH
10% and VH

50%

12: Store results in Q(th(i)up, VH
10%, VH

50%)
13: end for
14: Identify th⋆up via Pareto trade-off between VH

10% and VH
50%

15: Return corresponding excitation vector
[
b̃
]⋆
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For each candidate upper threshold th(i)up, which controls hotspot suppression in the
healthy tissues, the standard deviation σ0 of the Gaussian distribution is computed so that
the field intensity at the end of the transition region (distance rh from the tumor center)

corresponds to th(i)up, i.e., σ0 = rh

(
2 log

(
A0/th(i)up

))−1/2
. The corresponding threshold

th(i)low, applied within the tumor region of radius rt, is then derived from the same Gaussian

distribution as th(i)low = A0 · exp
(
−r2

t /(2σ2
0 )
)
.

Once the mask parameters (th(i)low, th(i)up) are defined, the APA optimization (Algorithm 1)
is performed, and the resulting SAR distribution is assessed using the VH

10% and VH
50% metrics.

These two metrics capture, respectively, the volume of healthy tissue exposed to moderate
and high levels of SAR relative to the tumor maximum.

A natural trade-off emerges: decreasing thup suppresses hotspots but may also re-
duce tumor coverage, while increasing it enhances energy delivery to the tumor at the
expense of greater off-target exposure. To resolve this, a Pareto front is built by plotting
all candidate solutions in the (VH

10%, VH
50%) space, and the final configuration is chosen

from the knee of the curve—where both objectives are reasonably balanced (see Figure 3a).
The knee point (highlighted in red) indicates the optimal point, which corresponds to
(thlow, thup) = (9.08, 4.2)× 103 V2/m2. The corresponding APA excitation vector

[
b̃
]⋆ is

retained as the optimal solution. It has been verified that varying the most critical parame-
ters involved in the adaptive threshold search, such as the amplitude A0 and the transition
region radius rh, by 10% of the selected values did not change the achieved results. This
indicates a fair stability of the implemented optimization process.

(a) (b)

Figure 3. (a) Pareto front generated during the APA threshold selection process, showing the trade-off
between SAR confinement (VH

10%) and hotspot suppression (VH
50%). The knee point (highlighted in red)

indicates the optimal point, corresponding to (thlow, thup) = (9.08, 4.2)× 103 V2/m2. (b) Compari-
son of the VH

χ% performance across increasing χ% for the APA (using the thresholds corresponding to
the knee point) and PSO-based SAR optimization.

3.3. SoA Comparison

To assess the effectiveness of the proposed APA, we compare its performance with
that of a conventional PSO-based SAR optimization, a widely used state-of-the-art (SoA)
meta-heuristic method. The PSO algorithm is implemented with the same testbed (detailed
in Section 3.1) with the goal of focusing the SAR within the tumor while reducing energy
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deposition in the surrounding healthy tissues by minimizing the cost function HTQ defined
in (11).

Figure 3b illustrates the VH
χ% curves for the PSO benchmark and APA with the selected

threshold configuration (corresponding to the knee point of Figure 3a). It is evident that
APA shows improved spatial control, with lower SAR leakage into healthy tissues across
multiple χ values. This trend confirms that the threshold-guided adaptation in APA yields
more consistent control over energy distribution than the global optimization behavior
of PSO.

The optimized complex excitation coefficients (amplitudes and phases) for each an-
tenna element resulting from APA and PSO optimization methods are summarized in
Table 1. These values represent the final configuration used to drive the antenna array for
each method.

Table 1. Optimized antenna excitation coefficients (amplitudes and phases) for APA and PSO.

n
APA Optimization PSO Optimization

Amplitude (V) Phase (◦) Amplitude (V) Phase (◦)

1 4.68 45.3 3.591 318.0
2 5.06 29.4 2.270 288.3
3 3.37 33.2 3.053 298.3
4 3.77 76.1 3.568 349.6
5 3.15 124.4 4.686 57.5
6 1.05 120.6 2.680 359.9
7 1.08 128.4 2.912 326.2
8 3.84 92.4 4.719 0.0

From a computational standpoint, the PSO algorithm (with a swarm size of 100) re-
quired approximately 140 s to converge on a Intel Core i9 workstation (Intel, Santa Clara,
CA, USA) with 128 GB RAM. In contrast, a single APA optimization run was completed
in less than 10 s. Including the time required for the adaptive threshold selection proce-
dure (approximately 120 s), the overall APA computational time remains comparable to
that of PSO. Notably, the APA achieves superior hotspot suppression while maintaining
comparable computational performance. Note that the time required to compute the elec-
tromagnetic field matrices—which is common to both methods—is approximately 23 min
and not included in the optimization timings. Table 2 summarizes the key properties of the
APA and PSO optimizations, including the number of iterations, the total computational
time, and the final HTQ values.

Table 2. Comparison of the convergence indicators for APA and PSO.

APA Optimization PSO Optimization

Num. iterations 1001 266
Total time (s) 128 140
HTQ (final) 0.8089 0.7998

Qualitative results from the normalized SAR maps—with respect to the maximum
SAR within the tumor region (T )—for a given input power are reported in Figure 4. While
both PSO and APA provide good target heating, APA offers a tighter confinement of
the high-SAR regions, minimizing off-target exposure. This reflects the benefits of using
adaptive power thresholding during optimization. Together, these results indicate that
APA not only achieves comparable tumor targeting performance to PSO but also improves
safety by suppressing undesired SAR levels in the surrounding healthy tissues.
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Figure 4. Normalized SAR maps comparison between PSO (upper row) and APA (lower row),
displayed on the three canonical planes cutting the tumor sphere at its centroid. The black
dashed circle indicates the tumor sphere region. The APA thresholds considered are
(thlow, thup) = (9.08, 4.2)× 103 V2/m2. While both methods achieve good tumor coverage, the APA
solution results in more confined SAR patterns, reducing hotspots outside the target.

To obtain the temperature distributions, a thermal simulation was performed in COM-
SOL Multiphysics by solving the heat transfer study based on Pennes’ bioheat equation [46],
where the locally computed SAR served as the electromagnetic power deposition source
term (see Section 2.1). As common in HTP, we considered the steady-state version of the bio-
heat equation (Equation (6)), which implies a vanishing time-dependent term (∂T/∂t) [2].

The model incorporated tissue-specific thermal properties and applied convective
boundary conditions to mimic heat exchange with the surrounding environment [41,54].
A convective heat flux boundary condition was applied at the interface between the neck
and the waterbolus, using a heat transfer coefficient of h = 82 W/(m2·◦C) and an external
reference temperature of Text = 20 ◦C. Additionally, a convective boundary condition was
imposed on the internal surface of the trachea, with h = 50 W/(m2·◦C) and Text = 30 ◦C.
The initial tissue temperature was uniformly set to Tin = 37 ◦C.

The corresponding temperature maps in Figure 5 further illustrate that APA achieves
comparable tumor heating to PSO with a lower total input power (P0 = 16 W vs. P0 = 26 W).
These power levels were selected to ensure that the target temperature of 42 ◦C was reached
within the tumor region. The reduced power requirement in the APA case highlights the
algorithm’s superior ability to localize energy deposition more effectively within the tumor,
thereby improving treatment efficiency while minimizing off-target heating in surrounding
healthy tissues.

To demonstrate that the selected power levels ensure adequate thermal coverage,
Table 3 reports the standard thermal estimators T90, T50, and T10, defined as the tempera-
ture exceeded by 90%, 50%, and 10% of points in the tumor region [2]. The bottom line of
Table 3 refers to the case where the feeding coefficients optimized with the APA approach
(Table 1) are used in a COMSOL model with the maximum mesh size reduced from 5 mm
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to 2 mm in the all the neck tissues. A variation of less than 0.2% between values reported
in the top and bottom lines of the table demonstrates the robustness of the mesh used to
perform the optimization (Section 3.1).

Figure 5. Temperature map comparison between PSO (upper row) and APA (lower row), visualized
on the three canonical planes intersecting the tumor centroid. The maps correspond to the SAR
distributions shown in Figure 4, obtained with P0 = 26 W for PSO and P0 = 16 W for APA.

Table 3. Standard thermal estimators obtained with the different methods.

Method T90 (°) T50 (°) T10 (°)

PSO 42.62 43.14 43.48
APA 42.55 43.14 43.51

APA (finer mesh) 42.63 43.13 43.46

3.4. Realistic Testbed

To evaluate the performance of the APA-based optimization under anatomically real-
istic conditions, we also considered an HT setup implemented in the Sim4Life simulation
platform (Zurich Med Tech AG, Zurich, Switzerland) [55], as illustrated in Figure 6a. The nu-
merical model is based on the phantom Duke V3.0 [56], a member of the Virtual Population
(ViP), which was developed from high-resolution magnetic resonance imaging (MRI) scans
of healthy volunteers. The phantom includes 305 anatomically segmented tissues, offer-
ing a comprehensive and physiologically accurate representation for electromagnetic and
thermal simulations.

A tumor region with irregular geometry—approximated as a deformed prolate
spheroid—was inserted into the laryngotracheal area (centroid at xt = 18.02 mm,
yt = 16.15 mm, zt = 1574.9 mm), as shown in Figure 6b. This placement enables the
evaluation of SAR deposition performance in a clinically relevant scenario where anatomi-
cal heterogeneity presents significant targeting challenges.

The treatment applicator consists of a uniform circular array of N = 8 patch antennas,
optimized to operate at f = 434 MHz. While based on the same design principles as in the
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simplified testbed, the antenna dimensions were re-optimized to fit the anatomical features
of the realistic phantom. The design parameters of each antenna, shown in Figure 6d,
include the following: Lsub = 50 mm, Wsub = 40 mm, Lp = 31.0 mm, Wp = 7.2 mm,
hsub = 8.4 mm, and x f = 4.96 mm. As in the previous setup, a waterbolus surrounds the
applicator (see Figure 6c) [49].

(a) (b)

(c) (d)

Figure 6. (a) Circular array of patch antennas surrounding the neck of the realistic phantom Duke
V3.0 [56] and immersed in the waterbolus. (b) Tumor target size (expressed in mm) and its position
near to the larynx of Duke. (c) Top view of the phased array applicator surrounding the segmented
phantom visualized on the xy plane; the reported number are used to index the antennas of the array;
the tumor target is highlighted in green. (d) Employed patch antenna and optimized dimensions.

In the Sim4Life model, the electromagnetic and thermal simulations are performed
using the finite-difference time-domain (FDTD) method. A rectilinear mesh is employed,
with a uniform voxel size of 2 mm in the phantom tissues and 1 mm in the antenna
applicator, in compliance with the ESHO guidelines [2].

To apply the proposed APA, as described in Section 2.2, to this anatomically real-
istic testbed, the two thresholds must be defined according to the procedure outlined
in Section 3.2, which provided the Pareto front displayed in Figure 7a. For this setup,
the thresholds were found to be (thlow, thup) = (9.41, 5.8)× 103 V2/m2 for the mask shown
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in Figure 1b. The VH
χ% indicator reported in Figure 7b for the APA method, using the se-

lected thresholds, shows an overall better SAR confinement than the PSO. The lower values
achieved by the VH

χ% parameter in Figure 7b with respect to Figure 3b are due to the fact
that the defined indicator is a relative parameter expressed over the total number of points
in the healthy region, which is significantly greater in the realistic case (1.13 M points) with
respect to the simplified model (56 k points). For the realistic model, the computational
time required by the APA, including the search algorithm, was less than 80 min as in the
case of the PSO algorithm applied here for comparison.

(a) (b)

Figure 7. (a) Pareto front generated during the APA threshold selection process, showing the trade-off
between SAR confinement (VH

10%) and hotspot suppression (VH
50%). The knee point (highlighted in red)

indicates the optimal point, corresponding to (thlow, thup) = (9.41, 5.8)× 103 V2/m2. (b) Compari-
son of the VH

χ% performance across increasing χ% for the APA (using the thresholds corresponding to
the knee point) and PSO-based SAR optimization.

The resulting normalized SAR distributions—with respect to the maximum SAR
within the tumor region (T )—for a given input power are shown in Figure 8. The maps,
displayed on the three canonical planes intersecting the tumor centroid (marked by the
green dot), compare PSO (upper row) and APA (lower row). While both methods achieve
adequate energy focusing on the tumor region, the APA results exhibit a more spatially
confined SAR pattern with significantly reduced hotspots in healthy tissues. This improve-
ment arises from APA’s ability to enforce adaptive spatial constraints through the use of a
two-level power mask, which simultaneously enhances energy focusing on the tumor and
suppresses power deposition in surrounding healthy regions.

Similar to the simplified testbed, the thermal response in the realistic anatomical model
was simulated by solving the Pennes’ bioheat equation [46] in Sim4Life, incorporating
tissue-specific thermal properties and perfusion rates [40] and completed by setting the
boundary conditions as performed in Section 3.3 for the simplified phantom.

To further validate these results, the corresponding temperature distributions are
illustrated in Figure 9. The PSO algorithm required P0 = 60 W to achieve effective heating
(≥42 ◦C in the tumor region), whereas the APA method reached comparable temperature
levels with only P0 = 44 W. This reduction in input power demonstrates the efficiency of
APA in shaping the energy deposition more effectively, thus enhancing patient safety and
minimizing the risk of overheating in the surrounding healthy tissues. The temperature
maps also clearly reflect reduced hotspot formation in the APA case, aligning well with the
SAR confinement observed in Figure 8.
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Figure 8. Normalized SAR maps comparison between PSO (upper row) and APA (lower row),
displayed on the three canonical planes cutting the tumor sphere at its centroid. The black
dashed line indicates the contour of the target tumor. The APA thresholds considered are
(thlow, thup) = (9.41, 5.8)× 103 V2/m2. While both methods achieve good tumor coverage, the APA
solution results in more confined SAR patterns, reducing hotspots outside the target.

Figure 9. Temperature map comparison between PSO (upper row) and APA (lower row), visualized
on the three canonical planes intersecting the tumor centroid. The maps correspond to the SAR
distributions shown in Figure 8, obtained with P0 = 60 W for PSO and P0 = 44 W for APA. Thanks to
better energy focusing, APA achieves comparable tumor heating with lower input power, while also
reducing the presence of hotspots in healthy tissues.
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To further assess the thermal coverage achieved in the realistic testbed, Table 4 re-
ports the same standard thermal estimators T90, T50, and T10, previously introduced in
Section 3.3. These indicators confirm that both the PSO and APA methods deliver effective
heating to the tumor region.

Table 4. Standard thermal estimators obtained with the different methods.

Method T90 (°) T50 (°) T10 (°)

PSO 41.08 41.94 42.63
APA 41.05 41.83 42.50

4. Discussion and Future Works
While the present work focuses on demonstrating the APA optimization approach for

deep hyperthermia in the H&N region—a particularly challenging anatomical site due to
its complex geometry and heterogeneous tissue composition—the methodology presented
is not limited to this application. The same optimization framework can be extended to
other anatomical sites commonly treated with deep hyperthermia, such as the pelvic region
for cervical and rectal cancer [2]. Investigating the performance of APA in such cases would
allow for a broader validation of the method.

Another aspect worth exploring is the influence of tumor size and geometry on the
achievable thermal coverage. In this study, we have evaluated the approach on a small
irregularly shaped deep-seated tumor in the H&N region, representing a challenging
scenario for hyperthermia treatment planning. However, larger or more irregularly shaped
tumor models could present different optimization challenges. As a future work, systematic
testing on a variety of tumor shapes and volumes would help quantify the robustness and
adaptability of the APA.

Finally, although we limited the comparison of the proposed algorithm to the PSO
method—selected because it is widely used in clinically applied SAR-based optimization
routines [23]—other optimization strategies could serve as relevant benchmarks. For in-
stance, time reversal [22] has been proposed in the literature as an alternative field-focusing
method. While time reversal relies on certain approximations and may not capture the full-
wave nature of a meta-heuristic optimization approach like PSO, its comparative evaluation
against APA in realistic patient models could provide further insights.

5. Conclusions
This study presented a deterministic framework for SAR-based optimization in mi-

crowave cancer hyperthermia, using the Alternating Projections Algorithm (APA) as an
efficient alternative to conventional meta-heuristic approaches such as the particle swarm
optimization (PSO). By enforcing a two-level power mask, APA effectively shapes the
electromagnetic energy deposition, achieving both strong tumor targeting and suppression
of hotspots in surrounding healthy tissues.

To guide the mask selection process, we introduced an adaptive threshold search
strategy based on the defined VH

χ% metric, which quantifies off-target SAR exposure. This
metric enabled a systematic trade-off analysis, allowing the APA method to dynamically
balance tumor coverage with safety constraints, while ensuring efficient heating of the
tumor target.

The methodology was validated in both a simplified phantom and a realistic H&N
anatomical model. In both cases, the APA method achieved SAR distributions and tempera-
ture profiles comparable to those obtained with the PSO algorithm, but with a significantly
reduced presence of hotspots and lower required input power. Specifically, in the simplified
model, comparable heating was achieved with just 16 W for APA versus 26 W for PSO.
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Similarly, in the realistic setup, APA reached the desired thermal performance with only
44 W compared to 60 W for PSO.

In conclusion, the proposed APA-based SAR optimization method offers a robust and
tunable alternative to PSO for SAR-based optimization in microwave hyperthermia treat-
ment planning. Its deterministic nature and improved SAR and temperature distributions
make it particularly attractive for anatomically complex targets, such as those found in the
H&N region. Here, the algorithm was demonstrated using a two-level power mask; future
work will explore its extension to multi-level masks and assess the resulting effects on focal
quality and computational efficiency.

Author Contributions: Conceptualization, G.V.; methodology, R.G. and M.R.; software, R.G. and M.F.;
formal analysis, R.G., M.R., and M.F.; investigation, G.G.; writing—original draft preparation, M.F. ;
writing—review and editing, M.F., R.G., M.R., and G.G.; visualization, M.F. and R.G.; supervision,
G.V.; project administration, G.V. and G.G.; funding acquisition, G.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the project “RESOLVED-K—Real-Time Temperature Maps Re-
construction in Microwave Cancer Hyperthermia”, Project identification code: 121322—(2024.0238).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Datta, N.R.; Ordóñez, S.G.; Gaipl, U.S.; Paulides, M.M.; Crezee, H.; Gellermann, J.; Marder, D.; Puric, E.; Bodis, S. Local

hyperthermia combined with radiotherapy and-/or chemotherapy: Recent advances and promises for the future. Cancer Treat.
Rev. 2015, 41, 742–753. [CrossRef]

2. Paulides, M.M.; Rodrigues, D.B.; Bellizzi, G.G.; Sumser, K.; Curto, S.; Neufeld, E.; Montanaro, H.; Kok, H.P.; Trefna, H.D.
ESHO benchmarks for computational modeling and optimization in hyperthermia therapy. Int. J. Hyperth. 2021, 38, 1425–1442.
[CrossRef]

3. Sneed, P.K.; Stauffer, P.R.; McDermott, M.W.; Diederich, C.J.; Lamborn, K.R.; Prados, M.D.; Chang, S.; Weaver, K.A.; Spry, L.;
Malec, M.K.; et al. Survival benefit of hyperthermia in a prospective randomized trial of brachytherapy boost ± hyperthermia for
glioblastoma multiforme. Int. J. Radiat. Oncol. Biol. Phys. 1998, 40, 287–295. [CrossRef]

4. Roemer, R.B. Engineering Aspects of Hyperthermia Therapy. Annu. Rev. Biomed. Eng. 1999, 1, 347–376. [CrossRef]
5. van der Zee, J.; González, D.; van Rhoon, G.C.; van Dijk, J.D.; van Putten, W.L.; Hart, A.A. Comparison of radiotherapy alone

with radiotherapy plus hyperthermia in locally advanced pelvic tumours: A prospective, randomised, multicentre trial. Lancet
2000, 355, 1119–1125. [CrossRef]

6. Lepock, J.R. Cellular effects of hyperthermia: Relevance to the minimum dose for thermal damage. Int. J. Hyperth. 2003,
19, 252–266. [CrossRef] [PubMed]

7. Issels, R.D. High-risk soft tissue sarcoma: Clinical trial and hyperthermia combined chemotherapy. Int. J. Hyperth. 2006,
22, 235–239. [CrossRef]

8. Vernon, C.C.; Hand, J.W.; Field, S.B.; Machin, D.; Whaley, J.B.; Zee, J.v.d.; van Putten, W.L.J.; van Rhoon, G.C.; van Dijk, J.D.P.;
González, D.G.; et al. Radiotherapy with or without hyperthermia in the treatment of superficial localized breast cancer: Results
from five randomized controlled trials. Int. J. Radiat. Oncol. Biol. Phys. 1996, 35, 731–744. [CrossRef] [PubMed]

9. Bakker, A.; van der Zee, J.; van Tienhoven, G.; Kok, H.P.; Rasch, C.R.N.; Crezee, H. Temperature and thermal dose during
radiotherapy and hyperthermia for recurrent breast cancer are related to clinical outcome and thermal toxicity: A systematic
review. Int. J. Hyperth. 2019, 36, 1024–1039. [CrossRef]

10. Overgaard, J.; Gonzalez Gonzalez, D.; Hulshof, M.C.C.M.; Arcangeli, G.; Dahl, O.; Mella, O.; Bentzen, S.M. Randomised trial of
hyperthermia as adjuvant to radiotherapy for recurrent or metastatic malignant melanoma. Lancet 1995, 345, 540–543. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.ctrv.2015.05.009
http://dx.doi.org/10.1080/02656736.2021.1979254
http://dx.doi.org/10.1016/S0360-3016(97)00731-1
http://dx.doi.org/10.1146/annurev.bioeng.1.1.347
http://dx.doi.org/10.1016/S0140-6736(00)02059-6
http://dx.doi.org/10.1080/0265673031000065042
http://www.ncbi.nlm.nih.gov/pubmed/12745971
http://dx.doi.org/10.1080/02656730600707793
http://dx.doi.org/10.1016/0360-3016(96)00154-X
http://www.ncbi.nlm.nih.gov/pubmed/8690639
http://dx.doi.org/10.1080/02656736.2019.1665718
http://dx.doi.org/10.1016/S0140-6736(95)90463-8
http://www.ncbi.nlm.nih.gov/pubmed/7776772


Cancers 2025, 17, 2813 18 of 19

11. Paulides, M.; Dobsicek Trefna, H.; Curto, S.; Rodrigues, D. Recent technological advancements in radiofrequency- andmicrowave-
mediated hyperthermia for enhancing drug delivery. Adv. Drug Deliv. Rev. 2020, 163–164, 3–18. [CrossRef] [PubMed]

12. Kok, H.P.; Cressman, E.N.K.; Ceelen, W.; Brace, C.L.; Ivkov, R.; Grüll, H.; ter Haar, G.; Wust, P.; Crezee, J. Heating technology for
malignant tumors: A review. Int. J. Hyperth. 2020, 37, 711–741. [CrossRef]

13. Wust, P.; Rau, B.; Gellerman, J.; Pegios, W.; Löffel, J.; Riess, H.; Felix, R.; Schlag, P.M. Radiochemotherapy and hyperthermia in
the treatment of rectal cancer. Recent Results Cancer Res. 1998, 146, 175–191. [CrossRef] [PubMed]

14. Thrall, D.E.; LaRue, S.M.; Yu, D.; Samulski, T.; Sanders, L.; Case, B.; Rosner, G.; Azuma, C.; Poulson, J.; Pruitt, A.F.; et al. Thermal
Dose is Related to Duration of Local Control in Canine Sarcomas Undergoing Thermoradiotherapy. Clin. Cancer Res. 2005,
11, 5206–5214. [CrossRef]

15. Franckena, M.; Fatehi, D.; de Bruijne, M.; Canters, R.A.M.; van Norden, Y.; Mens, J.W.; van Rhoon, G.C.; van der Zee, J.
Hyperthermia dose-effect relationship in 420 patients with cervical cancer treated with combined radiotherapy and hyperthermia.
Eur. J. Cancer 2009, 45, 1969–1978. [CrossRef]

16. Bruggmoser, G.; Bauchowitz, S.; Canters, R.; Crezee, H.; Ehmann, M.; Gellermann, J.; Lamprecht, U.; Lomax, N.; Messmer, M.B.;
Ott, O.; et al. Quality assurance for clinical studies in regional deep hyperthermia. Strahlenther. Onkol. 2011, 187, 605–610.
[CrossRef]

17. Kok, H.P.; Wust, P.; Stauffer, P.R.; Bardati, F.; van Rhoon, G.C.; Crezee, J. Current state of the art of regional hyperthermia
treatment planning: A review. Radiat. Oncol. 2015, 10, 196. [CrossRef]

18. Nikita, K.; Maratos, N.; Uzunoglu, N. Optimal steady-state temperature distribution for a phased array hyperthermia system.
IEEE Trans. Bio Eng. 1993, 40, 1299–1306. [CrossRef]

19. Das, S.K.; Clegg, S.T.; Samulski, T.V. Computational techniques for fast hyperthermia temperature optimization. Med. Phys. 1999,
26, 319–328. [CrossRef]

20. Bardati, F.; Borrani, A.; Gerardino, A.; Lovisolo, G. SAR optimization in a phased array radiofrequency hyperthermia system.
IEEE Trans. Bio Eng. 1995, 42, 1201–1207. [CrossRef] [PubMed]

21. Kok, H.P.; van Haaren, P.M.; van de Kamer, J.B.; Wiersma, J.; van Dijk, J.D.; Crezee, J. High-resolution temperature-based
optimization for hyperthermia treatment planning. Phys. Med. Biol. 2005, 50, 3127–3141. [CrossRef]

22. Trefná, H.D.; Vrba, J.; Persson, M. Time-reversal focusing in microwave hyperthermia for deep-seated tumors. Phys. Med. Biol.
2010, 55, 2167–2185. [CrossRef]

23. Rijnen, Z.; Bakker, J.F.; Canters, R.A.M.; Togni, P.; Verduijn, G.M.; Levendag, P.C.; Van Rhoon, G.C.; Paulides, M.M. Clinical
integration of software tool VEDO for adaptive and quantitative application of phased array hyperthermia in the head and neck.
Int. J. Hyperth. 2013, 29, 181–193. [CrossRef] [PubMed]

24. Iero, D.A.M.; Crocco, L.; Isernia, T. Thermal and Microwave Constrained Focusing for Patient-Specific Breast Cancer Hyperther-
mia: A Robustness Assessment. IEEE Trans. Antennas Propag. 2014, 62, 814–821. [CrossRef]

25. Bellizzi, G.G.; Drizdal, T.; van Rhoon, G.C.; Crocco, L.; Isernia, T.; Paulides, M.M. The potential of constrained SAR focusing for
hyperthermia treatment planning: Analysis for the head & neck region. Phys. Med. Biol. 2018, 64, 015013. [CrossRef]

26. Firuzalizadeh, M.; Gaffoglio, R.; Giordanengo, G.; Righero, M.; Zucchi, M.; Musacchio Adorisio, G.; Bellone, A.; Vallan, A.;
Perrone, G.; Vecchi, G. Joint Optimization of Antenna System Matching and Specific Absorption Rate Focusing in Microwave
Hyperthermia Cancer Treatment. Cancers 2025, 17, 386. [CrossRef] [PubMed]

27. Gaffoglio, R.; Righero, M.; Giordanengo, G.; Zucchi, M.; Vecchi, G. Fast Optimization of Temperature Focusing in Hyperthermia
Treatment of Sub-Superficial Tumors. IEEE J. Electromagn. RF Microw. Med. Biol. 2021, 5, 286–293. [CrossRef]

28. Kennedy, J.; Eberhart, R.C. Particle swarm optimization. In Proceedings of the IEEE International Conference on Neural
Networks, Perth, WA, Australia, 27 November–1 December 1995; Volume 4.

29. Liontas, C.A.; Knott, P. An Alternating Projections Algorithm for optimizing electromagnetic fields in regional hyperthermia. In
Proceedings of the 2016 10th European Conference on Antennas and Propagation (EuCAP), Davos, Switzerland, 10–15 April
2016; pp. 1–5. [CrossRef]

30. Liontas, C.A. Alternating Projections of Auxiliary Vector Fields for Electric Field Optimization in Temperature-guided Hyperther-
mia. In Proceedings of the 2019 13th European Conference on Antennas and Propagation (EuCAP), Krakow, Poland, 31 March–5
April 2019; pp. 1–5.

31. Bucci, O.M.; D’Elia, G.; Mazzarella, G.; Panariello, G. Antenna pattern synthesis: A new general approach. Proc. IEEE 1994,
82, 358–371. [CrossRef]

32. Araque Quijano, J.L.; Vecchi, G. Alternating Adaptive Projections in Antenna Synthesis. IEEE Trans. Antennas Propag. 2010,
58, 727–737. [CrossRef]

33. Polk, C.; Postow, E. Handbook of Biological Effects of Electromagnetic Fields, Third Edition—2 Volume Set; CRC Press: Boca Raton, FL,
USA, 1995.

34. Kampinga, H.H. Cell biological effects of hyperthermia alone or combined with radiation or drugs: A short introduction to
newcomers in the field. Int. J. Hyperth. 2006, 22, 191–196. [CrossRef]

http://dx.doi.org/10.1016/j.addr.2020.03.004
http://www.ncbi.nlm.nih.gov/pubmed/32229271
http://dx.doi.org/10.1080/02656736.2020.1779357
http://dx.doi.org/10.1007/978-3-642-71967-7_16
http://www.ncbi.nlm.nih.gov/pubmed/9670260
http://dx.doi.org/10.1158/1078-0432.CCR-05-0091
http://dx.doi.org/10.1016/j.ejca.2009.03.009
http://dx.doi.org/10.1007/s00066-011-1145-x
http://dx.doi.org/10.1186/s13014-015-0503-8
http://dx.doi.org/10.1109/10.250585
http://dx.doi.org/10.1118/1.598519
http://dx.doi.org/10.1109/10.476127
http://www.ncbi.nlm.nih.gov/pubmed/8550062
http://dx.doi.org/10.1088/0031-9155/50/13/011
http://dx.doi.org/10.1088/0031-9155/55/8/004
http://dx.doi.org/10.3109/02656736.2013.783934
http://www.ncbi.nlm.nih.gov/pubmed/23590361
http://dx.doi.org/10.1109/TAP.2013.2293336
http://dx.doi.org/10.1088/1361-6560/aaf0c4
http://dx.doi.org/10.3390/cancers17030386
http://www.ncbi.nlm.nih.gov/pubmed/39941755
http://dx.doi.org/10.1109/JERM.2020.3043383
http://dx.doi.org/10.1109/EuCAP.2016.7481139
http://dx.doi.org/10.1109/5.272140
http://dx.doi.org/10.1109/TAP.2009.2039307
http://dx.doi.org/10.1080/02656730500532028


Cancers 2025, 17, 2813 19 of 19

35. Vander Vorst, A.; Rosen, A. RF/Microwave Interaction with Biological Tissues; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2006;
Volume 91. [CrossRef]

36. Debye, P.J.W. Polar Molecules; The Chemical Catalog Company, Inc.: New York, NY, USA, 1929.
37. Cole, K.S.; Cole, R.H. Dispersion and Absorption in Dielectrics I. Alternating Current Characteristics. J. Chem. Phys. 1941,

9, 341–351. [CrossRef]
38. Gabriel, C.; Gabriel, S.; Corthout, E. The dielectric properties of biological tissues: I. Literature survey. Phys. Med. Biol. 1996,

41, 2231–2249. [CrossRef]
39. Gabriel, S.; Lau, R.W.; Gabriel, C. The dielectric properties of biological tissues: II. Measurements in the frequency range 10 Hz to

20 GHz. Phys. Med. Biol. 1996, 41, 2251–2269. [CrossRef]
40. Hasgall, P.; Neufeld, E.; Gosselin, M.C.; Klingenböck, A.; Kuster, N. IT’IS Database for Thermal and Electromagnetic Parameters of

Biological Tissues; IT’IS Foundation: Zurich, Switzerland, 2018.
41. Verhaart, R.F.; Verduijn, G.M.; Fortunati, V.; Rijnen, Z.; van Walsum, T.; Veenland, J.F.; Paulides, M.M. Accurate 3D temperature

dosimetry during hyperthermia therapy by combining invasive measurements and patient-specific simulations. Int. J. Hyperth.
2015, 31, 686–692. [CrossRef] [PubMed]

42. Joines, W.T.; Zhang, Y.; Li, C.; Jirtle, R.L. The measured electrical properties of normal and malignant human tissues from 50 to
900 MHz. Med. Phys. 1994,21, 547–550. [CrossRef]

43. Lazebnik, M.; Popovic, D.; McCartney, L.; Watkins, C.B.; Lindstrom, M.J.; Harter, J.; Sewall, S.; Ogilvie, T.; Magliocco, A.; Breslin,
T.M.; et al. A large-scale study of the ultrawideband microwave dielectric properties of normal, benign and malignant breast
tissues obtained from cancer surgeries. Phys. Med. Biol. 2007, 52, 6093–6115. [CrossRef] [PubMed]

44. Jackson, J.D. Classical Electrodynamics, 3rd ed.; John Wiley & Sons, Ltd: New York, NY, USA, 1999.
45. IEC/IEEE 62704-1:2017; IEC/IEEE International Standard—Determining the Peak Spatial-Average Specific Absorption Rate (SAR)

in the Human Body from Wireless Communications Devices, 30 MHz to 6 GHz—Part 1: General Requirements for Using the
Finite-Difference Time-Domain (FDTD) Method for SAR Calculations. IEC: Geneva, Switzerland, 2017. [CrossRef]

46. Pennes, H.H. Analysis of tissue and arterial blood temperatures in the resting human forearm. J. Appl. Physiol. 1948, 1, 93–122.
[CrossRef] [PubMed]

47. Kok, H.P.; van den Berg, C.A.T.; Bel, A.; Crezee, J. Fast thermal simulations and temperature optimization for hyperthermia
treatment planning, including realistic 3D vessel networks. Med. Phys. 2013, 40, 103303. [CrossRef]

48. Paulides, M.M.; Bakker, J.F.; Chavannes, N.; van Rhoon, G.C. A Patch Antenna Design for Application in a Phased-Array Head
and Neck Hyperthermia Applicator. IEEE Trans. Biomed. Eng. 2007, 54, 2057–2063. [CrossRef]

49. Paulides, M.M.; Bakker, J.F.; Neufeld, E.; van der Zee, J.; Jansen, P.P.; Levendag, P.C.; van Rhoon, G.C. The HYPERcollar: A novel
applicator for hyperthermia in the head and neck. Int. J. Hyperth. 2007, 23, 567–576. [CrossRef]

50. Rijnen, Z.; Togni, P.; Roskam, R.; van de Geer, S.G.; Goossens, R.H.; Paulides, M.M. Quality and comfort in head and neck
hyperthermia: A redesign according to clinical experience and simulation studies. Int. J. Hyperth. 2015, 31, 823–830. [CrossRef]

51. Canters, R.A.; Franckena, M.; Paulides, M.M.; van Rhoon, G.C. Patient positioning in deep hyperthermia: Influences of
inaccuracies, signal correction possibilities and optimization potential. Phys. Med. Biol. 2009, 54, 3923–3936. [CrossRef] [PubMed]

52. COMSOL Multiphysics. Version 6.1. 2023. Available online: http://www.comsol.it/ (accessed on 20 December 2024).
53. Yosandha, F.P.; Adi, K.; Widodo, C.E. Calculation of Lung Cancer Volume of Target Based on Thorax Computed Tomography

Images using Active Contour Segmentation Method for Treatment Planning System. J. Phys. Conf. Ser. 2017, 855, 012063.
[CrossRef]

54. Gaffoglio, R.; Giordanengo, G.; Righero, M.; Zucchi, M.; Firuzalizadeh, M.; Musacchio Adorisio, G.; Bellone, A.; Vallan, A.;
Perrone, G.; Vecchi, G. Real-time 3D temperature reconstruction in microwave cancer hyperthermia from scarce temperature
measurements. Nat. Commun. 2025, 16, 4824. [CrossRef] [PubMed]

55. Sim4Life. Version 6.2.1.4972. 2021. Available online: https://zmt.swiss/sim4life/ (accessed on 6 March 2023).
56. Duke_34y_m_v3.1.1b01_posable. ViP. 2016. Available online: https://itis.swiss/virtual-population (accessed on 8 October 2024).

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1002/0471752053
http://dx.doi.org/10.1063/1.1750906
http://dx.doi.org/10.1088/0031-9155/41/11/001
http://dx.doi.org/10.1088/0031-9155/41/11/002
http://dx.doi.org/10.3109/02656736.2015.1052855
http://www.ncbi.nlm.nih.gov/pubmed/26134740
http://dx.doi.org/10.1118/1.597312
http://dx.doi.org/10.1088/0031-9155/52/20/002
http://www.ncbi.nlm.nih.gov/pubmed/17921574
http://dx.doi.org/10.1109/IEEESTD.2017.8088404
http://dx.doi.org/10.1152/jappl.1948.1.2.93
http://www.ncbi.nlm.nih.gov/pubmed/18887578
http://dx.doi.org/10.1118/1.4821544
http://dx.doi.org/10.1109/TBME.2007.895111
http://dx.doi.org/10.1080/02656730701670478
http://dx.doi.org/10.3109/02656736.2015.1076893
http://dx.doi.org/10.1088/0031-9155/54/12/021
http://www.ncbi.nlm.nih.gov/pubmed/19491453
http://www.comsol.it/
http://dx.doi.org/10.1088/1742-6596/855/1/012063
http://dx.doi.org/10.1038/s41467-025-59748-5
http://www.ncbi.nlm.nih.gov/pubmed/40410133
https://zmt.swiss/sim4life/
https://itis.swiss/virtual-population
http://dx.doi.org/10.13099/VIP11001-03-1-1

	Introduction
	Materials and Methods 
	Heating Mechanism in Hyperthermia
	Optimization Approach

	Results
	Reference Testbed
	Power Levels Search
	SoA Comparison
	Realistic Testbed

	Discussion and Future Works
	Conclusions
	References

