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ABSTRACT
Introduction: Hyperthermia efficacy depends on the temperatures achieved in the target area. Therefore, 
hyperthermia systems must deliver both controlled and conformal heating. This study presents a 
comprehensive multi-institutional quality assurance (QA) evaluation of deep hyperthermia devices.
Methods:  Six European institutions equipped with BSD- Sigma 60 and Sigma Eye deep hyperthermia 
applicators participated in the study. Up to six measurements per applicator were performed in each 
institution. The thermal distribution in cylindrical homogeneous phantoms after 10 minutes of heating 
with a total power delivered of 1000 watts was assessed using the applicator’s integrated mapping 
thermometry system. Evaluated quality parameters included temperature increase, focus location, and 
focus symmetry.
Results:  A total of 54 measurements were conducted, with 43 included in the analysis. All applicators, 
except one, achieved a temperature increase of 6 °C in 10 minutes. Central heating capabilities were 
demonstrated, with mean deviations from the intended location of −1.4 ± 1.6 cm for Sigma 60 and 
1.5 ± 1.4 cm for Sigma Eye. Symmetry evaluations showed differences in radial temperature profiles of 
6.2 ± 4.5 % for the Sigma 60 and 5.9 ± 4.4 % for the Sigma Eye. We propose minimum acceptable values 
for each quality parameter based on these results.
Conclusion:  The measurements were reproducible with acceptable values for the various quality 
parameters. Potential deviations might be attributed to inaccuracies in the mapping thermometry 
system rather than the heating system. The presented protocol and practical recommendations should 
be applied for future QA measurements in deep hyperthermia.

1.  Introduction

Hyperthermia is a cancer treatment designed to increase 
target temperatures to 39–44 °C for 60–90 minutes. When 
combined with radiotherapy and/or chemotherapy, hyper-
thermia acts as a powerful biological sensitizer, significantly 
enhancing the effectiveness of these treatments [1,2]. 
Numerous studies have demonstrated enhanced therapeutic 
outcomes with the addition of hyperthermia, resulting in 
improved local tumor control and survival rates, without 
increasing toxicity [3–10]. Moreover, promising results have 
been observed when combining hyperthermia with immu-
notherapy [11]. Studies examining the dose-response rela-
tionship in hyperthermia have highlighted the importance 
of achieving high thermal doses during treatment [12–14]. 
This implies that hyperthermia systems should be able to 

deliver selective and controlled heating to a predefined tar-
get volume while minimizing heat exposure to surrounding 
healthy tissues. To ensure these criteria are met, quality 
assurance (QA) guidelines have been developed and refined 
over the years.

Numerous authors contributed to establishing guidelines 
for hyperthermia devices. Dewhirst et  al. [15] provided QA 
recommendations for multi-institutional trials, with a strong 
focus on thermometry and related aspects. Lagendijk et  al. 
[16] drew on the collective expertise of institutes involved in 
successful clinical trials to propose comprehensive guidelines, 
covering various stages of the hyperthermia workflow, from 
treatment planning to delivery and documentation. Building 
on these contributions, Bruggmoser et  al. [17,18] focused on 
the specifics of deep hyperthermia devices, offering QA 
guidelines tailored to loco-regional and deep treatments. 
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These encompass QA aspects across the clinical application 
of hyperthermia, including indication, preparation, treat-
ment, and standardized analysis. Recent contributions by 
Dobsicek Trefna et  al. expanded the existing guidelines, 
offering additional QA recommendations covering specific 
treatment modalities, namely superficial [19,20] and intersti-
tial [21] hyperthermia. Currently, the European Society for 
Hyperthermic Oncology (ESHO) Technical Committee is 
revising the guidelines for deep hyperthermia (manuscript 
in preparation), with the most significant modification being 
the inclusion of temperature-based quality parameters. The 
key requirement is a minimum temperature increase of 6 °C 
in 10 min, achieved in a homogeneous tissue-mimicking 
phantom. This criterion is based on a study by Wust et  al. 
[22], who found that a specific absorption rate (SAR) of 
13 W/kg was required to produce a 6 °C temperature increase 
in a phantom within 30 minutes. More recent studies con-
firmed this finding, showing that clinical devices could 
achieve a 6 °C increase when applying a power output of 
1000 watts [23,24].

Characterizing deep hyperthermia devices based on tem-
perature, using the system’s own thermometry probes, poses 
several challenges. Monitoring temperature comprehensively 
over clinically significant areas is challenging due to the lim-
ited number of thermal probes available for each applicator. 
In essence, accurately translating a limited number of care-
fully selected temperature measurement points to three- 
dimensional (3D) temperature distributions is fundamental, 
yet not straightforward [24]. Moreover, the accuracy of these 
measurements heavily relies on each temperature being 
measured at the designated location. This necessitates the 
use of well-designed phantoms with fixed and known cathe-
ter positioning and protocols with parameters that can be 
obtained from such measurements and phantoms. Developing 
experimental expertise is imperative to accumulate the 
knowledge required for establishing updated QA guidelines 
for deep hyperthermia devices applicable across all hyper-
thermia institutions.

This study outlines the experimental design, practical 
implementation, and analysis of phantom measurements for 
deep hyperthermia devices. The study aims to gather infor-
mation on practical implementation regarding system set-up 
and required time to perform the QA protocol. Ultimately, 
the study offers crucial insights that can be translated as 
recommendations for the forthcoming deep hyperthermia 
QA guidelines. Measurements were carried out across six 
different European institutions where clinical hyperthermia 
is practiced, being the largest multi-institution QA study 
conducted in hyperthermia to date. We specifically investi-
gated the performance of the BSD-Sigma 60 and BSD-Sigma 
Eye applicators (Pyrexar Medical, Salt Lake City, Utah, United 
States) installed at the University Hospitals of Berlin, 
Düsseldorf, Erlangen, Munich, and Tübingen in Germany, as 
well as at the Erasmus Medical Center Cancer Institute in 
Rotterdam, The Netherlands. All the involved centers have 
over 20 years of experience in applying hyperthermia treat-
ments clinically.

2.  Materials and methods

A new part of the upcoming QA guidelines is that tem-
perature readings are taken using the existing thermometry 

systems at each institution, following standard clinical 
practices. Our objective was to assess temperature distri-
bution within the tissue-mimicking phantoms after a 
10-minute heating period, utilizing a consistent total for-
warded power of 1000 watts for each device under 
evaluation.

The data collection phase spanned approximately three 
weeks, with two days allocated to each institution. We 
planned three repetitions of each heating experiment, 
maintaining the same parameters throughout to ensure 
reproducibility. Measurement days were meticulously sched-
uled in advance to avoid conflicts with ongoing clinical 
treatments. However, some unavoidable scheduling overlaps 
occurred. Consequently, on those days, six measurements 
were not achievable at some institutions. Three identical 
tissue-mimicking phantoms were used, enabling six experi-
ments daily, split evenly between morning and afternoon 
sessions. Following each experiment, there was a manda-
tory five-hour interval to allow the phantoms to return to 
room temperature, ensuring consistent conditions for sub-
sequent tests. To ensure consistency, we limited each phan-
tom to two measurements per day. Before and after daily 
measurements, the phantoms were acclimated to the tem-
perature of the clinical room where the measurements were 
conducted.

2.1.  QA phantom design

The deep hyperthermia measurements were conducted 
using three identical, homogeneous tissue-mimicking phan-
toms. Figure 1 shows a three-dimensional (3D) representa-
tion of the phantom design. More detailed measures are 
provided in the Supplementary Materials (Figures S1–S3). 
Each phantom featured an external cylindrical PVC shell 
with a thickness of 0.8 cm and an outer diameter of 25 cm, 
sealed with two watertight lids, each located at 30 cm from 
the phantom center, making them 60 cm apart. Each phan-
tom was equipped with 16 6 F catheters to house tempera-
ture probes: 14 longitudinal catheters aligned with the 
vertical direction of the phantom (z-axis) and two radial 
catheters placed perpendicularly to the longitudinal cathe-
ters (x-y plane). The longitudinal catheters measured 30 cm, 
reaching the central plane of the phantom. Of the 14 longi-
tudinal catheters, 13 were accessible from one of the two 
lids enclosing the phantom and placed along the x- and 
y-axes, spaced 3 cm apart. The two radial catheters inter-
sected at the central plane of the phantom, forming a 90° 
angle. These two radial catheters will be referred to as radial 
catheters R1 and R2. The position of the catheters inside 
the phantom was maintained by using eight equispaced 
3D-printed annular structures. A smaller double 3D-printed 
ring structure was used to hold the position of the two 
radial catheters. The closed tip of each radial catheter was 
securely attached to the PVC shell using water-resistant 
adhesive.

The phantom was filled with approximately 30 L of Perfax 
powder wallpaper paste-based tissue-mimicking solution, 
prepared by mixing deionized water with 3.5 g/L of sodium 
chloride and 40 g/L of Perfax powder (Henkel, Düsseldorf, 
Germany). The mixture was manually prepared in 3-liter 
batches to maintain consistency and ensure a uniform mix-
ing process. Each batch was mixed for about 5 minutes, 
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before being poured into the phantom shell. After filling, the 
phantom shells were left with the lid open overnight to 
allow air bubbles to escape. The average total weight of each 
phantom was 32.6 ± 0.1 kg, confirming uniformity across the 
phantoms.

2.2.  Phantom properties characterization

Dielectric properties of the wallpaper paste-based tissue- 
mimicking solution were measured following the methodol-
ogy outlined by La Gioia et  al. [25]. The dielectric properties 
evaluation was performed using an open-ended coaxial 
probe (DAK 12, Schmid & Partner Engineering AG, Zurich, 
Switzerland) connected to a two-port Rohde & Schwarz ZNC 
3 VNA. Measurements were conducted at room temperature 
(21 °C) over the 10 – 500 MHz frequency range, with a reso-
lution of 1 MHz. The probe underwent calibration through an 
open-short-load routine, utilizing distilled water at room tem-
perature as load material. Calibration accuracy was further 
validated by measuring a saline solution with known proper-
ties. Then, ten batches of the tissue-mimicking solution were 
measured, and final values of permittivity (εr) and conductiv-
ity (σ) were calculated as the averages of these different 
batches.

The thermal properties of the tissue-mimicking solution, 
namely thermal conductivity (k) and volumetric heat 
capacity (c), were also assessed. For this purpose, a com-
mercial thermal analyzer (TEMPOS, Meter Group, Inc., 
Pullman, WA, USA, accuracy: ±10%) with the dual-needle 
sensor (SH-3) was used. Measurements were based on the 
hot wire technique: heat was transferred from one needle 
for 30 s to the surrounding tissue. The second needle 
recorded the consequent temperature increase for 90 s, 
and the device derived thermal properties, as described by 

Silva et  al. [26,27]. The final thermal properties values were 
calculated as averages from ten different batches of phan-
tom material.

Previous studies have demonstrated the stability of this 
phantom mixture over time [27]. Therefore, we assumed the 
properties of the phantom to be constant throughout all the 
measurements, as the material was stored at room tempera-
ture and shielded from external contaminants.

2.3.  QA measurement protocol

All experiments were conducted in the BSD-2000, using the 
Sigma 60 and the Sigma Eye phased array applicators (Pyrexar 
Medical, Salt Lake City, USA). The BSD-2000 Sigma 60 oper-
ates at frequencies between 75 and 100 MHz and features an 
array of eight equispaced dipoles enclosed within a 
cylindrical-shaped transparent plastic shell featuring an exter-
nal diameter of 60 cm. The BSD-2000 3D Sigma Eye operates 
at 100 MHz and consists of 24 identical dipole antennas dis-
tributed across three eye-shaped rings, each containing eight 
antennas [28].

For each applicator, six measurements were planned: 
three with a centric target and three with an eccentric tar-
get. Temperatures inside the phantom were assessed using 
each institution’s thermal probes (single-sensor thermistors). 
The thermal probes were integrated with a thermal map-
ping system capable of mapping temperature distribution 
along the different catheters. This is achieved by mechani-
cally retracting the probe from its initial position (fully 
inserted in the catheter) to the final position with a 
user-defined step size. The step size utilized for probe 
retraction was 0.5 cm, with a maximum mapping length of 
25 cm. Due to the variability in the number of probes avail-
able in the different institutes, we required a minimum of 

Figure 1. Schematic 3D representation of the phantom used in the measurements. It illustrates the cylindrical pVC shell, the catheters, and the corresponding 
3D-printed annular structures that secure the catheters. longitudinal catheters were positioned along the z-axis, while the two radial catheters were placed in 
the x-y plane, intersecting the z-axis at the center of the cylinder.
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three thermal mapping probes. Two of these probes were 
inserted in the radial catheters, enabling the analysis of 
temperature distribution on the central x-y plane of the 
phantom. Another probe was inserted in the longitudinal 
catheter positioned at the focus location.

Before starting the measurement, the phantom was care-
fully positioned in the applicator using custom-made 
wooden supports. This ensured a centered positioning 
within the applicator aperture (x- y-axes). At one institution 
(Institution 6), due to the absence of support structures for 
the Sigma Eye applicator, the phantom was positioned 
using the patient hammock. To maintain accurate alignment 
along the longitudinal axis (z-axis), distances between the 
applicator edge and the phantom edge on both sides were 
measured and kept equal. The final longitudinal alignment 
of the phantom was peer-verified. After this procedure, two 
thermal probes were inserted in the two radial catheters 
and the bolus was filled. Care was taken while filling the 
bolus to avoid any movement of the phantom. The remain-
ing probe was inserted in the longitudinal catheter where 
the focus was located. When more than three thermal 
probes were available, these were positioned at coordinates 

(x, y) cm of (6, 0), (0, 6), (-6, 0) and (0, −6). Two examples 
of the final experimental setups for the Sigma 60 and Sigma 
Eye applicators are shown in Figure 2.

The same measurement procedure was adopted for all 
repetitions, as schematically represented in Figure 3. An ini-
tial baseline thermal mapping scan was performed with the 
power off, lasting 6 minutes. Subsequently, power was applied 
for 10 minutes with a total forward power of 1000 W. At the 
end of the heating period, a second mapping scan was con-
ducted to record the new temperature profile. Following 
each measurement, a 5-hour interval was observed before 
reusing the same phantom to allow its temperature to equil-
ibrate with the room temperature.

2.4.  Data analysis

2.4.1.  Exclusion criteria
Before proceeding with the data analysis, datasets obtained 
from each experiment were thoroughly examined for suitability. 
Experiments were excluded based on the following predefined 
criteria:

Figure 2. the final experimental setups for the Sigma 60 (a) and Sigma eye (b) applicators are shown. the coordinate reference system is depicted in (c). the 
custom-made wooden supports, used to maintain the phantom vertical position, are also visible in (a) and (b).

Figure 3. the measurement scheme for a single phantom experiment is outlined. each temperature mapping procedure lasted 6 minutes, covering a mapping 
length of 25 cm and a step size of 0.5 cm. (rf: radiofrequency).



INTERNATIONAL JOURNAL OF HyPERTHERMIA 5

a. Failure in data recording: experiments were excluded 
if the software failed to save data from one or more 
thermal mapping repetitions.

b. Failure in the temperature monitoring system: experi-
ments were excluded if temperature data were not 
recorded on the central longitudinal probe, i.e., the 
longitudinal probe in the focus location, or on both 
radial probes. Such instances were considered inade-
quate for the comprehensive evaluation of quality 
parameters. However, experiments were not excluded 
if data from only one of the two radial probes were 
corrupted.

c. Dominant hotspots: experiments were excluded if 
dominant hotspots prevented the precise definition of 
a focal area. In such cases, qualitative verification of 
the applicator performance using a lamp phantom 
was necessary.

2.4.2.  Quantitative evaluation of the QA measurements
To evaluate the temperature measurements and the heating 
quality of the used systems, the following quality parameters 
were analyzed: (1) temperature increase, (2) focus location, 
(3) focus symmetry. These parameters are described in the 
following sections. Temperature profiles were calculated by 
subtracting the baseline mapping scan from the final map-
ping scan, providing relative temperature increases, rather 
than absolute temperature values. The analyzed mapping 
length was 24 cm (from 25 cm) to account for the 0.8 cm 
catheter passing through phantom shell on the exit. 
Longitudinal probes mapped from the center toward the lid 
of the phantom (z = 0 cm to z = 25 cm). Radial probes mapped 
along the radius of the phantom, starting at −12 cm, passing 
through 0 cm and ending at 12 cm.

2.4.2.1. Temperature increase.  The maximum temperature 
increase was evaluated with the longitudinal thermal 
probe placed in the catheter corresponding to the focus 
location. For each experiment, the maximum value from 
the temperature profile of the longitudinal probe at the 
focus location was taken. Values were averaged across 
repetitions for each focus location (centric or eccentric), 
system, and institution.

2.4.2.2. Focus location.  For a centric focus location, the 
data from two radial probes were used. The data points 
were fitted with an 8th-order polynomial function to 
identify the location of the maximum temperature. The 
location of the maximum temperature recorded by each 
probe was compared to the expected temperature peak 
location, ideally situated at 12 cm along the mapping track 
(corresponding to the location 0,0 in the phantom central 
X-y plane). This comparison provides an approximate 
measure of the central focusing ability of each device. This 
analysis excluded temperature peaks corresponding to 
hotspots near the phantom wall, when present. These are 
irrelevant in clinical situations since water circulation in 
the bolus is performed to avoid hotspots on the skin 
surface.

2.4.2.3. Focus symmetry.  The symmetry of the focal area 
was assessed on the X-y plane for the centric target. We 
used two radial probes and one longitudinal probe at the 
target location (Method 1 using radial probes). The two 
radial probes identified the temperature peak locations 
(excluding temperature peaks resulting from hotspots near 
the surface, as explained earlier). Then, we identified two 
temperature points located 4.5 cm away from the peak. This 
distance was chosen based on the expected focus size, 
which is a quarter of a wavelength, corresponding to 8.5 cm 
with our phantom permittivity at 100 MHz. Thus, we 
considered points halfway between the phantom center 
and the focus size. Figure S4 illustrates this procedure. 
Focus symmetry was quantified as the percentage difference 
between these two temperature values, where perfect 
symmetry would yield a zero difference. Additionally, we 
calculated the distance in centimeters between the peak 
locations for the two probes to validate the consistency of 
data captured by the radial probes.

Since more probes were available at some institutions, we 
also used another method (Method 2, using longitudinal 
probes) for the symmetry assessment. Longitudinal probes 
were symmetrically positioned around the center of the 
phantom at coordinates (x, y) cm of (6, 0), (-6, 0), (0, 6), and 
(0, −6). The temperature differences between these symmet-
ric locations and the phantom center were computed and 
averaged (see Figure S5 for more details). This method was 
applied to Institution 2 and Institution 3 and was compared 
with Method 1. in this case, we used 6 cm instead of 4.5 cm 
for the radial probes to maintain consistency with the longi-
tudinal probe and ensure a fair comparison.

3.  Results

3.1.  Phantom properties characterization

The measured density, dielectric, and thermal properties of the 
muscle-mimicking phantom solution are presented in Table 1. 
Additionally, Table 1 includes the dielectric and thermal proper-
ties of muscle tissue sourced from the IT’IS database [29]. To 
facilitate comparison, the percentage differences between the 
measured and IT’IS values were calculated, with all differences 
remaining below 10% for all parameters except for permittivity 
(εr). Given that the applicators operated at frequencies between 
90 and 105 MHz, we calculated that the variation in dielectric 
properties across this range was between 0.1% and 0.3%, i.e., 
negligible.

Table 1. muscle-mimicking phantom properties at 100 mHz, with corresponding 
uncertainty. Density, dielectric and thermal properties of muscle tissue, taken 
from the It’IS database, are also reported. the percentage differences between 
the measured values and the It’IS database values are shown in the last row.

Density 
[kg/m3]

Dielectric properties thermal properties

permittivity

εr [-]

Conductivity

σ [S/m]

Volumetric 
heat capacity
c [J/(kg K)]

thermal 
conductivity
k [W/(m K)]

measured 1035.0 ± 3.8 74.4 ± 3.2 0.67 ± 0.04 3091 ± 69 0.451 ± 0.009
It’IS [30] 1090 ± 55 66 ± 3.3 0.708 ± 0.04 3421 ± 460 0.49 ± 0.04
Δ% 5.0 12.7 5.4 9.7 8.0

https://doi.org/10.1080/02656736.2024.2436005
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3.2.  QA measurements

The total number of QA temperature measurements per-
formed for this study is presented in Table 2. It includes the 
number of measurements per institution, per applicator, and 
target location. Some institutions – Institutions 3, 4, and 6 – 
experienced unexpectedly busy clinical programs, which pre-
vented the completion of the six planned measurements per 
applicator. In contrast, all planned measurements were per-
formed in Institutions 1 and 2.

At Institution 3, three measurements were discarded: one 
due to a system data-saving failure and two due to mapping 
probe failure. Mapping inconsistencies were identified in two 
measurements for the central target in Sigma 60 at Institution 
4, leading to their excluded. At Institution 5, the Sigma 60 
was unavailable due to temporal malfunction. For the same 
institution (Sigma Eye), one centric target measurement was 
excluded due to inconsistencies on the radial probes and 
one eccentric target measurement due to failure in the ther-
mometry data-saving system. Finally, at Institution 6, two 
measurements were excluded due to thermometry 
data-saving issues (Sigma 60) and one due to mapping issues 
(Sigma Eye).

3.2.1.  Quantitative evaluation of the QA measurements
Centric target measurement results for each institution and 
applicator are shown in Figure 4 (as average and standard 
deviation). To facilitate comparison, the normalized tempera-
ture profiles for Sigma 60 and Sigma Eye are presented in 
Figure 5, for each of the three probe locations (radial probes 
R1 and R2, and longitudinal probe). All profiles show a clear 
focus, approximately at the center of the phantom (12 cm), 
with some institutions showing hotspots on the sides, close 
to the phantom walls. Variation within the same institutions 
and applicator was minimal, indicating reproducible results.

All the selected data were used to compute quantitative 
parameters, namely temperature increase, for both centric 
and eccentric targets. Focus location and focus symmetry 
were evaluated only for centric target. These results are sum-
marized in Table S2 in the Supplementary Materials. The fol-
lowing paragraphs provide a detailed description of the 
primary findings for each quantitative parameter evaluated.

3.2.1.1. Temperature increase.  On average, temperature 
increases of 8.8 ± 1.2 °C for the Sigma 60 and 7.4 ± 1.0 °C 

for the Sigma Eye applicators were observed. For the 
centric focus location, the Sigma 60 showed an average 
temperature increase of 8.8 ± 0.8 °C, while the Sigma Eye 
showed 6.8 ± 0.8 °C. For the eccentric focus location, the 
temperature increase averaged 8.9 ± 0.8 °C for the Sigma 
60 and 8.1 ± 1.3 °C for the Sigma Eye. Additional data are 
provided in Table S2 of Supplementary Materials. 
Temperature increase per applicator and institution is 
presented in Figure 6, divided by target location. Except 
for Sigma Eye applicator at Institution 6, all other 
applicators fulfilled the minimum requirement of a 
temperature increase of 6 °C in 10 minutes for both centric 
and eccentric target locations.

3.2.1.2. Focus location.  Focus location was determined for 
centric target measurements. The results are shown in 
Figure 7 (Table S2). The data are expressed as the average 
± standard deviation for the two radial probes (R1 and 
R2). Overall, the applicators demonstrated central focusing 
capability, with average focus locations of 1.5 ± 0.7 cm for 
Sigma 60 and 1.4 ± 1.2 cm for Sigma Eye. For Institutions 1, 
3, and 4, the measured focus was within 1.5 cm of the 
intended target, while for Institute 2, the measured focus 
differed approximately 2-2.5 cm. For Sigma Eye at 
Institution 4, R2 had an error during the mapping 
procedure, causing a higher deviation. Institution 5 
provided data of too low-quality to further assess the 
obtained value due to malfunctioning of one of the two 
radial mapping probes (R2).

3.2.1.3. Focus symmetry.  The symmetry of the focus 
(Method 1, using radial probes) for a centric target is 
presented in Figure 8. It denotes the percentage difference 
in temperature recorded by each radial probe (R1, R2) at 
points equidistant from the peak temperature (Figure S4). 
Ideally, perfect focus symmetry would yield a 0% deviation. 
Across all institutions and both probes, the average 
deviation was 3.4 ± 2.5% for the Sigma 60 applicator and 
3.1 ± 2.7% for the Sigma Eye applicator, corresponding to 
an average deviation in temperature of 0.3 ± 0.0 °C for 
Sigma 60 and 0.2 ± 0.2 °C for Sigma Eye. Additionally, the 
distance between the peak locations recorded by the two 

Table 2. total number of measurements performed and the number of measurements included in the present study, categorized by institution, applicator, and 
focus location. the operating frequency of each applicator is also shown.

Institution applicator frequency (mHz)

number of measurements

Centric target eccentric target

included performed included performed

Institution 1 Sigma 60 90 3 3 3 3
Sigma eye 98 3 3 3 3

Institution 2 Sigma 60 90 3 3 3 3
Sigma eye 100 2 3 3 3

Institution 3 Sigma 60 91 2 3 – –
Sigma eye 102 3 5 – –

Institution 4 Sigma 60 90 1 3 – –
Sigma eye 101 2 2 4 4

Institution 5 Sigma 60 90 – – – –
Sigma eye 100 2 3 2 3

Institution 6 Sigma 60 90 1 2 2 2
Sigma eye 100 2 3 – –

https://doi.org/10.1080/02656736.2024.2436005
https://doi.org/10.1080/02656736.2024.2436005
https://dx.doi.org/10.1080/02656736.2024.2436005
https://doi.org/10.1080/02656736.2024.2436005
https://doi.org/10.1080/02656736.2024.2436005
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Figure 4. average (± standard deviation) temperature increase profiles for centric target measurements, shown for each institution (rows) and applicator (col-
umns). each row represents a different institution. the left column shows data for Sigma 60, while the right column shows data for Sigma eye. Blue lines represent 
radial profiles, acquired with radial probes (r1 and r2), while pink lines represent the longitudinal profile acquired from the focus location (x,y) = (0,0) cm. the 
dashed line represents the minimum temperature increase requirement of 6 °C in 10 minutes. lines without shading represent single measurements, where no 
repetitions were available.
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Figure 5. average centric target profiles, for each institution, for Sigma 60 (left column) and Sigma eye (right column) applicators, showing normalized tempera-
ture increase. Data were normalized to the target maximum value. each row corresponds to a different probe location: rows one and two represent the radial 
probes (r1 and r2), while row three represents the longitudinal probe at the target location. each color represents a different institution.

Figure 6. average temperature increase for centric target (a) and eccentric target (b) per applicator across all institutions, using a set power of 1000 W for 10 min-
utes. Values represent the mean value ± standard deviation. the dashed line represents the minimum temperature increase requirement.
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radial probes was also calculated (in centimeters), 
averaging 0.7 ± 0.6 cm and 1.1 ± 1.0 cm for Sigma 60 and 
Sigma Eye applicators, respectively. The results on an 
institution, applicator and probe basis show that 
percentage difference in temperature at two points 
equidistant from the maximum falls within 10%.

The focus symmetry assessment in Institutions 2 and 3 
also includes an evaluation using temperature data recorded 
at four fixed points (method 2 with longitudinal probes), 
namely at (6, 0, 0), (-6, 0, 0), (0, -6, 0) and (0, 6, 0), i.e., the (x, 
y, z) locations in cm. These findings are presented in Table 3, 
together with the symmetry assessment derived from data 
collected by the radial probes, considering now a 6 cm dis-
tance from the maximum temperature.

4.  Discussion

This research presents the first study to systematically design, 
conduct, and evaluate deep hyperthermia QA measurements 
using homogeneous phantoms specifically designed to accom-
modate catheters for temperature monitoring. These tempera-
ture measurements were performed using the integrated 
thermometry systems of the respective deep hyperthermia 
devices. We evaluated the performance of clinically employed 
BSD-Sigma 60 and BSD-Sigma Eye applicators across six institu-
tions, assessing various temperature-based quality parameters. 
Furthermore, this study sought to identify key quality parame-
ters derivable from the acquired data. Practical insights into 
implementing these procedures in clinical routines are provided, 
along with valuable guidance for calculating and interpretating 
of parameters and their respective tolerances.

4.1.  QA phantoms

Accurately characterizing deep hyperthermia systems requires 
tissue-mimicking materials that replicate the properties of 
human tissues. Thus, verifying the dielectric and thermal 
properties of these tissue-mimicking mixtures is crucial, 
ensuring a close match to reference values within an accept-
able range of ± 10% [30]. The tissue-mimicking Perfax mix-
ture used in this study falls within this range when compared 
with muscle tissue dielectric and thermal properties from the 
most widely used database reporting such parameters, the 
IT’IS database [29]. Although the permittivity slightly exceeds 
this threshold, reaching a value of around 75, the heating 
patterns in the phantom do not significantly change, as 
shown previously [31]. On the contrary, it leads to sharper 
temperature gradients. Thermal and dielectric properties of 
the tissue-mimicking mixture were demonstrated to be sta-
ble in time and after repeated heating cycles.

Another critical consideration is ensuring that the phan-
tom design allows for an accurate assessment of the tem-
perature distribution generated by the hyperthermia system. 
We chose a homogeneous cylindrical phantom for its ease of 

Figure 7. Deviation of focus location from the intended target location (0 cm 
- centric target) for all institutions, per applicator and per radial probe. (r1: 
radial probe 1; r2: radial probe 2).

Figure 8. focus symmetry in terms of percentage difference in temperature 
between two points equidistant from the maximum value along the radial 
probes (r1 and r2) for all institutions, per applicator, and per radial probe. (r1: 
radial probe 1; r2: radial probe 2).

Table 3. focus symmetry in terms of absolute percentage difference (± standard deviation) in temperature evaluated in Institutions 2 and 3, 
considering the data retrieved from the radial probes (r1 and r2) and the longitudinal probes located at ± 6 cm along the x and y-axes of the 
central plane of the phantom. r1 and r2 denote the two radial probes, while x and y represent the difference between the probes located ± 
6 cm along the x- and y-axes and 0 cm. the corresponding temperature values are reported in parentheses.

focus symmetry

Institution applicator method 1: radial probes method 2: longitudinal probes

r1 (%) (°C) r2 (%) (°C) x (%) (°C) y (%) (°C)

2 Sigma 60 3.9 ± 1.0 (0.3 ± 0.1) 9.8 ± 4.1 (0.7 ± 0.3) 12.0 ± 3.3 (0.9 ± 0.2) 13.8 ± 0.8 (1.1 ± 0.0)
3 12.1 ± 4.4 (0.7 ± 0.3) 21.5 ± 6.0 (1.3 ± 0.3) 8.8 ± 10.2 (0.5 ± 0.6) 15.2 ± 4.6 (1.1 ± 0.2)
2 Sigma eye 0.5 ± 0.1 (0.0 ± 0.0) 4.1 ± 1.7 (0.2 ± 0.1) 5.3 ± 1.9 (0.3 ± 0.1) 12.8 ± 1.9 (0.8 ± 0.1)
3 4.4 ± 0.5 (0.3 ± 0.0) 9.8 ± 5.1 (0.5 ± 0.2) 9.8 ± 6.5 (0.6 ± 1.1) 21.3 ± 2.5 (1.1 ± 0.2)
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construction and reproducibility, reduced positioning sensi-
tivity, and enhanced interpretability of results. While more 
complex phantoms may be suitable for other applications 
[24,32,33], our choice was guided by these practical advan-
tages. Each homogeneous cylindrical phantom featured 16 
strategically positioned catheters capturing temperature dis-
tribution and gradients both on the central X-y plane and 
longitudinally along the z-axis (Figure 1). The phantom’s 
design, including possible thermal artifacts caused by the 
plastic catheters on thermal profiles, underwent numerical 
evaluation as part of a design study [31,34]. This evaluation 
revealed no significant influence on the temperature profiles.

4.2.  QA measurements

The established experimental protocol proved to be both 
feasible and straightforward, yet careful attention was given 
to phantom positioning and complete probe insertion. As 
these factors were appropriately managed, measurements 
demonstrated reproducibility, evident from the small stan-
dard deviations observed within the measurements from 
each applicator and institute (Figure 4). Figure 4 indicated 
that the assessed applicators could achieve a temperature 
increase of 6 °C within a defined area as required by the 
upcoming QA guidelines, specifically within the intended tar-
get region (central). The exception was Institution 6, in which 
Sigma Eye was not capable of heating more than approxi-
mately 5 °C. Several factors could have influenced this result: 
it is possible to observe that the longitudinal probe did not 
record the same temperature as radial ones (Figure 4, row 6, 
column 2), likely because it did not reach the end of the 
catheter, i.e., the middle of the phantom. Therefore, the max-
imum temperature might not have been measured.

Quantitative evaluations were mostly performed for centric 
target measurements. For the focus location, all applicators gen-
erated a focus in the center, which means that the focus is 
within about 1 cm of the middle of the phantom. Nevertheless, 
deviations from the center location were observed at Institution 
4 (Sigma Eye) and Institution 6. While for Institution 4, Sigma 
Eye (Figure 7) the temperature profile from probe R2 was off, 
the temperature profile from probe R1 was good. The poor per-
formance of R2 could have been caused by an incorrect loca-
tion of the R2 probe due to mapping inaccuracies. Thus, the 
mismatch is derived from mapping errors rather than a focus 
shift from the center. This reasoning also applies to Sigma 60 at 
Institution 6. For Sigma Eye of Institution 6, focus deviations 
were higher. Possible phantom positioning errors explain this. 
This experiment was the only one performed without the 
wooden supports, which allowed for reproducible and correct 
positioning of the phantom in the applicator.

Focus symmetry for centric location was evaluated using 
two different approaches. The initial approach (Method 1, 
using radial probes) is based on the data recorded by the 
radial probes. These results showed asymmetries within 10% 
for all institutions (Figure 8), corresponding to temperature 
differences up to approximately 0.6 °C (Table S2). For two 
institutions, we compared Method 1 (radial probes), using a 
value of 6 cm, and Method 2 (longitudinal probes). The val-
ues obtained with the two methods do not exhibit a clear 
relation (Table 3). Method 2 (using longitudinal probes) 
seems to yield greater differences than Method 1. One of the 
main reasons is related to the assumptions of Method 2: it 
assumes that the heating is precisely focused at the center of 

the phantom. In cases where deviations are present, the tem-
perature recorded by some of the symmetric four longitudi-
nal probes will automatically be higher or lower than that 
recorded by the others. When adopting method 1 (radial 
probes), symmetry is calculated with respect to the maxi-
mum temperature peak for each of the radial probes, which 
reduces the impact of a potentially shifted focus. However, it 
is much more sensitive to spatial accuracy since it is based 
on multiple points recorded along the catheter track. For 
future evaluation, we recommend method 1 (radial probes) 
for symmetry analysis.

4.3.  Recommendation thresholds for QA measurements

Recommendations and thresholds should be based on evi-
dence and practical experience to account for systems and 
experimental inaccuracies. The accuracy of hyperthermia sys-
tems depends on phase and amplitude measurements from 
the radiofrequency-control device, matching, and crosstalk of 
individual antennas, among others factors. The manufacturer 
specifies a phase accuracy tolerance of ± 10° per channel for 
the evaluated system. If we consider the average permittivity 
of the phantom (εr = 74.4), this translates to a potential focus 
shift of ± 2 cm in both the x and y directions when using the 
Sigma 60 applicator, considering the combined uncertainty 
of ± 20° from two channels controlling the shifts in each 
direction. Moreover, thermal probes occasionally became 
stuck, resulting in skewed or artificially constant temperature 
readings over a few centimeters (e.g., the longitudinal probe 
at Institution 1, Sigma Eye). The automatic mapping process 
sometimes failed and contributed to deviations of up to 2 cm 
between radial probes, which would shift the resulting tem-
perature profiles. To mitigate this problem, we propose veri-
fying the thermal mapping performance through a dry run in 
marked transparent catheters. Combining the previous fac-
tors, we recommend a maximum error of 2 cm for the focus 
location parameter.

For temperature measurements, an inaccuracy of ± 0.2 °C 
is expected for the thermal probes used, as stated by the 
manufacturer [20]. This affects both the assessment of tem-
perature increase and the evaluation of focus symmetry. 
Additionally, when assessing the maximum temperature 
increase achieved by the applicator, the correct positioning 
of the probe relative to the center of the applicator signifi-
cantly impacts the recorded values. We determined that an 
offset of up to 6 mm in the longitudinal positioning of the 
probe results in a deviation of ± 0.2 °C. Therefore, we propose 
an acceptable deviation of ± 0.4 °C for recorded temperature 
increases using longitudinal probes.

Regarding focus symmetry, asymmetries within 10% were 
observed in most institutions when applying Method 1 (radial 
probes). However, this approach must account for the inaccu-
racy of probe positioning, which, as mentioned earlier, can 
lead to an average spatial accuracy of ± 2.0 cm for the map-
ping system. Considering this, along with the thermal probe’s 
measurement accuracy, we recommend a threshold of 10% 
for this method, which corresponds to a temperature devia-
tion of up to 0.6 °C. For Method 2 (longitudinal probes), the 
impact of mapping inaccuracy is excluded, although there 
may still be some uncertainty in the probe’s positioning rela-
tive to the applicator’s central plane. However, this has a lim-
ited impact, with a deviation of up to 0.2 °C. Therefore, we 

https://doi.org/10.1080/02656736.2024.2436005
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r e c -Table 4. Quality assurance parameters evaluated, number of probes used, corresponding measurement setup, and recommended tolerances. 
recommended tolerances are based on performed measurements and respective uncertainties. note that the target size shown in the image does not 
reflect the actual focus size; it is only a graphical representation.

target number of probes Setup recommended tolerances

temperature 
increase

Centric/eccentric 1 longitudinal probe in the target 
location

6 °C in 10 min
±0.4 °C

focus location Centric 2 axial probes
3 longitudinal probes

< ±2.0 cm

eccentric 2 axial probes
3 longitudinal probes

< ±2.0 cm

focus symmetry Centric method 1
2 axial probes
1 longitudinal probe

≤ 10%
(≤ ±0.8 °C)

method 2
5 longitudinal probes

≤ 10 %
(≤ ±1 °C)
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ommend a threshold of 10% for this method, limiting the 
corresponding temperature deviation to below 1 °C.

Based on all of these, we recommend the QA parameters, 
setups, and corresponding thresholds listed in Table 4.

4.4.  Limitations

All ESHO QA guidelines are designed from an intra-institutional 
perspective, which reduces variability in equipment perfor-
mance and measurement protocols when comparing QA 
measurements within a single institution. However, the study 
reported here involves significantly greater variability in 
equipment performance, including factors such as heating 
efficiency, temperature and mapping accuracy. As a result, 
these findings offer important insights into the challenges 
associated with conducting inter-institutional assessments 
and comparing the QA performance of an existing and 
widely used deep hyperthermia device. In this section, we 
highlight several limitations that must be addressed to ensure 
the successful implementation of multi-institutional QA 
comparisons.

All measurements were conducted over a period of 
approximately three weeks, with two days allocated to each 
institution visited. Medical physicists and engineers at each 
institution were informed about the planned measurements, 
providing them and the manufacturer time to verify and test 
the equipment in advance, should any issues arise. Ideally, 
many of the probe-related issues encountered could have 
been identified and resolved before the experiments began. 
To further improve temperature accuracy, an additional step 
would have been to calibrate all probes using the same 
water bath and reference sensor at each institution. Although 
this was not feasible during our measurements, it is strongly 
recommended for future studies involving multiple 
institutions.

Data analysis was performed only after the completion of 
all measurements, which prevented any adjustments or 
improvements from being implemented during the measure-
ment phase. Therefore, we propose the following recommen-
dations to improve future measurements and testing 
procedures. For evaluating the centric focus location, we rec-
ommend using five probes, as shown in Table 4, instead of 
just two radial probes as employed in this study. The ratio-
nale is that the data points from the additional three longi-
tudinal probes provide multiple measurement points along 
the same axis, allowing for curve fitting to determine the 
location of the maximum temperature. Furthermore, the two 
radial curves can be combined with the first to yield a more 
accurate estimate of the focus location. The procedure for 
evaluating the location of steering targets is similar. 
Temperature measurements should be taken along the three 
longitudinal catheters in the axis where the target is posi-
tioned—specifically along one of the two main axes of the 
phantom (x or y). We recommend steering the focus to (x, y) 
= (0, 3) cm and positioning the probes at (x, y) coordinates 
of (0, 0), (0, 3), and (0, 6) cm. This approach minimizes poten-
tial interference from the phantom’s plastic wall associated 
with a (x, y) = (0, 6) cm target, while providing a clinically 
relevant target location. Physicists from multiple institutions 
have noted that target locations are often shifted 3-4 cm 
from the center rather than 6 cm. The data points from the 
three longitudinal probes can be used for curve fitting along 

the y-axis, while additional curves can be fitted using the 
data from radial probes positioned at y = 3 cm. Combining 
these three fitted curves will help estimate the focus location 
more accurately. We were not able to follow these proce-
dures (Table 4) since most institutions had only three tem-
perature probes available. In those cases, an alternative 
approach is to steer the focus to the same x, y values, e.g., 
(x, y) = (3, 3) cm, or rotate the phantom to have one of the 
radial catheters passing in the location of the steered focus 
of (x, y) = (0, 3) cm.

Finally, measurements were only performed for the 
BSD-family systems, meaning single-brand systems. Therefore, 
some of the recommended thresholds and thermometry 
issues might not be applicable for other devices. Nevertheless, 
phantom design, QA measurements, and quantitative param-
eters should be applicable across all hyperthermia systems, 
while the threshold should be an indication, and if needed, 
modifications should be done. The latter illustrates the need 
to strictly implement the QA guidelines to enable 
inter-institutional comparison of the existing hyperthermia 
systems on their performance.

5.  Conclusions

This study presented and analyzed a representative series of 
temperature measurements conducted across various hyper-
thermia institutions. Several QA parameters were estimated 
and compared both within and across all institutions. We 
found that all but one applicator achieved the required tem-
perature increase of 6 °C within 10 minutes, a fundamental 
criterion for hyperthermia heating devices. Additionally, all 
applicators successfully generated a clear central focus within 
approximately 1 cm of the phantom’s center, with asymme-
tries up to 10% (0.8 °C).

Despite these generally favorable results, our 
multi-institutional QA study uncovered minor issues indicat-
ing that institutions performing hyperthermia may underes-
timate the importance of applying consistent QA standards 
to enable reliable inter-institutional comparisons. To address 
this, we propose regular QA measurements to follow the 
implementation and recommendations presented here. 
Further, we derived and presented minimum acceptable val-
ues for the different parameters, taking into account uncer-
tainties from the equipment (e.g., phase and amplitude 
inaccuracies, cross-coupling, and thermal mapping) and 
operational errors, such as probe and phantom positioning. 
These findings, along with the phantom design and mea-
surement recommendations, aim to facilitate the consistent 
implementation of QA experiments for deep hyperthermia 
systems.
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