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A B S T R A C T   

Purpose: To compare different thermal tissue models for head and neck hyperthermia treatment planning, and to 
assess the results using predicted and measured applied power data from clinical treatments. 
Methods: Three commonly used temperature models from literature were analysed: “constant baseline”, “con-
stant thermal stress” and “temperature dependent”. Power and phase data of 93 treatments of 20 head and neck 
patients treated with the HYPERcollar3D applicator were used. The impact on predicted median temperature T50 
inside the target region was analysed with maximum allowed temperature of 44 ◦C in healthy tissue. The 
robustness of predicted T50 for the three models against the influence of blood perfusion, thermal conductivity 
and the assumed hotspot temperature level was analysed. 
Results: We found an average predicted T50 of 41.0 ± 1.3 ◦C (constant baseline model), 39.9 ± 1.1 ◦C (constant 
thermal stress model) and 41.7 ± 1.1 ◦C (temperature dependent model). The constant thermal stress model 
resulted in the best agreement between the predicted power (P = 132.7 ± 45.9 W) and the average power 
measured during the hyperthermia treatments (P = 129.1 ± 83.0 W). 
Conclusion: The temperature dependent model predicts an unrealistically high T50. The power values for the 
constant thermal stress model, after scaling simulated maximum temperatures to 44 ◦C, matched best to the 
average measured powers. We consider this model to be the most appropriate for temperature predictions using 
the HYPERcollar3D applicator, however further studies are necessary for developing of robust temperature 
model for tissues during heat stress.   

1. Introduction 

Hyperthermia treatment (HT), i.e. artificial temperature elevation in 
range of 40–44 ◦C for a duration of 60–90 min, proved beneficial when 
combined with radiotherapy and/or chemotherapy for patients treated 
with various tumour diseases (Franckena et al., 2008; Issels et al., 2018; 
Peeters et al., 2022). The temperature increase in deep HT (targets 
deeper than 5 cm from the patient surface) is usually achieved by 
applying constructive interference of several electromagnetic (EM) field 
waves radiated from the antenna elements arranged in the phased array 
setup surrounding the patient (Kok et al., 2020). The temperature during 
the HT is generally measured invasively by using temperature probes, 
which represent a burden for patients. Often only intraluminal probes 

are available with a doubtful tissue contact and no intra-tumoral in-
formation. Moreover, both approaches provide temperature information 
only from a few measurement locations. Patient specific hyperthermia 
treatment planning (HTP) has the potential to provide 3D temperature 
information before and during the HT, but is prone to thermal tissue 
property inaccuracies (Paulides et al., 2013; Gavazzi et al., 2020; Kok 
and Crezee, 2021; Kok et al., 2021b). Clinical guidance based on abso-
lute temperature HTP is hampered by uncertain values for (temper-
ature-dependent) tissue cooling (de Greef et al., 2010; 2011). 

HTP is being used at Erasmus MC prior to every deep HT to find the 
optimal amplitude and phase settings for the signals fed to the antennas 
(Canters et al., 2012). Hereto, we use our in-house visualization tool for 
electromagnetic dosimetry and optimization, i.e. VEDO for objective 
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treatment guidance based on computer optimization rather than clinical 
personal experiences (Rijnen et al., 2013). Currently, we base our clin-
ical HTP routine purely on specific absorption rate (SAR) predictions. 
However, since waterbolus cooling is important especially for H&N 
hyperthermia, we therefore aim at switching towards temperature based 
HTP. One of the main rationales for the generally applied SAR based 
approach is the uncertainty of the tissue temperature parameters and 
especially of the blood perfusion. Earlier, we showed a crucial impact of 
the tissue cooling model when performing temperature simulation based 
applicator selection, for which qualitative temperature predictions were 
sufficient (Drizdal et al., 2018). When applying constant and tempera-
ture dependent blood perfusion models for analysing head and neck 
(H&N) HT quality, we obtained mean temperature differences up to 2 ◦C 
for superficial applicators and 1.6 ◦C for the HYPERcollar. Notably, a 
favourable T50 was predicted for the superficial applicators over the 
HYPERcollar for some patients when using the temperature dependent 
model. Here, the constant perfusion thermal modelling and SAR analysis 
consistently showed superiority of the HYPERcollar H&N applicator. A 
detailed study on the impact of constant and temperature dependent 
perfusion on HT quality is missing. 

The purpose of this study was to assess temperature tissue models 
and investigate their impact on hyperthermia treatment quality in the 
H&N region. Hereto, we studied the impact of two constant and one 
temperature dependent perfusion models available in the literature on 
the predicted median temperature T50 (◦C) achieved in the clinical 
target volume (CTV). We used data of 20 patients with 93 sessions 
treated with H&N hyperthermia using the HYPERcollar3D. The clini-
cally applied relative power and phase settings were used to simulate the 
temperature distribution. Following our clinical protocol, we increased 
total power to obtain a hotspot in normal tissue, which was assumed to 
be 44 ◦C for our simulations. The resultant power levels were compared 
to the average measured power during treatments. The robustness of our 
numerical analysis was studied by varying blood perfusion, thermal 
conductivity and the assumed hotspot temperature. All comparisons 
were based on the predicted T50, i.e. the median temperature in the 
CTV. 

2. Material and methods 

2.1. Patient selection 

For this study, we selected the first 20 patients treated with 
HYPERcollar3D at our clinic between 2014 and 2017. The patients 
group comprised patients with oropharyngeal tumors (9), neck node 
metastases (3), affected parotid gland (2), laryngeal tumors (2), one 
tumour in the oral cavity, a nasopharyngeal tumour, a hypopharyngeal 
tumour and a tumour in the sinus maxillaris, i.e. 14 males and six fe-
males with mean age of 61.7 ± 12 (mean ± one standard deviation) 
years. The average CTV depth for those 20 patients was 26 ± 13 mm 
(mean ± one standard deviation). 

2.2. Electromagnetic field modelling 

An overview of the HTP procedure applied at Erasmus MC Cancer 
Institute for every H&N patient treated with HYPERcollar3D is shown in 
Fig. 1. The 3D patient specific model is created using automatic seg-
mentation technique of the CT images followed by manual assignment in 
iSeg software (v. 3.8, Zürich MedTech AG, Zürich, Switzerland) shown 
in Fig. 1a) and Fig. 1b) respectively (Verhaart et al., 2014b). It takes 
about 30 min of computer and 15–30 min of operator time (depending 
on amount of CT images) to create a 3D patent model consisting up to 15 
tissues. The 3D patient model is then imported and positioned inside the 
HYPERCollar3D model in SEMCAD X program (v. 14.8.6, Speag, Zürich, 
Switzerland) for electromagnetic field (EM) and temperature simula-
tions, shown in Fig. 1c). The positioning of 3D patient model follows 
patient position in the real HYPERcollar3D applicator during the HT. A 
harmonic simulation with 15 periods at 434 MHz consisting typically of 
70 million cells using uniform discretization step of 1.25 mm is calcu-
lated in up to 15 min using two GTX 1080 graphical processor units for 
each out of the 20 patch antennas of the HYPERcollar3D. Twelve an-
tennas with the highest average SAR inside the CTV are selected, since 
12 amplifiers are available (Togni et al., 2013). Afterwards, particle 
swarm optimization of amplitude and phase signals of 12 

Fig. 1. The overview of the hyperthermia treatment planning procedure for the HYPERCollar3D at the Erasmus MC Cancer Institute. a) CT slice, b) corresponding 
iSeg segmentation, c) simulation setup including patient and HYPERcollar3D models in SEMCAD X. d) axial and e) sagittal views of an example of SAR coverage 
image in VEDO. The radiotherapy clinical target volume (CTV) is encircled in red in d) and e). 
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HYPERcollar3D antennas is applied in order to provide the best possible 
SAR coverages of the CTV (Chen, 2016). Next to the particle swarm 
optimization algorithm it is possible also to use other SAR based and 
thermal optimization techniques (Cappiello et al., 2017; Bellizzi et al., 
2019; Kok et al., 2017; Gaffoglio, 2021). Using our in-house developed 
tool VEDO, the CT and radiotherapy CTV are displayed with the (opti-
mized) SAR results on top (Fig. 1d) and e)). VEDO uses precomputed EM 
field distributions from individual antennas for online (during the HT) 
re-optimizations of amplitudes and phases of antennas input signals 
according to the invasively measured temperatures or patient feedback 
(Rijnen et al., 2013). 

2.3. Thermal modelling 

For temperature simulations, we used the power and phase settings 
from the end of each hyperthermia treatment as these settings are used 
throughout steady state. This combined SAR was used for temperature 
simulations calculated according to the Pennes bioheat equation 
(Pennes, 1948) 

cρ ∂T
∂t

=∇.(k∇T) − SFρbcbω(T − Tb)+ ρSAR + ρQ  

where c (J kg− 1K− 1) represents the specific heat capacity, ρ (kg m− 3) the 
density, k (W m− 1K− 1) the thermal conductivity, cb (J kg− 1K− 1) the 
specific heat capacity of blood, ω (ml min − 1kg− 1) the blood perfusion 
rate, Q (W kg− 1) the metabolic heat generation, Tb (K) the temperature 
of the circulated blood. SF (− ) is a scaling factor enabling imple-
mentation of a temperature dependent blood perfusion model (Drizdal 
et al., 2010; 2018; Song et al., 1984; Lang et al., 1999). All dielectric and 
thermal properties except for muscle, fat and tumour used in the simu-
lations were assigned according to Table 1 (Gabriel et al., 1996; Hasgall 
et al., 2018). 

A water temperature of 30 ◦C (standard temperature in clinical 

practice) and a heat transfer coefficient of h = 292 Wm− 2K− 1 were used 
as a default water bolus values for temperature simulations (Drizdal 
et al., 2021b). Mimicking our common strategy of heating up to patient’s 
tolerance, total power of the HYPERcollar3D was increased, i.e. scaled, 
in order to obtain maximum of 44 ◦C in healthy tissue outside the CTV. 
Even though this temperature might not always be achieved in clinical 
practise, this approach allows us to compare different perfusion models 
at a realistic heating levels. 

2.4. Temperature cooling modelling 

In this study, we considered standard temperature tissue models used 
for HT temperature predictions. 

2.4.1. Constant model 1: constant values at 37 ◦C 
The first constant temperature model (ωconst.,37◦C) is the standard 

model based on literature perfusion values at baseline, i.e. 37 ◦C (Has-
gall et al., 2018). 

2.4.2. Constant model 2: optimized perfusion and thermal conductivity 
values 

The second constant temperature model (ωconst.,Tstress) was obtained 
by minimizing of the difference between invasively measured and 
simulated temperature profiles for ten patients (not part of this study) 
treated with HYPERcollar applicator (Verhaart et al., 2014a; 2015) 
(values with * in Table 1). We currently consider this model to be the 
best one for H&N hyperthermia temperature predictions since, to our 
knowledge, it is the only model where blood perfusion and thermal 
conductivity were reconstructed ‘in-vivo’ under the heat stress condi-
tions. However, note that generally higher SAR levels (+50% reported in 
(Paulides et al., 2016)), and therefore most probably also higher tem-
peratures, are achieved with the HYPERcollar3D compared to previ-
ously used HYPERcollar (in use in 2007–2014) applicator (Verduijn 
et al., 2018). 

2.4.3. Temperature dependent blood perfusion and constant conductivity 
model 

As a third considered model, we used the temperature dependent 
blood perfusion model (ωT-dependent) in which the blood perfusion of 
muscle, fat and tumour is changing as a function of actual temperature 
as shown in Fig. 2. In the blood perfusion model introduced by Song 
et al. (1984), the temperature decreases after reaching 44–45 ◦C due to 
the vasculature shutdown (Lang et al., 1999). Since, in all our temper-
ature simulations, we limited the maximum allowed temperature in 

Table 1 
Dielectric (@434 MHz (Gabriel et al., 1996)) and thermal (@37 ◦C (Hasgall 
et al., 2018)) properties used in the simulations, * represents values from tissue 
parameter optimization procedure for ten patients treated with the HYPERcollar 
applicator (Verhaart et al., 2015). Internal air and lung were modelled in tem-
perature simulations using a boundary condition. Following Lang et al. (1999) 
the value for tumour perfusion at 37 ◦C is 1.85 times higher than the rest value 
for muscle perfusion 37 ◦C.  

tissue Ɛr σ Р c k ω Q 

(− ) (Sm− 1) (kgm− 3) (J 
kg− 1 

K− 1) 

(W 
m− 1 

K− 1) 

(ml 
min− 1 

kg− 1) 

(W 
kg− 1) 

air 1 0 1.2 – – – – 
blood – – 1050 3617 – – – 
bone 13.1 0.09 1908 1312 0.32 10 0.15 
brainstem 55.1 1.05 1046 3630 0.51 559 11.4 
cartilage 45.1 0.6 1099 3568 0.49 35 0.54 
cerebellum 55.1 1.05 1045 3653 0.51 763 15.5 
cerebrum 56.8 0.75 1045 3696 0.55 763 15.5 
fat 11.6 0.08 911 2348 0.21/ 

0.5* 
32.7/ 
255* 

0.51 

Lucite 2.6 0.003 1000 – – – – 
lung 23.6 0.38 394 – – – – 
muscle 56.7 0.8 1090 3421 0.49/ 

0.4* 
39.1/ 
442.8* 

0.96 

optical 
nerve 

35 0.46 1075 3613 0.49 160 2.5 

sclera 57.4 1.01 1032 4200 0.58 380 5.9 
spinal cord 69 1.53 1005 4047 0.59 160 2.5 
tumour/ 

GTV 
59 0.89 1050 3950 0.51/ 

1.5* 
72.4/ 
848* 

0 

thyroid 61.3 0.89 1050 3609 0.52 5624 87 
vitreous 

humor 
69 1.53 1005 4047 0.59 0 0 

water 78 0.04 1000 – – – –  
Fig. 2. Temperature dependent blood perfusion scaling factor (SF) for fat, 
muscle and tumour. 
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healthy tissues to 44–45 ◦C, we extrapolated the SF over 45 ◦C with 
constant values (represented in Fig. 2 by dotted lines). Our imple-
mentation copy the model developed by Lang et al. which is available in 
HYPERplan (v. 2.0, Dr. Sennewald Medicine Technique, Munich, Ger-
many) HTP platform (Lang et al., 1999; Gellermann et al., 2000). 

2.5. Robustness assessment 

For all three perfusion models, we studied the influence of several 
parameters on the CTV temperature coverage. The comparisons were 
done by scaling the total HYPERcollar3D input power to achieve 44 ◦C 
(or to other maximum allowed temperatures in the range of 
42 ◦C–45 ◦C) per scenario. We studied the robustness of T50 in the CTV 
to.  

• Blood perfusion (ω)- values for all tissues were scaled in the range of 
0.5–1.5 with steps of 0.1. For the temperature dependent model, we 
changed the values for 37 ◦C which were for muscle, fat and tumour 
locally modified using the scaling factor SF shown in Fig. 2.  

• Thermal conductivity (k) - values for all tissues were scaled in the 
range of 0.5–1.5 with steps of 0.1.  

• Maximum allowed temperature in healthy tissue (Tmax, healthy) - 
threshold for maximum allowed temperature in healthy tissue was 
varied in range of 42 ◦C–45 ◦C with steps of 0.5 ◦C. 

3. Results 

3.1. Temperature cooling modelling 

Cumulative T50 temperature histograms for 93 treatments and all 
three models are shown in Fig. 3. The average of all T50’s for the con-
stant model 1 (ωconst.,37◦C) was equal to 41.0 ± 1.3 ◦C, for constant model 
2 (ωconst.,Tstress) 39.9 ± 1.1 ◦C and for the temperature dependent model 
(ωT-dependent) 41.7 ± 1.1 ◦C. Temperature in critical organs exceed 40 ◦C 
in 12/93 cases for ωconst.,Tstress and in 22/93 cases for the ωT-dependent 
models, while for the ωconst.,37◦C model all maximum predicted temper-
atures in critical organs were below 40 ◦C. 

Mean power to obtain maximum temperature of 44 ◦C for the 
ωconst.,37◦C model was equal to 35.1 ± 9.9 W, for the ωconst.,T-stress model it 
was 132.7 ± 45.9 W and for the ωT-dependent model it was 59.0 ± 22.2 W. 
In comparison to the mean power of 129.1 ± 83.0 W applied during HT 
treatments, the ωconst.,T-stress model shows the closest predicted power. 
Fig. 4 shows the predicted mean SAR (W/kg) inside the CTV for all 20 

patients and all three studied temperature models using optimized 
power levels and mean power applied during HT treatments. Mean 
simulated SAR for the ωconst.,37◦C model was equal to 30.7 ± 10.2 W/kg, 
for the ωconst.,T-stress model it was 117.9 ± 54.9 W/kg, for the ωT-dependent 
model it was 51.1 ± 21.0 W/kg and for the HT treatments 109.4 ± 65.7 
W/kg. 

3.2. Robustness assessment 

Fig. 5 a,b,c) and Fig. 5 d,e,f) show robustness assessments of the 
mean T50 and mean simulated power P (W) as a function of blood 
perfusion, thermal conductivity and maximum allowed temperature in 
healthy tissue for all three studied temperature models. The T50 results 
for ωconst.,37 ◦C are almost constant when increasing perfusion (0.12 ◦C 
change), while T50 is decreasing for the ωconst.,T-stress and the ωT-dependent 
models (Fig. 5a). For changes in thermal conductivity, T50 is increasing 
for all three models Fig. 5b). For both scenarios, the largest changes are 
for the ωconst.,T-stress model due to the highest absolute perfusion and 
thermal conductivity changes. For this model simultaneous increase of 
blood perfusion and thermal conductivity could result in the same mean 
T50 (see Fig. 5a and b). When increasing the temperature threshold for 
healthy tissue (Tmax., healthy) by one degree, the T50 in the target region 
will increase by 0.65 ◦C for the ωconst.,37◦C model, 0.42 ◦C for the ωconst.,T- 

stress model and 0.75 ◦C for the ωT-dependent model (Fig. 5c). 

4. Discussion 

For the 20 patient specific head and neck models and 93 treatments 
with the HYPERcollar3D, we found average T50 differences of 0.7 ◦C 
and 1.8 ◦C, respectively, between two constant (ωconst.,37◦C and ωconst., 

Tstress) and one temperature dependent blood perfusion model (ωT-depen-

dent). This large impact confirmed our findings from the previous study, 
where we found T50 differences of on average 1.6 ◦C for the HYPER-
collar (the predecessor of HYPERcollar3D) between the constant heat 
stress model and the temperature dependent blood perfusion model 
(Drizdal et al., 2018). As expected, the thermal stress perfusion model 
performed best out of the three studied models with respect to mean 
predicted P = 132.7 ± 45.9 W and applied power during the HT P =
129.1 ± 83.0 W. These power levels resulted in predicted SAR levels of 
117.9 ± 54.9 W/kg and 109.4 ± 65.7 W/kg respectively, which dem-
onstrates increased SAR delivery using the HYPERcollar3D system in 
comparison to first generation HYPERcollar, for which the median SAR 
of 81.8 W/kg was found (Verduijn et al., 2018). However it must be 

Fig. 3. T50 cumulative histograms from 93 treatments for constant model 1 
(ωconst.,37◦C), constant model 2 developed under temperature stress (ωconst.,T- 

stress) and temperature dependent (ωT-dependent) thermal models. 

Fig. 4. Mean predicted SAR within the CTV (mean SARCTV) for 20 patients and 
for constant literature (ωconst.,37◦C), constant values under temperature stress 
(ωconst.,T-stress), temperature dependent (ωT-dependent) thermal models and power 
levels applied during the HT treatments. 
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noted that, for this comparison, we assumed to obtain hotspot temper-
atures of 44 ◦C in healthy tissue, which is not always guaranteed in 
clinical practice. 

Our results stress the need for future development of thermal tissue 
models. The first constant temperature model (ωconst.,37◦C) resulted in 
low total power of 35.1 ± 9.9 W and SAR of 30.7 ± 10.2 W/kg showing 
incorrectness of using this model for hyperthermia temperature pre-
dictions in the head and neck region. Currently, we consider the heat 
stress model (ωconst.,Tstress) to be the most suitable for temperature pre-
diction and optimization using the HYPERcollar3D applicator. However, 
even though the temperature dependent model resulted in lower power 
than the real treatments, possibly since this model is derived from data 
from treatment of rodents in which tumour perfusion even in steady 
state is already very high. We still believe that this model, com-
plemented with higher temperature dependent increase curves than 
shown in Fig. 2, might be a better model for H&N temperature pre-
dictions. Due to the number of degrees of freedom in such a model, 
inferring the thermal tissue parameters per tissue would require much 
more measurement data then invasive probes can offer. Hence, only 
reliable magnetic resonance thermometry would provide sufficient in-
formation. In addition, also the discrete effects of vessels are not 
included. This would require to apply discrete vasculature modelling 
involving inclusion of blood flow in individual vessels (Kok et al., 2013a; 
Sumser et al., 2019). Even though the feasibility of online DIVA opti-
mization was demonstrated by Kok et al. (2013b), the patient specific 
DIVA modelling and or optimization in clinical practise is still chal-
lenging due to the necessity of development patients specific 3D models 
including vessel tree. 

Our simulations showed a linear relationship between changes in 
blood perfusion ω, thermal conductivity k and maximum allowed tem-
perature in healthy tissue Tmax.,healthy and T50 and predicted power P. 

When hotspots in clinical practice are achieved for a 1 ◦C higher Tmax., 

healthy, the predicted T50 will increase by 0.42 ◦C for the thermal stress 
model (ωconst.,Tstress), and thus an improved HT quality is predicted. To 
predict power level of the HT system for obtaining desired temperature 
of e.g. 43 ◦C in the target region, requires an absolute SAR prediction of 
HT systems. Further, use of quantitatively validated systems connected 
with temperature measurements from the target region would allow to 
use the agreement between predicted and measured temperatures for 
reconstruction of tissue temperature parameters, as done by Verhaart 
et al. (2014a, 2015). Without accurate absolute SAR, non-unique tissue 
properties are obtained so the reconstructed tissue properties depend on 
the SAR used and hence are only useful for the respective applicator and 
not generalizable to other applications, as also found by Verhaart et al. 
(2014a, 2015). Gellermann et al. (2006) showed agreement of 10% 
between absolute predicted and measured (using MRI thermometry) 
SAR in phantoms for MRI compatible version of Sigma Eye, setting up 
the benchmark for other phase array hyperthermia systems (Winter 
et al., 2016; Feddersen et al., 2020). 

The thermal stress model used for temperature predictions in this 
study was inferred from temperatures measured during treatment with 
the previous applicator (the HYPERcollar). The design of the HYPER-
collar3D intended to solve a number of clinical limitations of the 
HYPERcollar, i.e. higher efficiency with higher antennas amount and 
their optimized placement and separation of the water bolus into two 
compartments. While the heating performance and SAR control 
improved, the patch antennas and their orientation in the phased array 
still provide an equivalent radiation characteristic of the system. 
Therefore, we expect that the thermal stress model (ωconst.,Tstress) also 
holds for the HYPERcollar3D applicator, but this hypothesis requires 
confirmation also by temperatures measured during treatment. As 
explained, placement of invasive thermometry catheters is cumbersome, 

Fig. 5. Influence of changes of blood perfusion, thermal conductivity and maximum allowed temperature during the optimization on T50 (◦C) and mean simulated 
power Psim. (W) for constant literature (ωconst.,37◦C), constant values under temperature stress (ωconst.,Tstress) and temperature dependent (ωT-dependent) thermal models. 
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represents a burden for the patient and provides temperature informa-
tion only at several discrete locations. While invasive thermometry was 
applied in approximately 30% of HYPERcollar treatments (enabling 
inference of thermal tissue properties), the increasing confidence in the 
simulations combined with the limitations and risks of invasive ther-
mometry led to a different trade-off for the HYPERcollar3D: i.e. invasive 
measurements in only three patients (Verduijn et al., 2018; Kroesen 
et al., 2021). To overcome these limitations, we developed the MRcollar 
applicator that is compatible with an MRI system to enable non-invasive 
3D magnetic resonance thermal imaging (MRTI) during treatment 
(Drizdal et al., 2021a). The MRTI enables comparison of the 3D 
measured and predicted temperature distributions for validating and/or 
improving the temperature heat stress model. 

A temperature difference of 0.5 ◦C was found when comparing the 
constant literature model (ωconst.,37◦C) and the temperature dependent 
model (ωT-dependent) for HT in the pelvic region (Lang et al., 1999). We 
assume that the higher difference of 0.7 ◦C found in this study is caused 
by the stronger thermoregulation in the head and neck, and the more 
focussed heating profile of the HYPERcollar3D. Still, it confirms that a 
higher temperature in the target region will be obtained when applying 
the temperature dependent blood perfusion model. The constant 
perfusion values were scaled in several studies following the tempera-
ture dependent perfusion in order to compensate for blood perfusion 
increase (Kumaradas and Sherar, 2003; Kok et al., 2006; der Gaag et al., 
2006). Note that these higher constant perfusion values will result in a 
different power necessary to obtain the maximum temperature in 
normal tissue with only a small temperature change in the target region: 
when changing the values by ±50% we found a maximum T50 differ-
ence of 0.12 ◦C for the literature perfusion model (Drizdal et al., 2010). 

Applying the temperature stress model (ωconst.,Tstress) increases the 
perfusion and thermal conductivity values also in the regions that are 
not exposed to heat stress. This could be partly solved by the tempera-
ture dependent blood perfusion model, in which perfusion values are 
only increased in the heated region. A limitation of all models is that 
they do not model the time dependence of blood perfusion changes, i.e. 
the organism reacts with certain delay (Guiot et al., 1998). In general, a 
standardized thermal tissue model is missing, which is mainly due to 
challenge to obtain “in-vivo” measurements under the heat stress from 
clinical practise. When this data becomes available, and such models 
could be inferred, temperature predictions would gain wider acceptance 
for improving treatment quality and analyses, as well as accelerate 
technological innovations in developments of improved HT systems and 
better optimization strategies. Note however that predictive thermal 
modelling also requires accurate control over the applied SAR, i.e. 
control over the power and phase of signals applied to the antennas and 
patient positioning. While control of these parameters is crucial, our 
study indicates that the appropriate thermal tissue models also strongly 
affect the predicted temperature. 

5. Conclusion 

The temperature dependent model predicts an unrealistically high 
T50, as earlier found also for deep pelvic hyperthermia. The power 
values for the constant thermal stress model, after scaling simulated 
normal tissue hotspot temperatures to 44 ◦C, matched best to the 
average measured powers. Our study indicates that this model is most 
suitable for hyperthermia temperature predictions in the H&N region 
using the HYPERcollar3D applicator. However, further studies are 
necessary to validate the temperature model for tissues under heat stress 
in the H&N and other locations. 
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Glossary 

T50 (◦C): median target temperature 
SAR (W kg− 1): specific absorption rate 
P (W): power 
CT: computed tomography 
CTV: clinical target volume 
EM: electromagnetic 
HT: hyperthermia treatment 
HTP: hyperthermia treatment planning 
H&N: head and neck 
VEDO: visualization tool for electromagnetic dosimetry and optimization 
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