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Abstract—Accurate temperature monitoring remains a chal-
lenge in microwave hyperthermia (HT), in particular for deep-
seated tumors. Recent work has demonstrated that combining
scarce temperature measurements with precomputed simulation
libraries enables real-time 3D temperature reconstruction in
the entire region of interest (ROI). In this study, we validate
this reconstruction strategy using the standardized benchmark
models released by the European Society for Hyperthermic
Oncology (ESHO), strictly following all ESHO guidelines for
numerical simulation and verification in hyperthermia treatment
planning (HTP). Results obtained with the “Alex” head and neck
benchmark model confirm the possibility to achieve an average
error lower than 0.4 °C in 95% of the ROI even when the sensor
points used in the reconstruction are scarce and affected by noise.

Index Terms—Microwave hyperthermia (HT), European Soci-
ety for Hyperthermic Oncology (ESHO) benchmarks, hyperther-
mia treatment planning (HTP), invasive thermometry, tempera-
ture reconstruction.

I. INTRODUCTION

Microwave hyperthermia (HT) is a clinically well-
established adjuvant cancer therapy that enhances the effec-
tiveness of radiotherapy and chemotherapy by increasing tu-
mor temperatures to 40–44◦C [1]. Achieving effective yet safe
heating requires accurate control of the spatial temperature
distribution: insufficient heating of tumor tissue compromises
efficacy, while overheating of healthy tissues can cause irre-
versible damage. Reliable temperature monitoring is therefore
critical for both safety and effectiveness in hyperthermia
treatments.

In current clinical practice, temperature monitoring is lim-
ited to invasive thermometry, usually performed via catheters,
that provide information only at a few discrete points [2].
Causing discomfort to the patient, the number of catheters
must be reduced to the bare minimum, thus preventing a com-
prehensive assessment of the temperature distribution within
the region of interest (ROI). Alternative non-invasive tech-
niques for temperature monitoring, such as magnetic resonance
thermometry, are currently under development [3], but still
suffer from motion sensitivity and susceptibility artifacts, and
remain impractical in many treatment scenarios due to cost
and logistical constraints.

A recently proposed approach addresses the current absence
of a real-time precise technique for 3D temperature monitoring
by combining scarse temperature measurements with a library
of pre-computed simulated temperature maps [4]. The goal

of this technique is to create a patient-specific library of
multiphysics simulations before treatment, which accounts for
uncertainties in tissue properties. During treatment, scarce
temperature data from minimally invasive catheters, which
can also be intraluminal (non-invasive), are used to match the
simulations, effectively reducing uncertainty and providing a
reliable 3D temperature map of the ROI in real time.

The European Society for Hyperthermic Oncology (ESHO)
has published benchmark models [5] that define geometries,
dielectric and thermal parameters, and evaluation standards to
ensure reproducibility and comparability of numerical meth-
ods. In this work, we validate the reconstruction approach
proposed in [4] using the ESHO benchmark model “Alex”,
fully following the ESHO guidelines. This validation has
the goal to further assess the reconstruction method within
the HT community and to demonstrate compliance with the
established standards.

II. METHOD

The reconstruction algorithm follows the workflow intro-
duced in [4], here adapted and validated on the ESHO bench-
mark model [5]. The goal is to reconstruct the spatial tem-
perature distribution within the region of interest (ROI) from
a limited number of measurements. The temperature field is
evaluated using the steady-state Pennes’ bioheat equation [6],
solved under appropriate boundary conditions as defined by
the ESHO guidelines [5].

A set of B steady-state temperature maps is generated
using the Sim4Life platform [7], each obtained by varying
the thermal parameters of the most relevant tissues within
realistic uncertainty ranges according to a low-discrepancy
Sobol sequence. These simulations, referred to as reconstruc-
tion maps, ϕb(r), b = 1, ..., B, represent the steady-state
temperature distributions corresponding to different parameter
combinations (sb) extracted using a Sobol sequence.

To simulate the treatment condition, we consider only a
limited number of noisy temperature measurements T̃ (qℓ),
ℓ = 1, . . . , L, available at known locations qℓ along the
inserted catheter. These points represent the “known” temper-
ature measurements used during reconstruction, whereas the
full temperature field is unknown (i.e., the target temperature
map T (r)). Since measurement points are inherently affected
by noise, a Gaussian noise was added to the known tem-
perature values to simulate the uncertainty introduced by the



temperature sensing system. The noisy temperature samples
were modeled as:

T̃ (qℓ) = T (qℓ) + fN (qℓ;µ, σ
2), (1)

here, fN is a function generating an array of random errors,
normally distributed with mean µ and variance σ2.

The overall temperature distribution in the ROI is then
reconstructed as a combination of the precomputed maps:

T̂ (r) =

B∑
b=1

wb ϕb(r), (2)

where wb are the corresponding weights. The optimal coeffi-
cients wb are determined by solving a constrained least-squares
(CLS) problem that minimizes the discrepancy between sim-
ulated and measured data, i.e.:

min
w∈RB

L∑
ℓ=1

(
B∑

b=1

wb ϕb(qℓ)− T̃ (qℓ)

)2

, (3)

subject to the additional constraints:
B∑

b=1

wb = 1, and wb ≥ 0, ∀b = 1, . . . , B. (4)

The resulting reconstructed map T̂ (r) provides a robust
estimate of the steady-state temperature distribution even when
only scarce, noisy measurements are available.

Following the definition introduced in [4], a goodness
function g(χ) is employed to quantify the reconstruction
accuracy. This metric measures the fraction of the ROI where
the absolute temperature error remains below a threshold χ:

g(χ) =
Vol({r ∈ ROI : ∆T ≤ χ})

Vol(ROI)
, (5)

where ∆T represents the absolute temperature difference be-
tween the reconstructed temperature map T̂ (r) and the target
temperature map (i.e., the simulated ground-truth temperature
map T (r), which was not included in the reconstruction
database).

III. VERIFICATION ON ESHO MODEL

Numerical simulations were performed using the ESHO
“Alex” head-and-neck (H&N) model implemented in the
Sim4Life platform [7], which provides standardized geometry,
the antenna applicator, electromagnetic (EM) and thermal
modeling, and material assignments [5].

Figure 1a illustrates the Alex model with the benchmark
H&N applicator, consisting of twelve half-wavelength dipole
antennas distributed over three rings. Figure 1b shows the
top view of the horse-shoe applicator and the clinically used
waterbolus. The gross tumor volume (GTV) located in the
nasopharyngeal region is shown in Fig. 2, where only bones
and tumor are visualized for clarity.

Electromagnetic fields were computed using a finite-
difference time-domain (FDTD) solver provided by
Sim4Life [7]. The amplitude and phase coefficients of

(a) (b)

Fig. 1. (a) Visualization of the ESHO “Alex” H&N patient model with
the benchmark H&N applicator consisting of twelve half-wavelength dipole
antennas distributed over three rings; (b) top view of the Alex model with the
horse-shoe applicator and the considered waterbolus.

Fig. 2. Gross tumor volume (GTV) in the nasopharyngeal region of the Alex
model. Only the bones and the tumor are shown for clarity.

the array were optimized using a Specific Absorption Rate
(SAR)-based procedure to maximize power deposition within
the tumor while minimizing the risk of overheating in the
surrounding healthy tissues [8]. SAR-based optimizations are
commonly used in the clinical practice, offering a good trade-
off between computational demand and heating accuracy [9],
[10]. The resulting optimized excitations with an input power
of 290 W yield a sufficiently good SAR pattern around the
tumor, similar to that reported in the ESHO guidelines [5]
(see Fig. 3).

In the Alex model, a preliminary analysis was carried out to
identify the most relevant tissues within the ROI, which were
found to be muscle, fat, cerebrum, and tumor.

The ranges of variation reported in Table I were employed
to generate the ensemble of simulated temperature maps
ϕb(r) forming the reconstruction basis. All remaining tissue
parameters were set to their baseline values reported in the
ESHO database [5].

Using B = 70 reconstruction maps, the g(χ) indicator
defined in Eq. 5 has been estimated for two catheter config-
urations and shown in Fig. 4. In the first example (Catheter
Case 1) L = 20 temperature sensor points distributed along the
nasal cavity were considered, representing a non-invasive (in-



TABLE I
Considered tissues’ properties, baseline values, and range of variation

k (W/m◦C) ω (ml/(min kg))

Tissue Baseline min max Baseline min max

Muscle 0.49 0.40a 0.56a 188.7 19a 442.8a

Fat 0.21 0.18a 0.50a 69 20a 255a

Cerebrum 0.55 0.53b 0.56b 763.3 671b 840b

Tumor 0.49 0.41a 1.50a 94.4 36.15a 848a

The baseline values are derived from the ESHO benchmarck database [5]. a:
values as used in [4]; b: values derived from the IT’IS database [11].

Fig. 3. Axial and sagittal cross-sections of the optimized SAR distribution
in the ESHO model Alex.

traluminal) thermometry setup. The second example (Catheter
Case 2) employed an invasive configuration with only L = 7
probes to evaluate the method’s robustness under limited
spatial sampling. Fig. 4a shows the sensors position overlaid
on the baseline temperature distribution (i.e. the temperature
map extracted using the baseline parameters of Table I), while
Fig. 4b illustrates the corresponding goodness functions g(χ).

The blue-dotted curve in Fig. 4b represents the ideal (noise-
free) reconstruction. The shaded blue region depicts 2000
realizations of Gaussian noise (µ = ±0.1◦C, σ = 0.2◦C),
while the dashed blue line shows their mean performance.
Even in the presence of noise on the scarce measurement
points, the reconstructed temperature fields achieve an average
error lower than 0.4 °C in 95% of the ROI, confirming the
robustness of the approach. The red-dotted curve expresses
the discrepancy between the baseline and target maps, serving
as a reference for assessing reconstruction quality.

These results, obtained using the ESHO “Alex” benchmark
model, confirm that accurate 3D temperature reconstructions
can be achieved even under scarce and noisy measurement
conditions, based on the approach proposed in [4].

IV. CONCLUSION

This study validates a real-time temperature reconstruction
method on the standardized ESHO “Alex” head-and-neck
model, ensuring full compliance with benchmark modeling
guidelines.

(a) (b)

Fig. 4. Reconstruction performance for two catheter configurations. (a)
Measurement point locations (black dots) overlaid on the baseline temperature
map for Catheter Case 1 (L = 20 points along the nasal path, non-invasive)
and Catheter Case 2 (L = 7 invasive points). (b) Corresponding g(χ) curves
comparing reconstructed and target temperature maps. The blue-dot line
corresponds to the reconstruction of the target map without noise, the blue-
shadow region includes 2000 realizations of the Gaussian error (µ = ±0.1◦C
and σ = 0.2◦C), with the blue dashed line denoting the average; the red-dot
line expresses the discrepancy between the target map and the baseline map.

The core of the proposed framework lies in two main steps:
(1) the creation of a pre-treatment library of multiphysics
simulations obtained by varying the relevant tissue parame-
ters within realistic uncertainty ranges, and (2) the real-time
reconstruction of the temperature maps from a limited number
of noisy measurements acquired during treatment. By selecting
and combining the precomputed simulations that best match
the scarce temperature data, the method effectively reduces
model uncertainty and provides reliable estimates of the full
3D temperature distribution within the ROI.

Validation on the ESHO “Alex” benchmark model demon-
strates that an average error lower than 0.2 °C in 95% of the
ROI can be achieved even when relying on a limited number
of scarce and noisy invasive measurements. Furthermore, the
reconstruction performance obtained in the non-invasive nasal
configuration (average error < 0.4°C in 95% of the ROI)
confirms that accurate temperature monitoring can be achieved
without any invasive probing, highlighting the robustness and
flexibility of the approach. The technique therefore repre-
sents a promising step toward minimally invasive, real-time
thermometry and adaptive control in clinical hyperthermia
treatments.

Future developments will focus on extending the framework
to a more exhaustive set of target maps and catheter config-
urations as well as considering transient heating conditions.
Detailed quantitative results and uncertainty analyses will be



presented at the Conference.
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