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Abstract

Planning of combined radiotherapy and hyperthermia treatments should be performed 
taking the synergistic action between the two modalities into account. This work evaluates 
the avail able experimental data on cytotoxicity of combined radiotherapy and hyperthermia 
treat  ment and the requirements for integration of hyperthermia and radiotherapy treatment 
planning into a single planning platform.

The underlying synergistic mechanisms of hyperthermia include inhibiting DNA repair, 
selective killing of radioresistant hypoxic tumor tissue and increased radiosensitivity by en-
hanced tissue perfusion. Each of these mechanisms displays different dose-effect relations, 
different optimal time intervals and different optimal sequences between radiotherapy  
and hyperthermia. 

Radiosensitization can be modelled using the LQ model to account for DNA repair inhibi-
tion by hyperthermia. In a recent study, an LQ model-based thermoradiotherapy planning 
(TRTP) system was used to demonstrate that dose escalation by hyperthermia is equivalent 
to approximately 10 Gy for prostate cancer patients treated with radiotherapy.

The first step for more reliable TRTP is further expansion of the data set of LQ para-
meters for normally oxygenated normal and tumor tissue valid over the temperature 
range used clinically and for the relevant time intervals between radiotherapy and 
hyperthermia. The next step is to model the effect of hyperthermia in hypoxic tumor cells 
including the physiological response to hyperthermia and the resulting reoxygenation. 
Thermoradiotherapy planning is feasible and a necessity for an optimal clinical application 
of hyperthermia combined with radiotherapy in individual patients.
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Introduction

Mild temperature hyperthermia (HT) in the range between 41–45 °C is applied as a radio-
sensitizer in combination with radiotherapy (RT) with excellent clinical results [100,101]. 
Treatment planning is essential to optimize the radiation dose and temperature delivered 
to the tumor while minimizing the risk of normal tissue complications. Currently, treatment 
planning for these two modalities is always performed separately, without taking the syner-
gistic action between the two modalities into account [72,102–104]. Because of the synergy, 
treatment outcome strongly depends on the radiosensitizing effect of the temperature 
distribution on the radiotherapy dose distribution. Thus, two separately optimized 
treatment plans will not necessarily result in an optimal plan for the combined treatment.

There have been efforts to predict clinical outcome of RT+HT treatment schedules using 
TCP data derived from randomized trials comparing RT±HT. For example, Plataniotis and 
Dale [105] derived the individual contributions for tumor control of radiotherapy, chemo-
therapy (CH) and hyperthermia from 11 randomized clinical trials comparing RT±CH and 
RT±HT for cervical cancer and then simply took the sum of these contributions to estimate 
the expected TCP for trimodality RT+CH+HT treatment. An objection to this approach is 
that it requires independent cell killing contributions from both RT and HT, which is not 
the case [106]. Moreover, the clinical TCP values used are based on a large group of patients 
with unknown and variable tumor temperature distributions. This permits, at best, analysis 
of groups of patients with known average parameters (e.g. temperature during HT), but 
planning individual patients is not possible using a TCP-based approach.

Realistic clinical TRTP requires modeling of the synergy between radiotherapy and 
hyperther mia for individual patients. Ideally all three mechanisms of radiosensitization 
by hyperthermia suggested in the literature should be modelled: inhibition of DNA damage 
repair [42,53,54], direct cell killing of radioresistant hypoxic tumor cells [42–45] and 
reoxygenation by increased tissue perfusion [46–50]. The contribution of each of these 
mechanisms to radiosensitization is still a subject of debate and due to this complicated 
mix of synergistic effects the optimal treatment scheme for combined radiotherapy and 
hyperthermia is difficult to determine based on the present literature.

Thus TRTP platforms at this stage utilize biological modeling based on present data but will 
get more accurate in due time. Advantages of using TRTP include the ability to optimize the 
combined RT+HT treatment and to predict the optimal treatment scheme. Optimal RT and 
HT dose distributions achieved by optimizing RT and HT separately can differ significantly 
from RT and HT dose distributions when the combined RT+HT treatment has been optimized. 
Adequate modeling of the cytotoxicity of hyperthermia and radiotherapy is a challenge. This 
work evaluates available experimental data on cytotoxicity of this combined treatment and 
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the requirements for successful integration of hyperthermia and radiotherapy into a single 
TRTP platform based on biological modeling.

Radiosensitization

Biological modeling
Biological modeling is often applied in radiotherapy to calculate equivalent dose distributions 
and compare different fractionation schemes. For example, calculation of the equivalent dose 
in 2 Gy fractions for other fractionation schemes. The LQ model is a robust mathematical 
model used for this purpose. It describes the cell surviving fraction (SF) after treatment as

        (2.1)

where d is the fraction dose, D the total dose and α (Gy -1) and β (Gy -2) represent the 
radiosensitivity [84,107,108].

The radiosensitization effect by hyperthermia can be modelled as a temperature-dependent 
change in the radiosensitivity parameters α and β. In this way, the LQ model can be used to 
derive a conventional radiation dose d without hyperthermia, which is equivalent in biological 
effect to the actual effect of the combined radiotherapy and hyperthermia treatment 
[109]. Given a 3D radiotherapy dose distribution and a 3D temperature distribution, this 
allows calcu lation of the 3D equivalent dose distribution for a combination treatment of 
radiotherapy and hyperthermia. The determination of adequate LQ parameters as a function 
of temperature quantification of the synergy between radiotherapy and hyperthermia is 
required.

Synergistic mechanisms of hyperthermia
Three synergistic mechanisms have been identified:

1. Inhibition of DNA damage repair: HT enhances the effectiveness of radiotherapy by 
inhibiting repair of DNA damage [42,53,54],

2. Direct cell killing: HT selectively kills radioresistant hypoxic tumor cells [42–45],
3. Reoxygenation: HT increases tissue perfusion resulting in reoxygenation, thereby 

reducing hypoxia and increasing radiosensitivity [46–52].

All three mechanisms have their respective dose-effect relations, temporal effects and diffe-
ren tial effectivity in normal and tumor tissue. These effects can be studied extensively in 
pre-clinical experiments such as survival curves of tumor cells treated with RT±HT in in vitro 
studies and from control rates of experimental tumors treated with RT±HT in in vivo studies.

𝑆𝑆𝑆𝑆 𝑑𝑑, 𝐷𝐷 = 𝑒𝑒()⋅+(,⋅-⋅+ ,	 	 	 	 	 	 	 	 (2.1)	
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Radiosensitization as a function of thermal dose, sequence and time interval
The next sections evaluate available preclinical data on dose-effect relationships, effects 
of sequence and time interval between HT and RT on radiosensitization in tumor and in 
normal tissue. These properties will be discussed in relation to the different synergistic 
mechanisms.

Dose-effect relationship
In vitro experiments show a very strong dose-effect relationship for hyperthermia with 
thermal dose doubling for every 0.5 °C temperature rise between 37 °C and ±42.5 °C 
[57,110,111]. Clinical results confirm the existence of a significant dose-effect relationship 
[61,63,112,113] The parameter cumulative equivalent minutes at 43 °C (CEM43 °C) was 
introduced by Sapareto and Dewey to express thermal dose [110]. A review of CEM43 °C is 
presented by van Rhoon in this issue [114].

A widely used parameter quantifying radiosensitization by hyperthermia is the thermal 
en han ce ment ratio (TER). TER is defined as the ratio of the RT dose for RT alone divided 
by the RT dose for RT+HT reaching iso-survival for cell survival curves for RT±HT in in 
vitro studies. Both in vitro and in vivo tumor models confirm the strong dependence of TER 
on both temperature level and duration of hyperthermia treatment [115]. Hypoxic tumor 
tissue is reported to be more sensitive to hyperthermia than normally oxygenated tumors 
in similar in vitro studies [42,116].

Direct cell killing is responsible for part of the apparent radiosensitization of hypoxic tumor 
tissue. A strong dose-effect relationship exists both for direct cytotoxicity of HT and for 
radiosensitization due to inhibition of DNA repair by HT [57,110,111].

The reoxygenation mechanism displays a different dose-effect relationship: blood vessels 
open up at circa 40 °C and shut down for temperatures > 44 °C [46,117,118]. Enhanced radio-
sensitization by this mechanism is thus optimal during a mild temperature HT regime. The 
reoxygenation effect is reported to last for 24–48 h, even after perfusion levels have returned 
to normal after the end of the HT session [117].

Sequence and time interval
TER is strongly dependent on the sequence and time interval between radiotherapy and 
hyperthermia in both in vitro and in vivo tumor models, as shown in Figure 2.1 for an example 
of a C3H mammary adenocarcinoma implanted in the hind limb of mice [58]. The variation 
in TER observed in this figure can be explained by the presence of different synergistic 
mechanisms of hyperthermia.

Inhibition of DNA damage repair is a mechanism that is only effective when the cell is in 
the process of repairing DNA damage caused by RT, i.e. up to a few hours after RT. That 
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is confirmed by experimental results which show that a time interval shorter than 4 h 
results in a significantly higher TER, reaching the highest TER when RT and HT are given 
simultaneously [58,111]. In Figure 2.1 the peak TER value for time intervals 54 h ranges 
between 1.5 and 2.5 for tumor tissue and TER ranges between 1 and 2.5 for skin tissue [58] 
which has been confirmed for a range of tumors and normal tissues [42,119,120]. Repair of 
DNA damage takes up to a few hours, so the increase in TER for time intervals < 4 h is likely 
to represent radiosensitization by blocking DNA repair in both tumor and normal tissue.

Direct cell killing is also visible in Figure 2.1: note that the TER ≈ 1.5 for the tumor when HT 
is given 24 h after RT. Repair of DNA damage takes only a few hours and reoxygenation 24 
h after RT is unlikely to have any effect. Any contribution to TER at this long time interval 
must therefore represent a mechanism independent of RT, such as killing of hypoxic tumor 
cells [45]. The extent to which direct cell killing contributes to TER will depend on both the 
temperature level and the presence and size of the hypoxic fraction, which will vary per 
tumor type. Variable hypoxic tumor fractions would explain why experiments in some tumor 
models do not show the presence of such an additive component to the TER, e.g. Horsman et 
al. [121]. Hypoxia as explanation for this part of the tumor effect could also explain why the 
TER ≈ 1.0 in skin tissue for RT 24 h before or after HT as hypoxia is generally absent in normal 
tissue. Note that a time interval of 1–4 h between RT and HT appears to be tumor selective 
with a significantly higher TER in tumor than in skin, as opposed to simultaneous RT and 
HT which yields TER ≈ 2.5 in both tumor and skin. Studies for a range of tumors and normal 
tissues confirmed that sequential RT and HT is more tumor selective than simultaneous 
RT+HT [122].

Figure 2.1 The effect of sequence and interval between radiotherapy and hyperthermia on TER 

for tumor (left) and skin (right) for C3H mammary adenocarcinoma implanted in the hind limb 

of mice, redrawn from [58]. Part of the thermal enhancement in tumor tissue appears to be 

due to an additive effect of hyperthermia, this component appears to be absent in the thermal 

enhancement in normal skin tissue.
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Reoxygenation has a different impact on optimal sequence and interval. This mechanism 
is effective when HT is given prior to RT. Compared to the other two mechanisms the time 
interval is less critical since the reoxygenation effect is reported to last for 24–48 h, even 
after perfusion levels have returned to normal after the end of the HT session [117]. Due to 
the long time over which the reoxygenation mechanism remains effective, a HT session will 
boost the RT session of the same day but also the RT session 1–2 days thereafter.

Thermotolerance, a temporary resistance to subsequent HT treatments lasting 2 days 
after hyperthermia is another phenomenon adding to the complexity of timing of HT and 
relevant for TRTP. The onset, duration and degree of thermotolerance depend among others 
on temperature and heating time [67,123,124].

Figure 2.2 shows a schematic comparison of the differences in dose-effect relationship 
and optimal sequence with RT for the three mechanisms. Reoxygenation favors a milder 
tem perature than the other two mechanisms. The time interval between HT and RT does 
not play a role for direct cell killing, but a schedule aiming at optimal synergy should use 
a short time interval to maximize inhibition of DNA damage repair and achieve optimal 
radiosensitization.

Normal tissue thresholds
As discussed in the previous paragraph, hyperthermia blocks DNA repair and causes 
radiosensitization in normal tissue depending on the sequence and time interval, but 
sensitization is less than in tumor tissue. Since hypoxia is absent in normal tissue, direct cell 

Figure 2.2 Schematic illustration of the TER given in arbitrary units (a.u.) for three different HT 

mechanisms as function of temperature (left) and as a function of the time interval between 

RT and HT (right). The RT session is given at time t = 0.
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kill and reoxygenation generally do not play a role. Normal tissue damage by direct cell kill 
can occur when the temperature exceeds ±44 °C, therefore normal tissue hot spots should 
be avoided during clinical hyperthermia. Henriques and Moritz introduced the concept of 
thermal damage arising after exceeding time-temperature level thresholds based on an 
Arrhenius formulation to describe the development of skin burns in pigs [125]. Pearce 
[126] discusses mathematical modeling of the underlying molecular damage processes. 
The thermal damage threshold concept has been validated in many animal studies [127]. A 
review given by Yarmolenko et al. [65] list thermal damage thresholds showing that exposure 
to 43 °C for one hour causes no major damage for many relevant normal tissue types. Direct 
toxicity by HT alone is thus tumor selective, since it occurs for normally oxygenated tissues 
at high temperatures (T > 44 °C) compared to the mild hyperthermia in the tumor (40 °C < T 
< 43 °C) used in combination with radiotherapy and chemotherapy. Since the TER in normal 
tissue strongly depends on the sequence and time interval, the normal tissue thresholds for 
combined radiotherapy and hyperthermia treatments can be different and application of 
these literature values should be handled with caution, particularly when the time interval 
between RT and HT is very short. This issue requires further research.

Development of thermoradiotherapy planning

Modeling of HT mechanisms using the LQ model
The HT mechanisms from the previous section need to be modelled in a practical way in 
the LQ model to ensure successful incorporation in TRTP. Part of the necessary quantitative 
radiosensitization data can be retrieved from cell survival curves for RT±HT. TER values from 
in vitro RT±HT studies are widely available, but unfortunately not suitable for equivalent 
dose calculations as they represent just one point of the cell survival curve. We need α and 
β values at clinically relevant temperature levels and for clinically relevant time intervals, 
which requires fitting cell survival curves to the LQ model. For normal fractionated RT the LQ 
model in its standard form can be used and in a semi-empirical fashion to ensure robustness, 
which means that input of measured data over a wide range of different RT+HT temperatures, 
sequences and intervals is required. Whereas TER values have been frequently reported, 
LQ parameters under HT conditions are less readily available and if they are available often 
just for a single temperature level instead of the full hyperthermic temperature range. Xu 
et al. found in vitro that hyperthermic radiosensitization can be modelled as a change in 
the α parameter [128] and Myerson et al. used this result to analyze in a prospective study 
the thermal dose escalation for 60 patients treated with simultaneous hyperthermia and 
radiotherapy [129]. A review of available LQ data under HT conditions is given by Franken 
et al. [99]. These data represent the mechanisms of inhibition of DNA damage repair and 
of direct cell kill. Note that these data do not allow accurate modeling of reduction of the 
hypoxic fraction by direct cell kill, since hypoxic cell lines were not included. Furthermore, 
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the effect of reoxygenation on the LQ parameters requires the presence of a physiological 
response to heat and can therefore only be determined from in vivo experiments.

To prevent normal tissue toxicity the literature provides radiation dose limits and 
temperature limits. Since the thermal enhancement of normal tissue strongly depends on 
the sequence and time interval, the equivalent dose for the combined treatment is necessary 
to evaluate the risk on normal tissue complications. Including normal tissue effects in TRTP 
also requires in vivo experiments to derive LQ parameters for normal tissue as a function of 
temperature, sequence and time interval. 

When distinguishing between the three mechanisms blocking DNA repair represents 
the dominant form of radiosensitization in normally oxygenated tumor tissues. LQ 
parameters derived from in vitro experiments generally reflect this mechanism for normally 
oxygenated tumor cells. Therefore, the first generation of TRTP models should account for 
this mechanism. The LQ model is routinely used for RT planning with consensus about LQ 
parameters to be used for normally oxygenated tumor and normal tissue. A TRTP platform 
using similar normally oxygenated tumor and normal tissue data would thus be a first logical 
step and will be readily accepted by the RT community (Figure 2.3). 

Implementation of the other two mechanisms, direct cell kill and reoxygenation, is more 
challenging. These mechanisms represent two different ways of reducing and/or sensitizing 
the hypoxic fraction of the tumor by hyperthermia. The most elegant and logical method 
of modeling the action of both mechanisms is again the LQ model. More comprehensive 
variants of the LQ model are described in the literature, including the possibility to account 
for reoxygenation [130].  However, additional parameters increase the complexity and would 

Figure 2.3 Schematic representation of the requirements for TRTP. The first generation of TRTP 

software should incorporate the DNA repair inhibition mechanism. To improve reliability, later 

generations should be extended with direct cell killing and reoxygenation.
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lead to an impractical large number of experiments needed to derive parameter values for 
the hyperthermic temperature range and various time intervals with sufficient accuracy. A 
more practical approach is to characterize radioresistance in hypoxic tissue by altered α and 
β values, particularly with a significantly lower α. In a review of the literature on 12 different 
human aerobic and hypoxic prostate cancer cell lines α was reported to range between 0.06 
and 0.68 Gy -1 [131]. The effect of hyperthermia can be modelled as a reduction of the hypoxic 
fraction, that is the fraction with hypoxic α and β. This should be possible if both aerobic and 
hypoxic LQ parameters are available, the main challenge of modeling these two mechanisms 
is then a realistic computation of the reduction of the hypoxic fraction. Two compartment 
models (aerobic and hypoxic) have been proposed for radiotherapy planning [132]. Clinical 
TCP curves for canine oral carcinoma treated with RT±HT showed an increased steepness for 
the TCP curve for RT+HT compared to the TCP curve for RT alone [133]. A logical explanation 
would be that HT reduces the hypoxic fraction. Modeling reoxygenation involves estimation 
of the initial size of the hypoxic compartment followed by estimation of the reduction in 
size after HT. The latter is challenging as the response of tumor tissue to hyperthermia is 
likely to vary widely. Imaging of the hypoxic fraction before and after HT will be necessary 
to provide data on the hypoxic status.  

Incorporation of hypoxia in biological modeling is a challenging aspect and even in RT 
planning this is still subject of research. Therefore, it is a logical choice to start TRTP with 
imple mentation of the first mechanism: inhibition of DNA damage repair. Since inhibition 
of DNA damage repair is very sensitive to the time interval, inclusion of this mechanism 
is crucial for optimizing combined RT+HT treatment. Moreover, the available data are 
quantitatively more reliable than for the other mechanisms and will give appropriate 
results for normally oxygenated tumors and for normal tissue, but may underestimate the 
effectiveness of hyperthermia in tumors with a sizeable hypoxic population.

Imaging
The imaging and segmentation techniques required for TRTP are the CT and MR techniques 
already routinely used in radiotherapy planning and hyperthermia planning. Accurate 
TRTP requires a correct mapping of the temperature distribution to the radiotherapy 
dose distribution. A major challenge for TRTP is the need to merge HT and RT imaging sets 
acquired in different supine/prone patient positions. This requires reliable deformable image 
registration to match these data sets. 

Additional imaging is necessary to visualize the hypoxic fraction in the tumor and include 
this in TRTP. Hypoxic fractions can be identified by determining the uptake of a hypoxia 
PET tracer (e.g. F-18 Fluoromisonidasole (FMISO)) [134–136]. Another non-invasive but 
indirect method to establish hypoxia is Blood Oxygenation Level-Dependent (BOLD) MRI, a 
method based on the direct relation between changes of deoxyhemoglobin in capillary and 
venous blood and the transverse relaxation times T2 and T2* [137].  Signals are relative and 
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the correlation with intracellular hypoxia is not strong. Variations in the oxygen pressure 
(pO2) can be determined, which should suffice to visualize the hypoxic fraction of the tumor.

Example
Recently a treatment planning module has been developed based on the approach described 
above, modeling inhibition of DNA damage repair. This program quantifies hyperthermic 
radiosensitization by using the LQ model with temperature dependent α and β values 
estimated from the literature to express the thermal dose dependent radiosensitizing effect 
[109]. Thus, the radiotherapy dose distribution and the temperature distributions can be 
combined and converted to the equivalent RT-alone dose distribution for individual patients. 
This first example of a TRTP system was applied in a simulation study for a group of 15 
prostate cancer patients who had been treated with RT without HT. In this study the effect 
of adding HT to RT was evaluated using the AMC-4 regional HT device and assuming a one 
hour time interval between RT and HT. The actual RT distribution given during therapy was 
integrated with a simulated HT distribution optimized by maximizing the temperature in the 
tumor subject to temperature constraints in normal tissue. An example of RT±HT planning 
for two prostate cancer patients is shown in Figure 2.4. The conclusion was that adding 
hyperthermia is equivalent to a radiotherapy dose escalation of about 10 Gy, yielding a mean 
equivalent dose of 86 Gy compared to a mean dose of 76 Gy given with radiotherapy alone.

Figure 2.4 Example of a treatment planning with dose distributions for radiotherapy alone and 

equivalent dose distributions for combined radiotherapy and hyperthermia for two prostate 

cancer patients with a low (case 1) and a high median temperature (case 2) [109]. The 95% 

iso-dose level gives better tumor coverage for RT+HT in both cases, particularly in the region 

close to the rectum.
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The most recent application of this program was for three cervical cancer patients treated 
with RT+HT where a T50% ranging between 40.1 °C and 41.1 °C was estimated to result in 
a hyperthermic dose escalation of 7.3 Gy to 11.9 Gy in addition to the dose of radiotherapy 
alone consisting of 45 Gy EBRT to the GTV + a 24 Gy brachytherapy boost [138].

Further research

The synergistic action of blocking DNA repair is increasingly well understood and can be 
successfully incorporated in future TRTP systems. A major limitation of TRTP is still the lack 
of reliable temperature dependent α and β values, which are presently only partly available 
in the hyperthermic temperature range and only for few tumor types. Further research is 
needed to expand the data set for normally oxygenated tumors and normal tissue to allow 
reliable TRTP. Furthermore, LQ parameters vary with sequence and time interval and these 
data should be available to determine the optimal treatment scheme for the combination 
treatment of radiotherapy and hyperthermia.

For TRTP in more hypoxic tumors, direct cell kill and reoxygenation should be incorporated 
as well. The temperature dependent α and β values used so far were derived from in vitro data 
under well oxygenated conditions and therefore underestimate the effect of hyperthermia 
in hypoxic tumor cells. Cell survival data from hypoxic cell lines subjected to RT±HT can 
solve that issue. Modeling the physiological response to hyperthermia and the resulting 
reoxygenation is a very challenging aspect of TRTP. This will require in vivo experiments 
to derive LQ parameters. Moreover, clinical application then requires distinguishing the 
hypoxic fraction of the tumor by additional PET or MRI imaging to assign appropriate LQ 
parameters to hypoxic and aerobic fractions. 

A challenge for hyperthermia treatment planning is that the energy absorption is very 
tissue type dependent, the absorption distribution is thus more heterogeneous than in 
radiotherapy. Fortunately reliable simulation of energy absorption has become feasible by 
using well validated high resolution computational methods [103], and by using reliable 
patient specific input data based on tissue properties acquired by MR electrical properties 
tomography [139]. A second challenge for hyperthermia treatment planning is that the 
resulting temperature also depends on heat removal which is dominated by blood flow 
which fluctuates during treatment in response to hyperthermia [104]. As this spatio-
temporal fluctuation is hard to predict reliably in prospective planning the concepts of online 
adaptive planning and retrospective planning have been introduced [140]. An advantage of 
hyperthermia is that the delivered thermal dose is regularly measured during the one hour 
treatment using temperature probes or with non-invasive MR thermometry. This permits 
online re-planning yielding adapted settings correcting the thermal dose distribution during 
the session itself [75,141–143]. It also permits retrospective reconstruction of the given 



37

Thermoradiotherapy planning in clinical practice

thermal dose distribution during each session, followed by re-planning the optimal thermal 
dose distribution for the remaining sessions based on the cumulative dose already given. 
Online and retrospective use of TRTP is thus expected to give more accurate results.

Future prospects and perspective

When TRTP has been realized it will prove useful in various clinical applications. One is 
optimization of the RT and HT treatment scheme, i.e. the sequence, time interval and number 
of HT sessions and the fractionation schedule. HT sessions are normally added to an existing 
RT fractionation schedule which may not result in optimal synergy. Perhaps the RT dose 
should be different on the day HT is given. TRTP can also be used to achieve more robust 
dose margins for RT by using HT to enhance the effective RT dose in tumor tissue without 
enhancing toxicity to adjacent normal tissue, thereby reducing the risk of normal tissue 
complications. When the reoxygenation mechanism has been integrated in TRTP it becomes 
possible to focus heat delivery to hypoxic areas, which efficiently optimizes the combined 
treatment.

TRTP may also prove useful in the clinical realization of simultaneous RT+HT. This form 
of RT+HT is associated with much higher TERs and tumor control than sequential RT+HT 
and thus makes optimal clinical use of the benefits of HT [45]. Devising HT equipment 
capable of performing simultaneous RT+HT is challenging as simultaneous RT+HT is 
associated with high TER values in normal tissue as well, potentially resulting in normal 
tissue damage around the tumor. Because the effect of HT is no longer tumor selective when 
given simultaneously with RT, an increase in therapeutic ratio can only be obtained when 
the volume where RT and HT are given simultaneously can be geometrically restricted 
to the macroscopic tumor itself. Superficial and intracavitary HT equipment suitable for 
simultaneous RT+HT has become available [144–147] and is clinically applied [148] but such 
a good delineation is challenging for HT at deep seated tumor locations as heating in normal 
tissue in the vicinity of the heated tumor region cannot be avoided due to heat conduction 
and blood flow, even when well controlled high resolution HT techniques are used. The 
tumor delineation must therefore come primarily from RT and image-guided radiotherapy 
techniques which permit a very precise dose control and TRTP could be used to devise an 
optimal combination of RT and HT treatment plans achieving high TER in tumor tissue while 
keeping TER in normal tissue low, even when RT and HT are given simultaneously.  

The basic form of the LQ model has been criticized and therefore other radiobiological 
models have been proposed that incorporate radiosensitization at a more fundamental 
level [149,150]. These more comprehensive radiobiological models could be incorporated 
in future TRTP systems, however, the strength of the robust design of the TRTP system 
described herein is that it utilizes semi-empirical input parameters from the LQ model. This 
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means that future versions can in principle be extended to include also other combinations 
with radiotherapy, e.g. chemotherapy, halogenated pyrimidines [151] or poly(ADP-ribose) 
polymerase-1 (PARP1) inhibitors [152]. The combination of hyperthermia and proton therapy 
[153] can also easily be incorporated. Immune response is also known to be triggered by 
RT and by HT [154]. Inclusion of this phenomenon in TRTP is worthwhile but challenging 
as this effect also depends strongly on combination with other agents, and more research 
is needed to provide the dosimetry data needed for incorporation in TRTP.

Reliable TRTP may also guide further clinical studies in hyperthermia. In studies where dose 
escalation is proposed hyperthermia might prove to be a good alternative. The potential 
differences in effectiveness of HT-mediated versus straightforward dose escalation can be 
estimated using TRTP. Furthermore, when reliable temperature dependent LQ parameters 
are available for a variety of tumor sites, TRTP can be very useful to investigate the possible 
effectiveness of HT for different patient cohorts and thereby aid the design of promising 
feasibility studies to further expand the role of HT in clinical oncology. The ultimate goal 
would be estimation of TCP and NTCP based on the computed dose escalation. However, 
this will be a great challenge since also in radiotherapy treatment planning reliable TCP and 
NTCP modeling is still subject of research.

Conclusion

Thermoradiotherapy planning is feasible and a necessity for a clinically optimal application 
of hyperthermia combined with radiotherapy in individual patients. The first planning 
tools have been developed to model the combined effect of radiotherapy and hyperthermia 
accounting for inhibition of DNA damage repair.  Further realization of a clinical TRTP 
system requires radiobiological data for a range of tumor types, temperatures, sequences 
and oxygenation conditions, as well as integration of the two other synergistic mechanisms: 
direct cell kill and reoxygenation. When reliable TRTP has been realized, it will be of great 
clinical importance to optimize combined radiotherapy and hyperthermia treatments and 
to guide further clinical studies.


