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ABSTRACT

Biological modeling for anti-cancer treatments using mathematical models can be very supportive in
gaining more insight into dynamic processes responsible for cellular response to treatment, and pre-
dicting, evaluating and optimizing therapeutic effects of treatment. This review presents an overview
of the current status of biological modeling for hyperthermia in combination with radiotherapy (ther-
moradiotherapy). Various distinct models have been proposed in the literature, with varying complex-
ity; initially aiming to model the effect of hyperthermia alone, and later on to predict the effect of the
combined thermoradiotherapy treatment. Most commonly used models are based on an extension of
the linear-quadratic (LQ)-model enabling an easy translation to radiotherapy where the LQ model is
widely used. Basic predictions of cell survival have further progressed toward 3 D equivalent dose pre-
dictions, i.e., the radiation dose that would be needed without hyperthermia to achieve the same bio-
logical effect as the combined thermoradiotherapy treatment. This approach, with the use of
temperature-dependent model parameters, allows theoretical evaluation of the effectiveness of differ-
ent treatment strategies in individual patients, as well as in patient cohorts. This review discusses the
significant progress that has been made in biological modeling for hyperthermia combined with radio-
therapy. In the future, when adequate temperature-dependent LQ-parameters will be available for a
large number of tumor sites and normal tissues, biological modeling can be expected to be of great
clinical importance to further optimize combined treatments, optimize clinical protocols and guide fur-
ther clinical studies.
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1. Introduction

Biological modeling can be very supportive to enhance
insight into tumor dynamics and response to anti-cancer
treatments. In radiotherapy, dedicated software packages
have been developed to predict treatment outcomes by
radiobiological plan evaluation, such as Bioplan [1], with a
variety of practical tools, e.g., tumor control probability (TCP)
and normal tissue complication probability (NTCP) models
with parametric sensitivity analysis, dose statistics, equivalent
uniform dose (EUD) and individualized dose prescription.
Furthermore, the possible consequences of ‘cold’ and ‘hot’
radiation dose regions can be evaluated using the ATCP
method [2]. Such biological modeling software can be very
useful for individualized dose prescription. For example, a
potential gain of ~10% increase in TCP could be achieved
from dose individualization strategies in prostate cancer
patients, with comparable NTCP [3]. Presently, modern com-
mercial radiotherapy treatment planning systems, such as
Eclipse and RayStation, provide tools for biological

optimization and evaluation of treatment plans. The use of
biological modeling in radiotherapy is widely accepted to
determine and evaluate fractionation schedules by compar-
ing equivalent doses for different fractionation schemes.
Using biological modeling, biologically equivalent doses
(BED) can be calculated, which can be applied for example
when optimizing treatment schedules for hypofractionation
or hyperfractionation [4,5].

Mild hyperthermia (i.e., heating to 39-44°C) induces radio
and chemosensitization via a large number of biological
mechanisms, such as DNA damage repair inhibition, direct
cell kill, reoxygenation, reperfusion and also immunologic
effects [6-9]. Some of these mechanisms already become
active at a relatively low temperature (>39°Q), e.g., reperfu-
sion, while other mechanisms, such as DNA repair inhibition,
need higher temperature levels for activation, and show a
dose-effect relationship [10]. The effectiveness of a hyper-
thermia treatment depends thus on the tumor temperatures
achieved. This has been confirmed in several studies that
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found clinical outcome and thermal dose to be correlated
[11-17]. In combined radiotherapy and hyperthermia (ther-
moradiotherapy) treatments, evaluation of treatment quality
is generally performed for the individual modalities separ-
ately, based on the delivered (biological) dose and achieved
temperature, respectively.

Hyperthermia treatment quality is often expressed as a
thermal iso-effect dose, CEM43, i.e., the cumulative equiva-
lent minutes at 43°C. This relatively simple biological model
was originally introduced by Sapareto and Dewey [18] as a
concept to represent the effect of the entire heat exposure
during treatment on cell death. Although this is an elegant
concept and some studies reported CEM43 as a predictive
parameter [11,16,17], there are several weaknesses when
CEM43 is used to predict treatment efficacy for combined
radiotherapy plus hyperthermia treatments [10]. One import-
ant issue is that CEM43 accounts for the direct cytotoxic
effect of heat via an Arrhenius relationship, thus assuming
the amount of cell death depends on the temperature and
exposure time. This direct cytotoxicity does not account for
the biological (sensitization) mechanisms of hyperthermia
and thus CEM43 has no predictive value for the radiosensitiv-
ity of tumors. That being said, some sensitization mecha-
nisms depend on disabling certain cellular proteins, a
temperature-dependent  process that may follow an
Arrhenius-like relationship [10]. This may explain why a direct
relation between CEM43 and clinical endpoints cannot
always be established [19]. Furthermore, the extent of radio-
sensitisation is also influenced by the number of fractions
and the timing of the combined treatment. The thermal
enhancement ratio, i.e., the ratio between the radiation dose
required to achieve a specific endpoint with radiotherapy
alone and in combination with hyperthermia, is largest when
radiotherapy and hyperthermia are applied simultaneously
and decreases with increasing time interval between the two
modalities [20]. Thus, because of the complex synergy
between radiotherapy and hyperthermia, CEM43 is not the
sole predictor and does not per se predict treatment results
and establishing a reliable predictive dose parameter would
require multi-parameter biological prediction models.

Reliable biological models for thermoradiotherapy treat-
ments that account for the complex synergy between hyper-
thermia and radiotherapy would be very useful to obtain
insight into the overall treatment quality and compare the
effectiveness of different treatment strategies, similar to bio-
logical models used for radiotherapy alone. To be able to
compare results of thermoradiotherapy treatments, the need
for an adequate equivalent dose parameter is evident, espe-
cially since clinically achieved temperatures during each
treatment can vary largely within patients and also between
patients. Multi-parameter models incorporating the biological
effects of hyperthermia are thus essential to predict the level
of heat-induced cell death in multi-modality treatments. Over
the past decades, significant progress has been made in
understanding the biological mechanisms of hyperthermia
and developing adequate mathematical formulations to pre-
dict hyperthermic effects in thermoradiotherapy treatments.
In this review, we present an overview of the current status
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of biological modeling for thermal enhancement of radiation
response and we also discuss ongoing developments toward
biological thermoradiotherapy treatment planning for routine
clinical use.

2. Biological mechanisms of hyperthermia

Biological modeling aims to capture the biological effects of
hyperthermia in a mathematical model capable of predicting
the effectiveness of treatment delivery. This is a very chal-
lenging task, as hyperthermia is known to work via a pleth-
ora of mechanisms. Based on current knowledge, Issels et al.
proposed the definition of 6 important hallmarks of hyper-
thermia [21]:

I.  Induced cell killing: Heat can disrupt key cellular proc-
esses within the cell. Cells can thus be killed when
exposed to heat and the fraction of cells that do not
survive heating depends on the cell type, origin,
achieved the temperature and the duration of the heat
exposure. Assuming a typical clinical mild hyperthermia
treatment of 1h, normally oxygenated cells can usually
stand the elevated temperatures. Direct cytotoxic effects
of heat at hyperthermic temperature levels occur espe-
cially in chronically hypoxic cells suffering from nutrient
deprivation and low pH [22,23]. This enhanced cytotox-
icity is helpful since chronically hypoxic cells are less
sensitive to radiotherapy [23]. Cells may die due to
apoptosis, provided that this pathway is present and
the cells are not inactivated by the heat dose.
Otherwise, inactivated cells will stop proliferating via
permanent cell cycle arrest, necrosis or secondary apop-
tosis after S-phase or mitotic failure [24].

IIl. Inhibition of DNA repair: Radiotherapy and some cyto-
toxic agents aim at inducing lethal damage in tumor
DNA. DNA double-strand breaks are the most lethal
lesions. Cells start the repair of double-strand breaks
immediately after induction of damage. The repair can
be done by non-homologous end-joining (NHEJ) or
homologous recombination (HR). NHEJ is normally
responsible for the majority of the repair since it is
active throughout the whole cell cycle. Heat affects the
NHEJ repair process through the inhibition of DNA-
dependent protein kinase catalytic subunit (DNA-PKcs)
activity, which is thermal dose-dependent [25]. Essential
repair proteins Ku70, Ku80, BRCA1 and 53BP1 are
decreased [25]. HR is the second most important repair
pathway and is only active in S-phase. At temperatures
exceeding 41°C BRCA2, a key protein in HR is temporar-
ily depleted, thereby inhibiting the HR repair pathway
[26]. Furthermore, the level and duration of BRCA2
depletion, and thus HR inhibition, increases with both
temperature and heating time [27]. After radiotherapy,
the majority of DNA damage is repaired within 2h,
which means that the effectiveness of subsequent
hyperthermia decreases with increasing time intervals
between radiotherapy and hyperthermia [28]. After
hyperthermia, HR remains inhibited for up to 4hours
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[26], which means that subsequent radiotherapy is pref-
erably given within that time frame.

lll. Changing tumor microenvironment: The tumor micro-
environment is often chronically hypoxic, poorly per-
fused and exhibits abnormally high interstitial fluid
pressure (IFP). These negative environmental character-
istics induce treatment resistance in tumor cells to
radiotherapy and chemotherapy. Hypoxia is caused by
an imbalance between oxygen delivery and consump-
tion rate. Furthermore, dynamic changes in oxygenation
occur due to changes in red blood cell flux, vascular
changes and thermoregulation. These effects lead to
cyclic or intermittent hypoxia [29]. The application of
heat induces physiological changes and affects the
microenvironment [30]. Hyperthermia at temperatures
between 39 and 43°C yields a temporary increase in
blood flow, and a positive alteration of pO, and IFP
[31,32]. Heat-induced vasodilation yields enhanced local
perfusion and reoxygenation [33]. Note that this reoxy-
genation already occurs at relatively low temperatures
starting from ~39°C, easily achieved in the clinic [34].
In addition, reoxygenation is also caused indirectly by
hyperthermia by a reduced oxygen consumption rate
due to the killing of (chronic) hypoxic cells at somewhat
higher temperatures [35]. The improved tumor oxygen-
ation and decreased IFP may last for at least
24h [30,31,34].

IV. Inducing cellular stress response: Heat transiently up-
regulates heat shock genes that encode a class of pro-
teins known as heat shock proteins (HSP) [24]. HSPs act
as molecular chaperones of other proteins, thereby
assisting in the recovery from stress either by repairing
damaged proteins (protein refolding) or by degrading
them [24]. Released HSPs can stimulate the immune
response (see hallmark V), but HSP up-regulation is also
associated with thermotolerance, i.e., transient resist-
ance of cells to a second heat shock within 1-2 days,
which is the reason why in clinical protocols hyperther-
mia is not applied daily, but just once or twice a week.

V. Modulating immune response: Hyperthermia can
increase the visibility of tumor cells to the immune sys-
tem and activates tumor-specific immune cells [36].
There is direct heat-induced activation of natural killer
(NK) cells, CD8+ T cells and dendritic cells (DCs). HSPs
also activate NK cells and antigen presenting cells
(APCs) [37]. Surface expression of MICA and MHCI is
increased after heating, making the cells more vulner-
able to NK cells and CD8+ T cells, respectively [38,39].
Heating makes the tumor cells release exosomes, which
transfer potential tumor antigens to APCs, cross-present-
ing them to CD8+ T cells. Increased perfusion may
facilitate the trafficking of immune cells between
tumors and draining lymph nodes. This immune cell
trafficking may be further improved through changes in
the vasculature adhesion molecules by increased per-
meability of the tumor vasculature [40].

VI. Sensitization to radiotherapy, chemotherapy and
immunotherapy: Mechanisms described in 1I-V lead to

sensitization to radiotherapy and chemotherapy. For
example, inhibition of repair of potentially lethal or sub-
lethal DNA damage increases the effectiveness of radio-
therapy and some chemotherapeutics in causing lethal
double-strand breaks and also increased oxygenation
after hyperthermia makes these modalities more cyto-
toxic. Hyperthermia may also enhance vascular leakage,
thereby improving the uptake of chemotherapeutic
agents [41]. Furthermore, hyperthermia enhances radi-
ation-induced immunomodulation [42,43]. However,
cancer cells are unfortunately also able to exploit the
immune checkpoints that prevent the immune system
from accidentally destroying healthy cells during an
immune response, which enables the cancer cells to
escape from immune detection and elimination.
Checkpoint inhibitor immunotherapy is therefore a very
promising treatment modality and local vasodilation by
hyperthermia can further improve effectiveness by
enhancing the delivery of these inhibitors to the tumor
[44,45]. Thus, there is a clear rationale to combine radio-
therapy with hyperthermia and checkpoint inhibitor
immunotherapy [46] and very promising preclinical
results were recently reported e.g., for pancreatic cancer
[47]. In a recent review, Hurwitz discusses the rationale
for clinical investigation of hyperthermia and immuno-
therapy for several tumor sites, including melanoma,
bladder, and head and neck cancers [48]. Ongoing
research should provide more (pre)clinical data to deter-
mine the optimal temperature and timing [45,49].

All above hyperthermia mechanisms are temperature and
thermal dose-dependent. Though temperature dependence
of blocking cell survival is fully covered by the CEM43 model
and some other mechanisms also conform with the
Arrhenius model (e.g., DNA repair and HSP70 promotor acti-
vation [10,50]) and are therefore at least partly covered by
the CEM43 model, it is quite clear that the huge complexity
of both direct and synergistic effects makes it extremely
challenging to quantitatively predict the effect of hyperther-
mia in combined treatments using mathematical/biological
models. Especially capturing changes in microenvironment
and immune response modulation in a predictive model will
be most challenging. The next section first describes the
basics of mathematical modeling of heat-induced cell killing,
followed by a discussion of work that has been done on
modeling to describe the effect of hyperthermia combined
with radiation. This review ends with our vision of required
future developments toward routine clinical use.

3. Mathematical modeling of hyperthermic effects
3.1. Modeling heat induced cell killing

In Petri dishes, most heat survival curves have a very similar
shape as those observed after exposure to ionizing irradi-
ation: typically, there is an initial ‘shoulder’ region followed
by a relatively steep decline in cell survival, as depicted sche-
matically in Figure 1. The shape of the survival curves is
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Figure 1. Schematic cell survival curves for heat alone, radiation alone and combined radiation with heat; the vertical axes have a logarithmic scale. The shape of
the survival curves is temperature-dependent: the initial shoulder becomes less pronounced with increasing temperatures, and the slope becomes steeper. Note
that exact survival fractions at specific dose levels and temperatures are cell-line dependent.

temperature-dependent: the initial shoulder becomes less
pronounced with increasing temperatures, and the slope
becomes steeper. As a basis for biological modeling of
hyperthermia treatments, the earliest models predicted heat-
induced thermal damage after exceeding certain time-
temperature thresholds, based on an Arrhenius formulation.
For example, Moritz and Henriquez used this concept to
describe the thermal dose-dependent development of skin
burns in pigs [51]. In an extensive review, Pearce discusses
mathematical models of cell death and thermal damage
processes [52]. A drawback of these Arrhenius-type models is
that they often fail to represent thermally induced cell dam-
age or death at relatively moderate hyperthermic tempera-
tures by showing a significant over-prediction of the thermal
damage fractions in the early stages of heating, i.e., during
the early stage ‘shoulder’ region. Therefore, models have
been designed to better describe the characteristic ‘shoulder’
shape of tumor cell heat survival curves.

A model that provides essential basic insight and can pre-
dict heat survival curves very well, was proposed in 1986 by
Jung [53]. This model predicts cellular inactivation by heat
and quantitatively describes cell killing after single heating,
as well as after consecutive heat treatments at different tem-
peratures. Cellular inactivation by heat is considered a 2-step
process. First, heating produces non-lethal lesions, which are
then converted (by heat) to lethal events. This yields two
temperature-dependent parameters p and ¢, representing
the rate constant for the production of non-lethal lesions per
cell and per unit of time, and the rate constant for the con-
version of a non-lethal lesion into a lethal event per unit of
time, respectively. The survival fraction /S, after heating for
time t is then given by:

i(t) = exp <§(1 —ct— exp(—Ct))>

5, M

Similarly, for subsequent heat treatment at two different
temperatures for times t; and t,, the survival fraction can be
calculated using

S
S—O(t1,t2) = exp (i—:exp(—ctz)m — aitiexp(cty) — exp(—city)) +§(1 —cty — exp(—ctz)))

The parameters p and ¢ obey the Arrhenius law and p shows
an inflection point at 42.5°C for Chinese hamster ovary
(CHO) cells. For human cells, an inflection point will probably
occur at slightly higher temperatures [54]. This model per-
fectly explains why heat survival curves exhibit a shoulder.
At the start of treatment, there are no non-lethal lesions to
turn into lethal events, so the survival curve starts with a
zero slope. After some time, the number of non-lethal lesions
increases, as well as the probability of inactivation. This leads
to an initial shoulder, followed by an increase in steepness of
the heat survival curve when initially non-lethal lesions turn
into lethal lesions. In addition, this model is generally useful
to predict thermosensitization of different treatment strat-
egies. It provides very relevant insight into how complex
heating protocols like step-up and step-down heating affect
cellular inactivation in a different manner. For example with
step-down heating, i.e., heating at high temperature followed
by heating at a lower temperature, a certain number of non-
lethal lesions are produced by pre-heating, which may read-
ily convert to lethal lesions during the second treatment.
This greatly enhances thermosensitization, which leads to
the disappearance of the shoulder with increasing pre-heat-
ing time and a steeper survival curve. Furthermore, this
model can also predict negatively modified thermal response
by induced thermotolerance [55].

Given the similarity between cell survival curves after
exposure to heat and ionizing irradiation, also the multi-
target single-hit model and the linear-quadratic (LQ) model,
as used in radiotherapy, were proposed to predict cell killing
by hyperthermia alone [56]. The multi-target single-hit model
predicts the survival fraction of cells treated by heat using:

S
—=1-(1—exp(—tr/to))" 3)
So
where tr is the exposure time at temperature T, t, is the acti-
vation energy for cell killing at temperature T and n is the
extrapolation number. In this model, the t, parameter is tem-

perature dependent and obeys the Arrhenius law. The other

()
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parameter, n, is cell-line dependent. Using the LQ-model, the
survival fraction is expressed as:

2 exp(—atr — pt?) (4)

So
With tr again the exposure time at temperature T and o and
B arbitrary constants. According to Arrhenius analysis, o is a
linear function of the reciprocal of the temperature and B of
temperature squared. Thus, both parameters obey the
Arrhenius law and the LQ-model can completely define cell
killing as a function of both time and temperature.

3.2. Modeling effects of radiation combined with
hyperthermia

To model the effect of hyperthermia in combination with
radiotherapy, various models have been proposed, with vary-
ing complexity. Some of these model frameworks primarily
focus on obtaining more insight into dynamic processes
responsible for cellular response to treatment, while other
models aim toward the prediction of therapeutic effects.

3.2.1. The multi-hit repair model
The multi-hit repair (MHR) model, as proposed by
Scheidegger et al. [57], is a dynamic population model using
variables of state, and is based on a chain of cell populations.
The initial population (Ny, counted by state variable N) is clo-
nogenic and can undergo mitosis. Cells accumulate ‘hits’,
which are lesions induced by radiation. This causes cell dam-
age and hinders cells from mitosis. These damaged cells move
to the next population in the chain. Cells with lethal damage
are removed from the population and successful repair allows
to move cells to a population upward in the chain. This basic
concept of the MHR model is illustrated in Figure 2.

For practical implementations, the chain length k is lim-
ited, and typically between 5 and 10. The core differential
equation for population N; is given by:

where o (Gy™") is a radiosensitivity parameter (unrelated to
the LQ-parameter o), ¢, (h™") is the elimination rate constant,
R(t) the dose rate and r a function describing repair. State
variables count population sizes Ny to Ny, and determine the
repair probability. Another state variable describes the initial
impedance of repair due to radiation-induced damage to
repair proteins. Time-dependency of this phenomenon yields
a differential equation, which is coupled to the repair func-
tion r. To account for hyperthermia, two additional state vari-
ables represent the amount of active and inactive repair
proteins. Their time dynamics are governed by specific differ-
ential equations, and also coupled to the repair function r.
This design yields a relatively large number of model param-
eters: 5 radiobiological parameters and 3 additional parame-
ters to model synergistic effects between radiation and
hyperthermia, which need to be optimized using dedi-
cated algorithms.

Since the state variable Nj is tracking clonogenic cells, the
MHR model can be used to fit experimental cell survival
curves. Although good quality fits of cell survival curves
were obtained, unambiguous interpretation of the results
can be quite challenging, since very different sets of parame-
ters, representing very different repair dynamics, can fit a set
of experimental results almost equally well [57,58].
Furthermore, sometimes unexpected parameter values were
found; calibration and validation of the model are thus quite
challenging.

Since the MHR model has 8 free parameters and clono-
genic assays typically have only 5 data points, additional
data are needed for reliable model calibration. To this end,
Weyland et al. implemented methods to map the model to
comet assay readouts to be combined with clonogenic assay
data [58]. Results showed that unambiguous model parame-
ters can only be obtained by combining information from
both assays in a holistic approach. However, even with this
combination, some parameters remain unidentified.
Furthermore, model calibration is computationally expensive,
and experimental temperatures did not exceed 42°C. This

dN . . .
d_t, — aR(ON;1 — aR(ON; — F(N;) + r(Nis1) — coN; (5) implies that the model does not account for direct
Multi-hit repair model
Initial clonogenic
cell population

N; I ...................................................................... L Ne

—— hit-induced cell damage —— repair —— cell death

Figure 2. Schematic illustration of the multi-hit repair approach to model response of tumor cells to radiation and heat [57]. The model is based on a chain of cell

populations (N ¢, ...

, N ), characterized by the number of radiation-induced damages (‘hits’). At the start of the simulation, the initial population (No, counted by

state variable No) is clonogenic and can undergo mitosis. During treatment, cells accumulate radiation-induced damage ('hits’). These damaged cells move to the
next population in the chain (green arrows). Damage will be repaired with a certain repair probability, and after successful repair cells move back to a population
upward in the chain (black arrows). Hyperthermia reduces this repair capacity. When the damage becomes lethal, cells are removed from the population (red

arrows). The final population represents the cells that survived after treatment.



cytotoxicity by hyperthermia and does not correctly describe
inhibition of DNA damage repair at higher temperatures [58].

Although the predictive value of the MHR model is lim-
ited, a clear advantage is that it offers a tool for testing
various concepts and ideas about the cellular repair pro-
cess. The cell population-based approach allows the inclu-
sion of the mitotic cycle, with variations in radiosensitivity.
This can be extended to a tumor model with subpopula-
tions of different radiosensitivity, which can help under-
stand tumor response.

3.2.2. Artificial immune — tumor ecosystem

To investigate the dynamic behavior of immune-tumor eco-
systems in different scenarios, Scheidegger et al. developed
a dedicated model representing an artificial adaptive
immune system [59]. The artificial immune-tumor ecosystem
consists of two major components: a tumor-host ecosystem
with host tissue and immune cells, and a perceptron for anti-
gen pattern recognition. The combination of a danger signal
and antigens then activate the immune system. Danger sig-
nal generation is assumed to be proportional to the amount
of necrotic or immune system-activating apoptotic cells.
Hyperthermia-induced radio-sensitization and increased
blood perfusion are accounted for by basic biophysical mod-
els. The dynamic interactions are described by differential
equations; for a detailed description, the reader is referred to
Scheidegger et al. [59].

Results of simulations for combined radiation and hyper-
thermia suggested that the main effect of hyperthermia is
related to radiosensitization and no tumor vaccination effect
was observed. However, conclusions are restricted to the
investigated scenarios and the proposed artificial immune-
tumor ecosystem. As for the multi-hit repair model, this
model is also not primarily meant as a predictive model cov-
ering all relevant aspects of therapy response, but more as a
tool to evaluate ideas about dynamics and to generate and
refine hypotheses. A drawback also of this model is that a
similar behavior of the system is observed for a large range
of very different parameter values.

3.2.3. The temperature dependent LQ model

In radiotherapy, the LQ-model is commonly used for bio-
logical modeling. The standard LQ-model is defined as
[60,61]:

i = exp[—ozD - BDZ] (6)
So

In Equation (6) o and B are the coefficients of the non-
repairable and the repairable components of radiation
damage respectively [62]. The B-component represents both
misrepair and repair: a high value of B indicates that the cell
is good at both. The degree of curvature is frequently
defined in terms of the o/f ratio. For a low o/f ratio, the
survival curve falls rapidly, which is characteristic of slowly
proliferating cells [61,62]. The B-component fades with a
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half-time of minutes or hours so that a very low dose rate is
close to the a-curve [62].

The shape of the cell survival curve after radiotherapy
combined with hyperthermia is very similar to the shape of
the survival curve for radiotherapy alone (Figure 1).
Therefore, the LQ model, as used in radiotherapy, can be
used to describe these survival curves, with adjusted LQ-
parameters [63,64]:

> exp[-o'D — p'D?] 7)
So
With  o* and p* adjusted temperature-dependent
LQ-parameters to reflect the radiosensitizing effect of hyper-
thermia on cell survival. Xu et al. found that simultaneous
radiation and heating of (heat resistant) human colon adeno-
carcinoma cells for 1h at 41.1°C resulted in a 2.5-3 fold
increase in the parameter o, without a significant change in
the B parameter [64]. Sequential heating immediately after
radiation for 2 h was needed to realize the same effect.

Using this model, Myerson et al. evaluated response rates
for a cohort of 60 patients treated with radiotherapy and
simultaneous superficial hyperthermia, as well as 4 random-
ized studies using superficial hyperthermia (the ESHO melan-
oma trial [15] and 3 recurrent breast cancer trials reported
by Vernon et al. [65]) [63]. Assuming o*= o+ Aa, and B*=p,
it was observed that the incidence of complete response as
a function of the number of effective hyperthermia sessions
could be fitted with a Aa of about 0.05-0.1 Gy™' [63].

Franken et al. reviewed the modulation of the LQ-parame-
ters for several radiosensitizing agents, including hyperther-
mia [66]. Radiation plus hyperthermia for 1h at 41°C and
43 °C was evaluated for human cervical cancer, colon cancer
and lung cancer cell lines and LQ-parameters were deter-
mined. It was found that 1h at 41°C mainly increased the
parameter, while Th at 43°C increased both o and B. An
increase of B consequently lowered the o/f ratio, which
makes the tumor more sensitive to higher fraction doses.

Van Leeuwen et al. used a temperature-dependent
LQ-model, with a term added to account for direct cell kill,
to generate a model that describes cell survival as a function
of radiation dose, temperature and time interval [67]. To this
end, cell survival assays were performed at various combina-
tions of radiation dose (0-8 Gy), temperature (37-42°C for a
standard treatment duration of 60 min), time interval (0-4h)
and treatment sequence (hyperthermia before/after radio-
therapy) for two human cervical cancer cell lines. The
LQ-model was fitted to the data using maximum likelihood
estimation. The model described the dependency of cell sur-
vival on the dose, temperature and time interval very well
(R* = 0.9), which makes it suitable for biological modeling
and evaluation of the impact of different temperatures and
time intervals as observed in the clinic.

3.2.4. The AlphaR model

Briningk et al. proposed the AlphaR model, an empirical
cell survival model for heat-induced radiosensitization by
DNA-repair inhibition, adapted from the LQ-model [68].
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The AlphaR model calculates the surviving fraction by:

S

c(o)= exp|— (00 — 0g)D — BD?], if D < ;‘—g (8a)
S _ o . OR
S—O(D) = exp {—aoD + 26 if D> pTi (8b)

Here, the parameter o, reflects cellular damage, oz the dam-
age repair and f the reduction of repair capacity with
increasing dose. The model assumes that damage repair is
only possible up to a threshold dose D= uz/(2), and the sur-
vival is then described by an LQ-function with o= oy-0g. The
model was fitted to in vitro experimental data with good
results for both heating alone and heat combined with radi-
ation. Especially at very high temperatures (43.5-57°CQ),
when heat is applied without radiation, the AlphaR model
correctly describes both the initial shoulder and the expo-
nentially linear decay, while the LQ-model yields an overesti-
mation of the latter. Also for the combined radiation and
heat the authors hypothesize that this AlphaR model might
be preferable to a conventional LQ-model. They suggest that
considering that hyperthermic radiosensitization is due to
inhibition of DNA double-strand break repair, the parameter
oo could be assumed constant. An increase of o with thermal
dose might then be due to a reduction in the repair cap-
acity, i.e., a reduction of «z. However, the authors were not
able to provide data to support this hypothesis. Their ana-
lysis was limited to the LQ-arm of the model because the fit
of oy and ar were prone to large uncertainties.

Next, based on the model of Powathil [69,70] and the
AlphaR model, Briningk et al. proposed a hybrid cellular
automaton model to predict both the number and distribu-
tion of viable cells over time [71]. To allow growth modeling,
cells were represented as 2D or 3D voxels, with the edge
length equal to the cell diameter. These digital cells follow
the four-stage cell cycle through G;, S, S; and M-phases and
are assigned to the appropriate stage, depending on a cell
cycle timer. When the doubling time is reached, a cell in
stage G; will divide, or enter the reversible quiescent stage
Go when there are no free neighboring spaces. Cell survival
after treatment was modeled using the AlphaR model, with a
cell cycle-dependent weight factor y added to account for
differences in radiation sensitivity at each stage of the cell
cycle (i.e., the exponentials in Equation (8) are multiplied
with this factor y) [71]. Model calibration for the cell cycle
distribution and growth requires additional flow cytometry
and cellular growth curves. Results showed that this model
can predict the dynamic growth of a treated cell population
when adequate model parameters have been determined
based on in vitro experimental data. This simulation frame-
work was mainly designed to simulate the experimental pro-
cedure of an in vitro focused ultrasound experiment, and to
analyze the expected treatment response in order to achieve
relevant basic knowledge about the promising treatment
approach to combine focused ultrasound-mediated heating
with radiotherapy.

3.2.5. Thermodynamic modeling based on the LQ-model
As indicated by Myerson et al., the LQ-model could also be
applied to evaluate the thermal enhancement ratio (TER)
[63]. Suppose that d; is the fraction dose with hyperthermia
and d, is the fraction dose that, without hyperthermia, would
produce the same effect as d; with hyperthermia. Using
Equation (7) we can write:

ady + Bd3 = (o + Aa)d; + Bd? (9a)
Since TER = d,/d;, this yields:
o-TER-d; + B-TER-d? = (o + Ao)d; + Bd? (9b)

which yields a formula of TER in terms of fraction dose d;,
o/ ratio and Aa/o:

TER = ((o/B)/(2dh))

W (1+ (2} /(o/B))° + ((4ch)/(2/ ) (At/o) = 1
(90)

and shows that TER decreases with increasing d;, and
increases with o/f and Ao/a. The fact that TER decreases
with decreasing o/f suggests a therapeutic benefit when
thermoradiotherapy is compared with higher doses of radio-
therapy. This implies that increasing the radiation dose to
realize an equivalent effect to thermoradiation in acutely
reacting tumor tissue would lead to more toxicity in late
reacting normal tissue with a lower o/f. Such evaluations
could be very useful in the design of future prospect-
ive trials.

De Mendoza et al. proposed a thermodynamic model for
simultaneous application of heat and radiation, in which the
TER is related to the cell fraction that is radiosensitized by
heat-induced sublethal damage [72]. Hyperthermia-induced
damage will elevate cells from an alive state A to a more vul-
nerable sensitized state A'. The radiation dose Dgr,yt to real-
ize the same surviving fraction with hyperthermia is reduced
and the LQ-model can then be written as:

S

< (TER) = exp[fot -TER - Dgrsr — B - TER? - D2, +HT} (10)
Equation (10) has thus modulated LQ-parameters o-TER

and B-TER? The TER is assumed to be dependent on the

energy absorbed in this transition from state A to A"

TER =1 + ¢ - k(T) (11)

With ¢; the baseline of TER and ¢, account for the radio- and
thermal sensitivity. The function k(T) represents the transition
rate from state A to A’ and assumes protein denaturation to
be the mechanism responsible for heat-induced cell damage,
depending on temperature T, which is modeled by means of
Eyring’s transition state theory.

This model provides a theoretical basis to understand
hyperthermia-induced radiosensitization. Results showed that
sensitization rates were exponentially dependent on tem-
perature, which is in line with empirical observations [72].
Furthermore, it was shown that the model can reproduce
clonogenic survival curves, as well as TER values observed
in vitro and in vivo.



3.2.6. 3D equivalent dose prediction. Kok et al. proposed
to use the LQ-model with temperature-dependent parame-
ters o and P to estimate the radiosensitization effect by
hyperthermia as a 3D equivalent radiation dose distribution
[73]. This equivalent radiation dose is the radiation dose that
would be needed without hyperthermia to achieve the same
biological effect as the combined radiotherapy and hyper-
thermia treatment. The model uses voxel-based calculations
with local LQ-parameters. These LQ-parameters are affected
by the local temperature (T), exposure time and the time
interval (t;,) between radiotherapy and hyperthermia.
Considering a standard 60 min hyperthermia treatment dur-
ation, the (tumor) cell surviving fraction can be calculated as:

S
< (D, T, tin)) = exp[~ (T, tir) - D = GB(T, tim)-D?],

0
where D (Gy) is the total dose and G is the Lea-Catcheside
protraction factor that accounts for repair during irradiation,
which approaches 1 for high dose rates. The equivalent radi-

ation dose EQDgr for each voxel can then be calculated as:

Ol(T, tint) -D + G- B(Tr tint) : D2
037 + B37 “dref

where 037 and P37 are the ‘regular’ LQ-parameters at 37 °C
and d,.r (Gy) is the fraction size of the reference radiotherapy
treatment [73,74]. Based on this concept, the X-Term soft-
ware has been developed by van Leeuwen et al. [74], which
enables 3D biological evaluation of thermoradiotherapy
plans. X-Term also accounts for hyperthermic cytotoxicity
using an Arrhenius relationship [67]. The survival fraction
according to Equation (12) is then multiplied with a term for
hyperthermic cytotoxicity (Sy7) given by:

Sur(T,t) = exp [—k(T) - t]

(12)

EQDgr = (13)

(14)

where t (s) is the heating time, which is typically 60min
(3600s) for standard hyperthermia treatment, and k is the
reaction rate as a function of T, given by:

AS AH
k(T) =2.05-10" - (T +273.15) - —_———
(M) T+ )P T 57315)
(15)
with AS (cal/°C/mol) the entropy of inactivation and AH (cal/
mol) is the inactivation energy of the critical rate-limiting
molecules that cause cell lethality. Including Equation (15),
the equivalent dose EQDgr is then calculated by [67]:
CX(T, tint) -D =+ G- B(T, t,‘nr) . D2
37 + P37 - dref
7.38-10" - (T +273.15) - exp |4 — 24

2.(T+273.15)
037 + B37 < Crer

EQDgr =

+

(16)

By importing a CT image data set, a DICOM structure set
and (registered) radiotherapy and hyperthermia dose and
temperature distributions, X-Term performs a voxel-wise cal-
culation of the EQDgy, based on the user-defined treatment
schedule. Individual model parameters can be assigned to
each delineated structure, enabling to include also organs at
risk. Results of two treatment schemes are visualized by
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X-Term, typically radiation alone and radiation plus hyper-
thermia, but the user can also compare for example the
effect of different time intervals. The predicted EQDgs distri-
butions can be evaluated according to conventional radio-
therapy planning criteria, i.e., by dose distributions, dose
volume histograms and tumor control probability. Figure 3
illustrates the workflow of X-Term. Results based on X-Term
using predicted but clinically realistic temperature distribu-
tions and temperature-dependent LQ-parameters showed
that adding hyperthermia to a radiation treatment schedule
is typically equivalent to an extra ~10Gy dose escalation to
the tumor [73,75].

The functionality of X-Term allows qualitative use to pre-
dict differences in effectiveness for different treatment strat-
egies, and to investigate the impact on the outcome for
relevant clinical questions. Biological modeling can predict
the feasibility of hyperthermia as a treatment option, as was
done for pediatric patients with in-field recurrent sarcoma in
the pelvic region or an extremity after previous irradiation,
and limited treatment options [76]. Results indicated that
low dose re-irradiation (23x2Gy) plus weekly locoregional
hyperthermia could effectively realize a possibly curative
equivalent dose of 54Gy [76]. A clinical feasibility study
would be a logical next step to demonstrate validity,
although patient numbers will be quite low and thus accrual
might be problematic.

Another biological planning study using X-Term sug-
gested hyperthermia can substantially increase the local con-
trol rate in high-risk prostate cancer patients [73]. Based on
clinical dose-response curves, an extra hyperthermia-equiva-
lent 10 Gy (from 76 to 86 Gy) would increase the local control
probability from ~50% to ~90% [73]. Several non-random-
ized clinical studies have been performed for radiotherapy
combined with hyperthermia in prostate cancer patients. A
recent systematic literature review also concluded that
hyperthermia would be a promising treatment strategy to
enhance the therapeutic ratio for these patients [77].
Prospective phase Il trials are ongoing, e.g., the HT-Prostate
trial (NCT0415905), including patients with biochemical
relapse after radical prostatectomy. Results of the planned
interim analysis (n=50) showed feasibility; safety criteria
were met and a promising short-term prostate-specific anti-
gen response was observed with no significant changes in
quality of life [78].

Biological modeling with the X-Term software was also
applied to evaluate the impact of the time interval between
radiotherapy and hyperthermia treatments. Investigating this
in a prospective clinical trial is ethically quite difficult, and
biological modeling provides an excellent tool to answer
such questions. A biological planning study in cervical cancer
patients showed that the thermal enhancement ratio (TER)
decreases with increasing time interval (range 1.16-1.05),
while the TER for organs at risk remained rather constant
and close to 1, independent of the time interval [79]. Thus,
the shorter the time interval, the larger the therapeutic gain
[79]. This conclusion was supported by a retrospective ana-
lysis of clinical data, which showed a 3-year in-field recur-
rence rate of 18% and 53% in the short (<79.2min) and
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Figure 3. Workflow of X-Term to predict and evaluate equivalent dose distributions for thermoradiotherapy treatments in patients.

long (>79.2 min) time-interval group, respectively; the 5-year
overall survival was 52% and 17%, respectively [28].
However, another large retrospective analysis by Kroesen
et al. could not demonstrate an impact of the time interval
[80]. A possible explanation could be that inhibition of DNA
damage repair was exploited less in their cohort due to
either different patient selection, lower temperature levels
and/or longer time intervals achieved. Direct comparison was
difficult as the definition of time interval was different (time
until steady state versus start power on), affecting the inter-
pretation; scientific discussions on this topic are still ongoing
[81-83]. Nevertheless, hyperthermia exhibits multiple other,
less time-dependent working mechanisms besides inhibition
of DNA repair. Thus a clinically relevant benefit of hyperther-
mia was observed also for patients treated with longer time
intervals [13].

Ghaderi Aram et al. implemented a similar approach for
3D voxel-wise biologically equivalent dose (BED, i.e., EQDgr
multiplied with the relative effectiveness) calculation to
evaluate the potential of combined Gamma Knife radiosur-
gery and hyperthermia for pediatric neuro-oncology [84]. A
single medulloblastoma patient case was evaluated for
stereotactic radiotherapy combined with a dedicated micro-
wave device for brain tumors that is currently under devel-
opment [85]. Different o and B parameter distributions were
applied based on clinically representative pO2 histograms, to
represent the LQ-parameters for generic, well-oxygenated,
moderately and poorly oxygenated tumors. Evaluation of
BED suggested the feasibility of this treatment approach,
with an increase of typically ~10 Gy by hyperthermia [84].

Androulakis et al. implemented the EQDzrbased
biological modeling approach for high-dose-rate (HDR)
brachytherapy combined with simultaneous interstitial hyper-
thermia for prostate cancer [86]. In addition, rather than opti-
mizing both treatment modalities individually, they
developed a method to optimize the temperature distribu-
tion, based on the expected EQDg; of the combined treat-
ment. This allows for treatment planning using

radiotherapeutic dose constraints and objectives, which
makes the combined treatment plan easier to interpret.
Theoretical evaluation of this method was performed using
implant geometries, anatomical data and clinical HDR
brachytherapy dose distributions of 10 previously treated
patients. Results suggested that using biological optimization
to optimize the temperature distribution would permit real-
ization of the same equivalent prostate target dose with 80%
of the original HDR brachytherapy dose, together with a sig-
nificantly lower EQDgr in organs at risk (urethra, rectum and
bladder) [86]. This is a promising tool for further develop-
ment of interstitial hyperthermia in combination with HDR
brachytherapy.

4, Future developments toward routine clinical use

The work described in the previous sections shows there has
been significant progress in biological modeling for hyper-
thermia combined with radiotherapy, resulting in valuable
models that help to improve understanding the effects of
thermoradiotherapy treatments. Since complex combinations
of dose, sequencing and timing of thermoradiotherapy treat-
ments are of utmost importance to realize maximal tumor
control and minimal normal tissue toxicity, advanced and
robust  biological treatment planning models are
indispensable.

Future research will focus on the further development of
such models, eventually aiming at routine clinical use and at
personalized treatment using biological treatment planning
to optimize the effectiveness of thermoradiotherapy treat-
ments. Realizing this goal requires a multi-disciplinary
approach combining biology, physics and clinical aspects
with cross-disciplinary feedback (Figure 4). To this end, the
large European Hyperboost consortium has been initiated
(European Horizon 2020 MSCA-Innovative training network
grant 955625). The research as schematically shown in Figure
4 will be performed within this consortium and the main
strategies will be discussed in the next paragraphs.
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Most existing thermal enhancement data presently used
in biological models were derived from in vitro experiments.
Such experiments often yield thermal enhancement data at
one or two specific temperature levels, but since clinical tem-
perature distributions are heterogeneous, 3D equivalent
dose calculations require extensive data at various tempera-
ture levels in the hyperthermic range and multiple clinically
relevant time intervals. Only an extensive data set allows the
derivation of a detailed mathematical model, describing the
dependency of cell survival on radiation dose, temperature/
thermal dose and time interval, as basic input for equivalent
dose calculations. Such a model has been developed for cer-
vical cancer [67], and a first mandatory step toward more
extensive use of biological models in treatment planning
would be generating extensive experimental (in vitro/in vivo)
data for other tumor sites regularly treated with hyperther-
mia, e.g., breast, head & neck, pancreas, rectum and bladder,
including the normal tissues at risk in these regions.
Combination with clinical thermal enhancement data when
available would further improve reliability.

Once extensive thermal enhancement data are available
for tumor sites treated with radiotherapy and hyperthermia,
a standard clinical application of basic biological modeling
becomes feasible. Predicted equivalent doses based on
measured temperatures and reported time intervals could
provide very relevant insight into the quality of different
treatment series and treatment sessions. Standard clinical
thermometry is based on data acquired with a limited num-
ber of thermometry probes implanted in or near the tumor
target, as prescribed in the QA guidelines [87,88]. Assuming
a relatively uniform radiotherapy dose distribution, reported
indexed temperatures T10, T50 and T90 could be used to
calculate an estimate of the equivalent dose EQDgr10,
EQDg50 and EQDg90. If treatment operators have additional

treatment planning and/or MR thermometry data available,
more detailed 3-D temperature distribution information
could then be used to further improve the accuracy of the
equivalent dose estimate.

Mechanisms incorporated in the biological models so far
were typically limited to DNA-damage repair inhibition and
direct cell kill, as these are more easily determined in in vitro
tumor models. Although these mechanisms are very import-
ant, the incorporation of other mechanisms is essential to
realize higher accuracy and personalized treatment (plan-
ning). This also requires further research on understanding
and quantifying the timing/dose-effect relationship of other
relevant mechanisms, such as heat shock response, normal
tissue response, vascular effects, blood flow, hypoxia and
immunological effects. Dedicated in vivo studies are required
to assess the contribution of each mechanism, depending on
temperature/thermal dose and timing of hyperthermia. This
should involve quantification of multiple clinically relevant
end-points in several tumor sites, as well as in normal tissues.
Some of this research is foreseen in the framework
of Hyperboost.

Incorporating other hyperthermia working mechanisms in
biological prediction models is very challenging because of
the complex pleiotropic nature of interactions and the differ-
ent time scales for tumor and normal tissue responses. Also,
the incorporation of e.g., hypoxia, re-oxygenation and
immune response in biological models is so complex that it
is still a subject of research to establish and incorporate
those effects for radiotherapy alone. Although the LQ-model
can be extended to account for re-oxygenation [89], add-
itional parameters increase complexity, and thereby the num-
ber of experiments needed to derive reliable input data.
Nahum et al. presented a practical approach to characterize
radioresistance in hypoxic tissue by adapted LQ-parameters
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and especially significantly lower o-values [90]. The first
approach to model the effect of hyperthermia on chronic
hypoxic tumors in clinical applications could then be to
define a reduction of the hypoxic fraction, with specific LQ-
parameters for aerobic and hypoxic regions. This would also
require additional imaging to visualize the hypoxic fraction,
e.g., by PET imaging using a hypoxia tracer, or by blood oxy-
genation level-dependent (BOLD) MRI [91,92]. and, prefer-
ably, also the dynamics over the treatment course. For
example, using Cu-ATSM PET imaging it could be possible to
determine the effect of hyperthermia on tumor hypoxia,
independent of the increase of perfusion [93]. Adequate
incorporation of cyclic tumor hypoxia in biological prediction
models will be much more challenging, also because our
understanding of cyclic hypoxia processes is still relatively
limited and therefore also the clinical consequences. Pre-clin-
ical data showed that biological response to cyclic conditions
differs from chronic hypoxia [29], so fluctuations in oxygen
levels do have very important biological consequences.
Interestingly, glioblastomas irradiated in mice exposed to
cyclic hypoxia were more radioresistant compared to the
controls with chronic hypoxia [29,94].

Several studies suggest that re-oxygenation after hyper-
thermia, which lasts up to 24-48h, is not only caused by
increased blood flow but also by a decrease in oxygen con-
sumption, possibly due to heat-induced tumor cell death or
a heat-induced change in tumor metabolism [30,35,95-97].
These dual effects are likely caused by the generally hetero-
geneous temperature distributions achieved in clinical hyper-
thermia. The relatively low temperatures will then enhance
perfusion, thereby causing re-oxygenation, while tempera-
tures at the higher end of the range directly kill chronic hyp-
oxic cells, which reduces oxygen consumption [35]. These
effects are difficult to study in classical in vivo experiments,
since these typically use water-bath heating, yielding a
homogeneous tumor temperature distribution. To improve
the clinical translation of pre-clinical research, it would thus
be essential to mimic clinical heating in in vivo experiments,
including realistic heterogeneous temperature distributions.
To that end, realistic miniature heating equipment has been
developed, e.g., the ALBA micro8 phased array system (Med-
Logix SRL, Rome, Italy), which enables realistic locoregional
hyperthermia treatments in mice models. Such dedicated
heating equipment allows the design of pre-clinical experi-
ments to further elucidate the impact of different
mechanisms on local tumor control. Translating the three-
dimensional intratumoral variation in biological effects of
hyperthermia into mathematical models will be extremely
challenging, though important when modeling is eventually
aiming to predict treatment outcomes under realis-
tic conditions.

To account also for systemic tumor control, the immune
response should be included in the prediction models, which
is perhaps also one of the most challenging aspects, since
tumor interactions with the immune system are very com-
plex and also not yet completely understood. Recent
research on breast cancer showed that thermoradiotherapy
upregulates immune suppressive immune checkpoint

molecules [49]. The sequence of hyperthermia and radiother-
apy did not strongly affect the immune phenotype [49].
Dedicated pre-clinical experiments will be needed to further
determine the response of tumor-infiltrating immune cells
for various tumors to different thermoradiotherapy combina-
tions. For example, analyzing the activation of natural killer
cells, and the ability of dendritic cells to induce T cell activa-
tion/suppression would provide valuable insights. The release
of damage-associated molecular patterns (DAMPs) on expos-
ure of cells to thermoradiotherapy could be quantified and
used in more advanced biological models. Furthermore,
patient biopsies, serum and plasma could be used for the
analysis of alarmins such as Hsp70, HMGB1 and Calreticulin
by immunohistochemistry and DAMPs could be evaluated in
the tumor and peripheral blood of patients. This could even-
tually provide a personalized immune status for patients
treated with hyperthermia.

As mentioned earlier, interactions can be very complex;
e.g., the immunosuppressive state of the tumor microenvir-
onment is also supported by hypoxia [9]. Because of the
complex interactions and the dynamics of the mechanisms,
ideally, models should account for the dynamics of thermo-
regulation and hypoxia changes, and process feedback data
of hypoxia imaging, temperature and immune markers dur-
ing hyperthermia treatment sessions and treatment series.
Noninvasive MR imaging during treatment could provide
very valuable additional information to support this.
Dedicated MR methods can be applied to map perfusion and
hypoxia, but also 3D temperature (estimations) during treat-
ment [91,98,99]. These data can be very useful to further
improve the quantitative reliability of temperature predic-
tions by hyperthermia treatment planning, using the
advanced discrete vasculature (DIVA) thermal model
[100,101] and also to improve the reliability of on-line adap-
tive strategies during hyperthermia treatment [102,103].
Furthermore, feedback by tumor and immune response mon-
itoring during the treatment course will permit individualized
re-planning during the treatment course and show the
effective and dynamic contribution of each hyperthermia
working mechanism for individual patients.

Next to sophisticated biological planning models to pre-
dict clinical outcomes for various treatment strategies,
another important step would be combined optimization of
the thermoradiotherapy treatment, instead of optimizing
each treatment modality separately. Androulakis et al.
recently showed that when biological modeling is used to
optimize the temperature distribution, the prostate HDR
brachytherapy dose could be reduced by 20%, together with
a significantly lower EQDgr in neighboring organs at risk [86].
This indicates that joint multi-objective optimization can be
expected to further improve treatment quality. Sophisticated
robust optimization strategies are essential to ensure treat-
ment outcome, and this will be very challenging, especially
with external beam radiotherapy. Patient-specific optimiza-
tion is aimed at, capable of dynamic adaptive strategies
based on feedback data during hyperthermia treatment, as
discussed above.



Such advanced planning tools, embedded in a user-
friendly graphical user interface, would eventually minimize,
or even eliminate, the current user-dependent quality of
hyperthermia treatments. Temperatures achieved during
treatments can show a large variation, and for example for
superficial heating of breast cancer recurrences, the min-
imum goal temperatures as indicated in the quality assur-
ance (QA) guidelines (T90>40°C and T50>41°C) are not
always realized [11,88]. However, a high temperature is asso-
ciated with significantly higher locoregional control [11].
Reliable planning can effectively guide the use of hyperther-
mia in mainstream clinics and it could also help to reach a
consensus about the optimal thermoradiotherapy treatment
schedules, thereby homogenizing treatment protocols. To
realize this, QA guidelines are essential to achieve better-con-
trolled temperature distributions, with more uniform and
higher EQDgr and less normal tissue hot spots. Clinical imple-
mentation of thermoradiotherapy planning requires tight QA
protocols to ensure that the actual settings of the heating
device match the planning prescription. Furthermore, suffi-
cient technical and clinical data should be reported to allow
adequate analysis, thereby avoiding also institutional vari-
ation in the calculation of thermal dose parameters. This
requires consensus on guidelines for combined thermoradio-
therapy treatment data reporting suitable for multi-center
clinical trials, and guidelines on thermal dose reporting to
accurately determine the effective equivalent dose dur-
ing treatments.

These expected developments will eventually set the
stage for clinical (registration) studies on the clinical benefit
of personalized thermoradiotherapy planning. Biological
treatment planning may become very useful to guide further
clinical studies in hyperthermia, e.g., as an alternative to
dose escalation. The expected outcome of hyperthermia-
mediated vs. standard dose escalation can be estimated
using advanced biological models. Biological treatment plan-
ning can also be very useful to investigate the possible
effectiveness of hyperthermia for different patient cohorts
and thereby aid the design of promising feasibility studies to
further expand the role of hyperthermia in clinical oncology.
Next, extension toward modeling the combination of hyper-
thermia and proton therapy, which could mimic the effect of
carbon ion therapy, would be a logical step further [7,104],
but also modeling triple-modality treatment strategies, e,g,
adding chemotherapy, poly(ADP-ribose) polymerase-1 (PARP-
1) inhibitors, immune checkpoint inhibitors, or halogenated
pyrimidines [49,105,106].

Especially evaluation of thermochemoradiation (i.e., hyper-
thermia, chemotherapy and radiotherapy) would be a very
valuable next step, since an increasing number of standard
treatment protocols include both radiotherapy and chemo-
therapy. Expressing the effect of chemoradiation as an
equivalent radiation dose is relatively straightforward [107],
but when adding hyperthermia the synergy with both radi-
ation and chemotherapy should be taken into account [108].
Such biological models can eventually be expected to be
very useful to further optimize treatment effectiveness and
to guide further clinical studies.
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5. Conclusion

Significant progress has been made in understanding the
biological mechanisms of hyperthermia and developing
adequate mathematical formulations to predict hyperthermic
effects in combined treatments with radiotherapy. Patient-
specific 3D equivalent dose predictions allow for prediction
of differences in effectiveness for different treatment strat-
egies, and to answer relevant clinical questions. Mechanisms
incorporated in the biological models so far were typically
limited to DNA-damage repair inhibition and direct cell kill.
Further research will focus on including other important
mechanisms in advanced biological planning models, such as
re-oxygenation in hypoxic tumors and immune response,
eventually aiming for integrated radiotherapy + hyperthermia
planning to achieve joint temperature/radiotherapy dose
optimization for the combined treatment. In the future,
when adequate temperature-dependent LQ-parameters will
be available for a large number of tumor sites and normal
tissues, biological modeling can be expected to be of great
clinical importance to further optimize the effectiveness of
combined radiotherapy and hyperthermia treatments and to
guide further clinical studies.
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