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Introduction

Thermoradiotherapy has been proven to be a more effective treatment than radiotherapy 
alone for many tumor sites, due to the radiosensitizing effect of hyperthermia [19,20,77–
79]. Even though radiosensitization is one of the key mechanisms for thermoradiotherapy, 
treatment planning conventionally involves the creation of separate radiotherapy and 
hyperthermia treatment plans, and thus does not account for the interaction between the 
two treatments.

This thesis has aimed to extend the present knowledge about radiobiological models 
to include the effects of the combined modalities, i.e. the radiosensitizing effect of 
hyperthermia. The preceding chapters described the development of a biological model for 
biological treatment planning in thermoradiotherapy and showed several applications. In 
this chapter, the proposed methods for biological treatment planning will be discussed in a 
wider context, along with further improvements and potential applications.

Modeling thermoradiotherapy

As discussed in Chapter 1, hyperthermia may cause radiosensitization through physiological 
effects on organs and tissue (i.e. by vasodilatation and reoxygenation), through interference 
with molecular pathways in the cell (i.e. by inhibition of DNA-repair and induction and 
abrogation of thermotolerance), and through tumor selective direct cytotoxicity. The following 
sections describe the mechanisms that were accounted for in the models used throughout 
this thesis. Furthermore, the inclusion of additional mechanisms to further improve these 
models is discussed.

Equivalent radiation dose: taking advantage of radiobiology
The LQ model has become the standard radiobiological model to describe the biological 
effect of irradiation. In particular, it can be used to calculate an equivalent dose, such as 
EQD2 [169]. This enables easy comparison of different fractionation schedules. 

The equivalent radiotherapy dose, EQDRT, proposed in Chapter 2 of this thesis is an equally 
strong concept, as it allows easy comparisons of schedules with and without hyperthermia. 
EQDRT was based on an earlier proposal of equivalent radiotherapy fraction dose (dHT) 
introduced by Kok et al. [109]. However, EQDRT represents the equivalent total radiation 
dose. The advantage of this definition is that when EQDRT is calculated with a reference 
fraction size of 2 Gy, it is conceptually identical to EQD2 (which is also an equivalent total 
radiation dose). This enables a one-to-one comparison between EQDRT and EQD2 values: a 
thermoradiotherapy plan with EQDRT = 60 Gy is expected to have the same biological effect 
as a radiotherapy plan with EQD2 = 60 Gy. Thus, the quality of a thermoradiotherapy plan 
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can be assessed by comparing the EQDRT against known, conventional limits on EQD2. As 
with EQD2, an intuitive measure like EQDRT is essential for widespread adoption of biological 
treatment planning for thermoradiotherapy.

Another benefit of the similarity between EQDRT and EQD2 is that models designed for 
radiotherapy, e.g. TCP [82,90–92] and NTCP models [94–96], can readily be applied for 
thermo radiotherapy. It would be desirable to develop and train these TCP and NTCP models 
on clinical data from patients who received thermoradiotherapy. That would, however, 
require large numbers of patients — numbers that are simply not feasible in clinical practice. 
By using EQDRT as input (instead of EQD2), the conventional TCP or NTCP models and model 
parameters based on radiotherapy-only data can be used.

The LQ model describes the surviving fraction of cells as a function of the radiotherapy treat-
ment parameters. This allows calculation of EQD2. Similarly, to calculate EQDRT, a model is 
required that describes the surviving fraction of cells as a function of the thermoradiotherapy 
treatment parameters. A general strategy in model development is to start with a simple 
model, and increase its complexity ‘as needed’ to describe the data. Such a strategy was 
described for modeling EQDRT in Chapter 2.

DNA repair inhibition and direct cytotoxicity
As described above, several mechanisms account for sensitization of radiotherapy by 
hyper thermia, including DNA repair inhibition [42,53–56], direct cell kill [41–45] and 
reoxygenation [46–52]. The ‘standard’ model, as defined in Chapter 2, accounted only for 
radiosen sitization through DNA repair inhibition and was used in Chapter 2–4. However, the 
cell survival assays in Chapter 6 showed a small, but non-negligible contribution of direct 
hyperthermic cytotoxicity to total the cell kill. Compared to control tumor cells that were 
irradiated with 2 Gy at 37 °C, the same radiation dose plus hyperthermia at 42 °C reduced 
cell survival by approximately 75 %; however, hyperthermia at 42 °C already reduced cell 
survival by about 30%, which can be explained by direct hyperthermic cell kill (Figure 6.1). 
Radiosensitivity is clearly more dominant at lower temperatures (i.e. up to 42 °C), but at 
increasingly higher temperatures, the balance may shift further towards direct cytotoxicity 
[42]. The substantial contribution of cytotoxicity at clinically feasible temperatures (up to 
±42 °C) shows the importance of including this mechanism in the model. Cytotoxicity was 
thus accounted for in the ‘advanced’ model that was described and applied in Chapter 6 
and 7. 

Reoxygenation
In the Dutch Deep Hyperthermia Trial, women with advanced cervical cancer were ran-
domized between standard radiotherapy and radiotherapy plus hyperthermia. This 
trial demon strated a major 3-years survival advantage (27% compared to 51%) in favor 
of the combined modality treatment arm [76,165]. In Chapter 7, a treatment planning 
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study was performed on a similar patient group, and results were compared to those of 
the Dutch Deep Hyper thermia Trial. This comparison showed that the clinically observed 
radiosensitization (and associated increase in TCP) was stronger than what was predicted 
by the advanced model [165]. One potential explanation is that the cell survival assays in 
Chapter 6 — which provided the input parameters of the advanced model — did account 
for DNA repair inhibition and direct cytotoxicity, but not for the reoxygenation effect of 
hyperthermia. The latter is a more complicated mechanism to account for in biological 
modeling. While sensitization through reoxygenation may also be modelled as a change 
in the a and b values of the model, in vivo animal experiments are required to estimate the 
extent to which reoxygenation contributes to radiosensitization by hyperthermia. Since 
cell surviving fractions cannot directly be meas ured in in vivo experiments, the model 
parameters need to be derived indirectly. This can be achieved by establishing equivalent 
radiation schemes, from which the model parameters may be inferred (in analogy to the Fe 
method first proposed by Douglas and Fowler [83]). 

Reoxygenation is one of the three major mechanisms through which hyperthermia acts 
and the only one that was not incorporated yet in the current model. Thus, performing the 
aforementioned in vivo experiments to determine the effect of reoxygenation on the a and 
b values at different temperature levels is an essential step to further improve the model’s 
performance.

Subsequently, the model could be refined even further by accounting for differences in initial 
oxygenation status of individual tumors. The reoxygenation effect is likely to be stronger in 
hypoxic tumors than in well oxygenated tumors, therefore, the reoxygenation effect may be 
variable from patient to patient. Using the initial oxygenation status, which may be measured 
in clinical tumors through emerging techniques such as hypoxia PET or MRI [134–137], as 
an additional variable in the model would allow for more individualized predictions. The 
additional model parameter(s) could be trained through in vivo experiments in which the 
initial oxygenation status is controlled.

Thermotolerance
Another mechanism that was not accounted for in the current model was thermotolerance 
[42,65–67,310]. Thermotolerance refers to the transient resistance to heat that cells acquire 
after an initial heat shock. Both direct cytotoxicity and radiosensitization are known to 
be affected by thermotolerance if subsequent hyperthermia treatments are given in rapid 
suc cession [67]. In clinical practice, the number of weekly hyperthermia treatments is 
usually limited to one or two, in which case the effect of thermotolerance is negligible. Thus, 
while the inclusion of thermotolerance may be required for particular schedules in which 
subsequent hyperthermia treatments are less than 2 to 3 days apart, the current model 
without thermotolerance suffices for all common clinical schedules.
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Heating duration
In clinical practice, hyperthermia is typically applied for a duration of 1 h. Thus, to model 
the thermoradiotherapy of these patients, it is not necessary to explicitly account for heating 
duration in a treatment planning model: it is sufficient if all model parameters are measured 
with a 1 h heating protocol. However, if schedules with different heating duration are to be 
modelled, the effect of heating duration needs to be taken into account in the model.

It is well known that direct cytotoxicity through hyperthermia depends on the duration of 
heating [42,311]. The term accounting for direct cytotoxicity through hyperthermia that 
was proposed in Chapter 6 does include heating duration as a variable and is based on 
the well-established Arrhenius relationship [57]. Heating duration also affects thermal 
radiosensitization, but the dynamics are still unclear [129,187,312,313]. To enable modeling 
hyperthermia treatments of varying duration, the effect of heating duration on radiosensi-
tization needs to be clarified first. If thermal radiosensitization also depends on heating 
duration, the current model may be extended by making the hyperthermic changes in α and 
β also dependent on the heating duration. 

Normal tissue
Obtaining model parameters for normal tissues is more challenging than for tumor tissues. 
Normal tissue cells generally do not grow in vitro using traditional methods (i.e. in cell 
culture dishes), and those that do (e.g. fibroblasts or ovary cells) may not be representative 
for the tissue of the organs at risk in a thermoradiotherapy treatment. More advanced normal 
tissue models could provide promising improvements, but are still under development [314–
316]. Thus, throughout this thesis, model parameters for normal tissues were generally 
based on those of tumor cells, with a number of adjustments for known differences between 
normal tissues and tumors (such as a generally lower α/β value for normal tissues, negligible 
direct cytotoxicity and more rapid decay of the radiosensitizing effect of hyperthermia with 
time). These assumptions may (and should) be verified in in vivo experiments.

As discussed earlier, the α and β parameters cannot be inferred directly from in vivo expe-
riments, because it is not possible to measure the cell survival fraction. However, a similar 
strategy as described earlier — establishing equivalent radiation schedules and infer para-
meters based on this equivalence — may be employed [83]. For example, to infer model 
parameters for bladder tissue, one could measure voidance frequency and establish biological 
equivalence by comparing different treatments (radiotherapy alone, hyperthermia alone and 
radiotherapy plus hyperthermia) and varying dose-fractionation schedules, temperatures 
and time intervals between radiotherapy and hyperthermia. From the equivalence between 
all of these schedules, the full set of parameters required for equivalent dose calculation 
can be derived. 9
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Different tumor sites and stages
The biological model for thermoradiotherapy generically models the radiosensitization and 
cytotoxicity by hyperthermia. The model has originally been developed for women with 
advanced cervical cancer, but the model is also suitable to describe the effects of thermo-
radiotherapy in other tumor sites, such as melanoma, bladder, rectum and recurrent breast 
cancer. However, although the model presented in this thesis is generally applicable, care 
should be taken that the values of the model parameter may vary from site to site, and may 
be different between primary, metastatic and recurrent tumors. 

The effect of time interval: clinical implications

A long-standing debate in clinical practice is the timing of, and time interval between, 
hyper thermia and radiotherapy: when should hyperthermia be given — prior to or after 
radiotherapy? And maybe even more crucial: what is the optimal time interval between 
radiotherapy and hyperthermia? In vitro and in vivo experiments suggest that hyperthermic 
radiosensitization is strongest when radiotherapy and hyperthermia are delivered 
immediately after each other [58,64]. However, this is the case in both normal and tumor 
tissue. Overgaard concluded that only if selective heating of the tumor could be obtained, 
short time intervals would result in the highest therapeutic gain. Otherwise, a time interval 
as long as 4 h would be preferable [58]. Historically, time intervals of 1 to 4 h between 
radiotherapy and hyperthermia became the de-facto standard (see e.g. [165]).

The optimal time interval was investigated in Chapter 7 and Chapter 8. The biological treat-
ment planning study in Chapter 7 investigated the effect of a varying time interval between 
radiotherapy and hyperthermia on the therapeutic gain. This study showed that with modern 
locoregional hyperthermia systems, preferential heating of the tumor can be obtained. In 
addition, the absence of direct cytotoxicity and the lower α/β value of normal tissue also 
contribute to a tumor-selective effect of hyperthermia. Thus, the planning study predicted 
the highest therapeutic gain when the interval between radiotherapy and hyperthermia 
was short (≤ 30 minutes), consistent with Overgaard’s statement that preferential heating 
would lead to a shorter optimal time interval [58]. 

Note that in Chapter 7, the therapeutic gain was defined depending on the mean dose to 
the GTV and organs at risk (e.g. TGFbladder = TER(Dmean,GTV)/TER(Dmean,bladder)). This is sensible 
for complications where the mean dose is the most predictive (typically in parallel organs). 
However, complications where the (near-)maximum dose is more important (typically in 
serial organs), a definition based on the (near-)maximum dose in the organ at risk (e.g. for 
bowel perforation, TGFbowel = TER(Dmean,GTV)/TER(D2cm3,bowel)) may be more relevant. While 
TGF in Chapter 7 was not calculated this way, Figure 7.6 suggests that TER(D2cm3) for all 
OARs is somewhat higher than TER(Dmean), but still much lower than TER(Dmean,GTV). Thus, 
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the time trend of the TER(Dmean,GTV) would still dominate the therapeutic gain factor, and a 
short time interval would also be optimal in case the (near-)maximum dose is predictive 
for complications.

The retrospective study in Chapter 8 investigated the impact of the interval between radio-
therapy and hyperthermia in 58 women with advanced cervical cancer treated between 
1999 and 2014 studied. The results of this study corroborate the results from Chapter 7, 
as a short time interval was significantly associated with a lower in-field recurrence rate 
and better survival, while toxicity was comparable. Furthermore, the ex vivo irradiation 
of patient biopsies suggested that the DNA suppressing mechanism of hyperthermia is no 
longer effective in tumors for long time intervals. 

The combined results of Chapter 7 and Chapter 8 strongly suggest that a very short time 
interval (≤ 30 mins) between radiotherapy and hyperthermia is preferable for the treatment 
of women with locally advanced cervical cancer. The most pressing clinical concern is 
whether toxicity levels remain acceptable. The results described in Chapter 8 showed 
that toxicity levels were acceptable at least down to 1 h time intervals. In the treatment of 
recurrent breast cancer, very short time intervals (1–4 min) have been explored by Notter 
et al. [302]. This study also showed acceptable levels of toxicity, none exceeding grade 1. 
However, they applied a low radiation dose (median dose 20 Gy, in 4 Gy/fraction, one fraction/
week). Thus, the use of very short time intervals (≤ 30 mins) combined with higher ‘curative’ 
radiation doses (as are common for cervical cancer) is an appealing strategy, but particularly 
the effects on normal tissue first need to be evaluated through in vivo experiments. The 
study in Chapter 7 identified tumor selective heating and the lower α/β value for normal 
tissue as critical factors that determined the optimal time interval. Therefore, such in vivo 
experiments should be performed at clinically realistic temperatures, radiation doses, and 
dose-fractionation.  If such experiments prove successful, a clinical pilot study with shorter 
time intervals can be performed, in which early and late complications should be carefully 
monitored. 

Until such a clinical pilot study is performed, and based on the results in Chapter 7 
and Chapter 8, it is recommended to limit the time interval between radiotherapy and 
hyperthermia to appro ximately one hour. This recommendation has an important impact 
on referral patterns for thermoradiotherapy. In the past, a number of patients who received 
hyperthermia at the AMC, received radiotherapy at another institute out of practical 
considerations (e.g. long commute times to the AMC). Since this generally leads to time 
intervals well exceeding an hour, it is now strongly recommended to give both treatments 
in the same center.

9
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Applications of biological treatment planning

Biological treatment planning has many applications, ranging from exploring potential 
benefit of hyperthermia in new tumor sites, improved patient selection, plan evaluation 
(QA), optimizing schedules for improved outcome, or combined treatment plan optimization. 
In the next section, potential applications are discussed.

Identification of potential thermoradiotherapy candidates
One application of biological treatment planning is to identify new patients, or patient groups 
that may benefit from thermoradiotherapy. For example, using biological treatment planning, 
Kok et al. [109] showed that thermoradiotherapy for prostate cancer would effectively result 
in a dose escalation of 10 Gy (EQD2) compared to radiation alone. The prognosis for high-risk 
prostate cancer is very good, provided a sufficiently high dose can be achieved in the tumor 
[317–319]. Thermoradiotherapy may help to guarantee such high doses in those patients 
where they are difficult to achieve with radiotherapy alone.

Additionally, biological treatment planning enables evaluation of the potential benefit of 
thermo radiotherapy in individual patients. Clinically, this may for example be a solution 
for patients who do not fit into a standard protocol. Such an application is illustrated by 
the first example in Chapter 3, in which a patient with a solitary lymph node metastasis 
of a melanoma in the left para-iliac region was studied. This patient had received adjuvant 
radiotherapy (13 × 2 Gy) for stage I seminoma testis at the right side ten years earlier, and 
was at considerable risk of toxicity because of substantial overlap between the two radiation 
plans. It was shown that for equal probabilities of tumor control, thermoradiotherapy could 
provide much better sparing of the normal tissue than radiotherapy alone.  

While such simulation studies are of course subject to uncertainties, they may identify ther-
mo radiotherapy as a potentially beneficial alternative and may support a clinical decision 
involving thermoradiotherapy for individual patients (or groups of patients) where evidence 
from randomized trials is lacking. In The Netherlands, biological modeling criteria are 
already used for deciding whether a patient is a candidate for proton therapy for indications 
with limited or no evidence from randomized trials [320]. Specifically, if the calculated NTCP 
for proton therapy is lower than for photon therapy by a certain threshold, the patient is 
eligible. Similar criteria could also be used in deciding between treatment with radiotherapy 
alone or thermo radiotherapy.

Biological treatment planning may also be helpful in a research setting, to estimate potential 
benefits of hyperthermia. For instance, in clinical trials, inclusion criteria generally aim to 
include those patients that are expected to benefit most from the therapy in the experimental 
arm, in order to reduce the number of patients needed to show a significant effect. As accrual 
in hyperthermia trials is often challenging, a proper patient selection is essential. Individual 
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biological treatment planning may then be used to determine which patients are eligible, 
for example by requiring a minimum dose escalation in the tumor, a minimum increase in 
TCP or a minimum decrease in NTCP.

Combination with brachytherapy
In the current treatment of women with locally advanced cervical cancer by 
thermoradiotherapy, hyperthermia is only combined with EBRT. This practice is mainly 
based on the difficulty to combine hyperthermia with a brachytherapy applicator in situ. 
However, modern metal-free brachytherapy devices may facilitate concurrent hyperthermia, 
which may further improve treatment outcome.

A planning study comparing a thermoradiotherapy schedule in which hyperthermia only 
accompanies EBRT to a schedule in which hyperthermia accompanies both EBRT and brachy-
therapy could show if such an addition may be worthwhile. Such a planning study requires 
(deformable) image registration between three different planning scans: the planning CT 
for EBRT, the planning CT for hyperthermia, and the MRI used for brachytherapy treatment 
planning. A challenge is that because of the high radiation dose gradients in brachytherapy, 
a small geometric error in the registration would result in a large error in dose. Thus, very 
accurate registration algorithms will be necessary [321].

Improvement of the biological model

A common strategy in model development is to start with a simple model, and gradually 
refine it as needed. In this strategy, model development, refinement and application should 
be an iterative process. Biological treatment planning results are preferably validated using 
clinical outcomes, but alternative comparisons with experimental data have been described 
above. Any deviations between predicted and observed results provide valuable information 
to refine the model in a next step/iteration.

Two examples of such an iterative process have been described in this thesis in Chapter 4 
and Chapter 6. First, at the time of the study in Chapter 4, the explicit relationship between 
α and β, and the temperature was not yet known. Estimates of α and β were only available 
at a few specific temperature levels (37, 41 and 43 °C). Thus, two different interpolations 
were explored and it was immediately clear that the linear interpolation using only the 
data points at 37 and 43 °C was not realistic, as such a model would predict unrealistically 
high dose escalations (between 25 and 50 Gy) for commonly achieved clinical temperature 
distributions of ±41 °C. Thus, these predictions suggested that the model could be refined 
by discarding the possibility of a linear relationship between temperature and the α and β 
parameters, in favor of a piecewise linear relationship. The exponential relationship between 
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temperature and the α and β parameters that proposed in Chapter 6 provides a further 
refinement and was shown to describe radiosensitization in in vitro data well. 

Another example of improvement by iteration can be found in Chapter 7. As described 
earlier, the results from the Dutch Deep Hyperthermia Trial could initially not be reproduced 
by a treatment planning simulation study: the effect of hyperthermia predicted by the model 
was smaller than what was clinically observed. As discussed earlier, this discrepancy can 
probably be solved by accounting for the effect of reoxygenation in the model parameters, an 
effect not included in the original model parameters which were solely based on in vitro data 
derived from well oxygenated cell lines. These model parameters can be further fine-tuned 
by including parameters based on in vitro data obtained in hypoxic cell lines, and reliability 
of predictions may be further improved by incorporation of in vivo data. 

Future directions: towards personalized therapy

For many tumors, a standard thermoradiotherapy treatment schedule has developed over 
time, but there is often little evidence that these schedules are optimal in terms of clinical 
outcome. Biological optimization of treatment schedules on a per-indication basis could be a 
first step towards improving clinical outcome for patients treated with thermoradiotherapy: 
the planning study in Chapter 8 is an example. Recurrent breast cancer is another indication 
that could benefit from treatment schedule optimization. The risk of severe toxicity (grade 
3 or higher) is high for this patient group due to the high total radiation dose received [322]. 
Therefore, a careful balance between achieving optimal tumor control while avoiding normal 
tissue toxicity is particularly important for this heavily pretreated patient group. 

The ultimate goal in oncology — as in any medical discipline — is to provide personalized 
therapy. To achieve personalized biological optimization for thermoradiotherapy, the thermo-
radiotherapy field can profit from over two decades of experience in biological optimization 
for conventional radiotherapy [323–325]. There, a trend towards individualized optimization 
is emerging. Nahum and Uzan [32] have distinguished five ‘levels’ of (individualized) 
biological optimization in radiotherapy, each level increasing in complexity.

I. Individualized prescription doses, e.g. on an iso-toxic basis, which can lead to an 
increase in TCP [326].

II. Similar to I, but also individualizing the number of fractions.
III. The use of radiobiological models (TCP, NTCP, EUD) in an inverse planning algorithm 

so that e.g. TCP and NTCP may be optimized, rather than optimizing physical dose.
IV. The addition of patient specific information from functional imaging in the inverse 

planning algorithm (e.g. for dose escalation in radioresistant areas of the tumor).
V. Inclusion of individual patient biology (e.g. genomics) to any of the above.
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Nahum and Sanchez-Nieto developed the Bioplan software, which relies on equivalent dose 
calculation, TCP and NTCP models, to enable level I and II biological optimization [158]. From 
a planning study on 50 prostate cancer patients, they concluded that through individualized 
dose prescriptions (level I) almost 10% increase in TCP could be achieved at a comparable 
NTCP [326]. Furthermore, in a case study of a patient with a lung tumor they showed that 
individualization of the number of fractions could further increase TCP with a few percent 
points (at the same NTCP) [32].

Similar level I and II biological optimization for thermoradiotherapy could be enabled by 
expanding the X-Term software described in Chapter 3 with NTCP models. These NTCP 
models can be implemented relatively easily, as the X-Term software was designed with such 
a future expansion in mind. Moreover, since hyperthermic radiosensitization decays faster 
in normal tissues than in tumor cells [58], iso-NTCP analyses for thermoradiotherapy will 
likely show an even higher TCP increase than the 10% predicted by Nahum et al. for radio - 
therapy alone.

In the lung carcinoma case study, Nahum showed that level III biological optimization for 
radiot herapy could increase TCP by as much as 25% [32]. Application of level III optimization 
could be particularly promising for thermoradiotherapy, since it would allow optimization 
of the interaction between radiotherapy and hyperthermia. The optimization of time 
interval between radiotherapy and hyperthermia described in Chapter 7 is an example 
of optimization of the biological interaction between radiotherapy and hyperthermia by 
a forward planning technique. However, forward planning techniques only exploration of 
a limited number of treatment plans and schedules — in this case, a limited number of 
preset time intervals. Inverse planning techniques (i.e. level III biological optimization) 
would enable exploration of a larger range of values for these parameters. For example, it 
would allow global optimization of the time interval, over all possible values. In addition, 
an inverse planning algorithm can optimize multiple parameters simultaneously. Thus, 
treatment settings for hyperthermia (the phase and amplitude settings) and radiotherapy 
(leaf positions, beam angles, etc.) could be optimized simultaneously, which enables one to 
find the combination of treatment plans that is optimal. For example, it allows creation of 
plans that compensate difficult to heat spots in the tumor by higher radiation doses, and 
vice versa. Such solutions would be extremely difficult to obtain by separate optimizations 
of radiotherapy and hyperthermia. Simultaneous optimization of treatment settings would 
therefore provide a good opportunity to further improve clinical outcome.

To enable biological optimization level III for thermoradiotherapy, an integrated treat  ment 
plan ning system is needed that includes both radiotherapy and hyperthermia treat ment 
plan ning, and that has an inverse planning algorithm incorporated that optimizes based on 
(at least) EQDRT, and possibly also on TCP and NTCP. This is challenging, as the integration of 
all of these com ponents in a single treatment planning system requires expert knowledge 
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on radia tion dose and temperature calculations, as well as expertise in inverse planning 
algorithms.

Another requirement for this level III type of optimization is that the simulated radiation 
dose and temperature need to be representative for the actually delivered radiation dose and 
obtained temperature. Deviations may occur e.g. due to daily setup errors and body motion 
(breathing, bowel movements, etc.). Large deviations would undo the effect of optimization 
and should be avoided, but small deviations may be dealt with by taking the likelihood of 
small deviations into account while performing biological optimization, thus making such 
biological optimizations robust. Such an approach would be similar to robust optimization 
in treatment planning for proton therapy [327]. A notable difference between radiotherapy 
and hyperthermia is that inaccuracies in patient setup for hyperthermia treatments have 
a relatively mild effect on the temperature distribution, as position inaccuracies of less 
than 1 cm do not significantly affect specific absorption rate patterns [173,328]. However, 
uncertainties in hyperthermia treatment planning parameters, such as dielectric tissue 
constants and perfusion, are known to have more substantial effects and should be 
accounted for in a robust optimization scheme [329].

The oxygenation status of the tumor is an important determinant for tumor control and 
varies substantially between patients and within a single tumor [26,134,330]. Functional 
imaging, e.g. hypoxia PET or MRI techniques [134–137], may be used to identify hypoxic 
areas. For radiotherapy, level IV type optimizations have been proposed in the form of 
dose painting strategies, in which localized dose escalation to the radioresistant, hypoxic 
areas is performed [331,332]. In a planning study for head-and-neck cancer patients, iso-
toxic dose escalation through dose painting of hypoxic areas was estimated to result in a 
15% TCP increase com pared to conventional planning techniques [332]. Expanding such 
level IV optimization to include hyperthermia may prove valuable, as reoxygenation of 
radioresistant areas through hyperthermia may be more effective than dose escalation 
through dose painting. However, this level of biological optimization requires extensive 
additional research, since models capable of describing individualized hyperthermia driven 
reoxygenation effects still need to be developed.

Finally, level V biological optimization, in which individual patient biology is considered, is 
also an uncharted area for radiotherapy. No in silico or clinical studies have been performed 
to achieve this type of optimization so far [32]. For thermoradiotherapy, level V optimization 
could include genomic information on the sensitivity of an individual patient to the DNA 
repair inhibition, reoxygenation and/or direct cytotoxicity mechanisms of hyperthermia. 
For example, it has been shown that HPV infected tumors are particularly sensitive to hyper-
thermia, because hyperthermia restores the presence of active p53, which was disabled by 
the HPV. This restoration in turn increases apoptosis of tumor cells [187]. This is particularly 
relevant for cervical cancer, as the prevalence of HPV in these tumors is high. Accounting for 
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such differences in individual patient and tumor biology has the potential to increase the 
predictive power of biological models even further, thereby allowing better individualized 
treatments. However, again, this requires extensive additional research, as — apart from 
HPV status — little is currently known about genomic signatures that identify an individuals’ 
sensitivity to the mechanisms of hyperthermia.

The complexity of biological optimization increases with each higher level. However, each 
higher level may provide additional improvements in clinical outcome, as is shown by the 
biological optimization studies that have been performed for radiotherapy alone. It is likely 
that biological optimization in thermoradiotherapy provides at least similar, but probably 
even more impressive improvements. The effect of optimizing the radiation dose will be 
similar to what is predicted in radiation-alone studies, but in addition the interaction 
between radiotherapy and hyperthermia can also be optimized (such as in the example on 
compensating hyperthermia cold spots using radiotherapy dose escalation). Thus, a major 
effect of biological optimization for thermoradiotherapy can be expected. 

Conclusions

In this thesis, biological treatment planning methods for thermoradiotherapy have been 
developed. First, the concept of equivalent radiation dose enables the biological effect of 
thermoradiotherapy to be expressed in an intuitive way. A model has been developed to 
calculate equivalent radiation dose, accounting for radiosensitization through DNA repair 
inhibition as well as the direct cytotoxic effect of hyperthermia.

The model parameters for cervical cancer have been trained on in vitro data. Application 
in a planning study of the effect of time interval between radiotherapy and hyperthermia, 
together with a retrospective study, has led to the insight that short time intervals (< 30 min) 
likely provide most therapeutic gain in advanced stage cervical cancer patients.

In the future, the model may be improved by including the reoxygenation effect of hyper-
thermia, which requires in vivo data. Furthermore, the model may be used in biological 
optimization strategies, which can improve clinical outcome compared to current treatment 
schemes through more individualized treatment approaches.
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