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Abstract

Background Hyperthermia treatment quality is usually evaluated by thermal (dose) parameters, though hyperthermic
radiosensitization effects are also influenced by the time interval between the two modalities. This work applies biological
modelling for clinical treatment evaluation of cervical cancer patients treated with radiotherapy plus hyperthermia by
calculating the equivalent radiation dose (EQDkr, i.€., the dose needed for the same effect with radiation alone). Subsequent
analyses evaluate the impact of logistics.

Methods Biological treatment evaluation was performed for 58 patients treated with 23-28 fractions of 1.8-2 Gy plus 4-5
weekly hyperthermia sessions. Measured temperatures (T50) and recorded time intervals between the radiotherapy and
hyperthermia sessions were used to calculate the EQDgr using an extended linear quadratic (LQ) model with hyperthermic
LQ parameters based on extensive experimental data. Next, the impact of a 30-min time interval (optimized logistics) as
well as a 4-h time interval (suboptimal logistics) was evaluated.

Results Median average measured T50 and recorded time intervals were 41.2 °C (range 39.7-42.5°C) and 79 min (range
34-125min), respectively, resulting in a median total dose enhancement (D50) of 5.5Gy (interquartile range [IQR]
4.0-6.6 Gy). For 30-min time intervals, the enhancement would increase by ~30% to 7.1 Gy (IQR 5.5-8.1 Gy; p<0.001).
In case of 4-h time intervals, an ~40% decrease in dose enhancement could be expected: 3.2Gy (IQR 2.3-3.8 Gy; p<
0.001). Normal tissue enhancement was negligible (<0.3 Gy), even for short time intervals.

Conclusion Biological treatment evaluation is a useful addition to standard thermal (dose) evaluation of hyperthermia
treatments. Optimizing logistics to shorten time intervals seems worthwhile to improve treatment efficacy.

Keywords Hyperthermia - RF heating - Treatment logistics - Biological modelling - Equivalent dose

Introduction perthermia). Hyperthermia typically uses a locoregional

heating device consisting of a ring of radiofrequency or

Cervical cancer is the fourth most common cancer in
women [1]. Standard treatment of locally advanced tu-
mors is chemoradiation [2], but patients with a medical
contraindication to cisplatin-based chemotherapy should
be treated with proven effective alternative strategies, e.g.,
thermoradiotherapy (i.e., radiotherapy combined with hy-
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microwave antennas positioned around the pelvis to in-
crease tumor temperatures to 39-44°C for 1h, thereby
enhancing radiosensitivity [3]. During the fractionated ra-
diation schedule, hyperthermia is applied once or twice
weekly, shortly before or after a radiotherapy fraction. The
effectiveness of hyperthermia was demonstrated in random-
ized phase III trials [4—6]. The Dutch Deep Hyperthermia
Trial showed a significant improvement for both 12-year
local control (from 37 to 56%, p=0.01) and survival (from
20 to 37%, p=0.03) for thermoradiotherapy compared
to radiation alone [7]. No significant differences in late
toxicity were observed, indicating the tumor selectiveness
of hyperthermia. The RADCHOC study suggested com-
parable outcomes of chemoradiation and thermoradiation,
although the trial was closed prematurely because of low
accrual [5].
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Hyperthermia thus significantly enhances the effective-
ness of radiotherapy, but clinical data show a strong ther-
mal dose—effect relationship [8, 9]. Hyperthermia delivery
therefore aims at high tumor temperatures up to 42-43 °C,
though patient tolerance is often a limiting factor. The ap-
plied power is often limited by a need to prevent exces-
sive normal tissue temperatures, which should remain be-
low 44-45°C to avoid pain sensations (hotspots) and ther-
mal damage [10]. Therefore, treatment quality is continu-
ously monitored by thermometry probes in the pelvic body
cavities, in combination with patient feedback about nor-
mal tissue hotspots. When necessary, device settings are
adjusted to reduce hotspot temperatures or improve target
heating. Standard quality metrics used are indexed temper-
atures T10, TS50, and T90, i.e., the temperatures at least
achieved in 10, 50, and 90% of the measurement points
during treatment, respectively [11, 12], and the number
of equivalent minutes at 43°C (CEM43) [13]. Despite ef-
fective steering protocols and treatment planning strategies
to optimize treatment delivery [14—-16], treatment-limiting
normal tissue temperatures frequently occur due to strong
variations in power absorption and perfusion in different
tissues.

Although achieved temperatures are a very important
factor determining treatment quality, the complex synergy
between radiotherapy and hyperthermia means that the ef-
fectiveness of hyperthermia is also influenced by parameters
other than temperature. An important parameter is the time
interval between the radiotherapy fraction and hyperthermia
delivery [17, 18]. The therapeutic effectiveness of hyper-
thermia decreases with increasing time interval. Therefore,
additional comprehensive quality metrics that account for
temperature and other factors would be useful to predict,

Fig.1 a Silicone elastomer
mold applicator (diameter
25mm) used to fixate intrav-
aginal thermometry probes to
measure target temperatures dur-
ing hyperthermia treatments of
cervical cancer patients. Three
14-sensor thermocouple probes
(left, central, right) with 5-mm
sensor spacing are positioned
along the grooves in the mold
applicator. b The mold applica-
tor and the thermocouple probes
are covered with a condom be-
fore insertion into the patient’s
vagina. ¢ Hyperthermia planning
CT scan in hyperthermia treat-
ment position with thermometry
in situ

Left vaginal probe
Central vaginal probe
Right vaginal probe

evaluate, and optimize clinical results of thermoradiother-
apy.

Biological modelling could be very helpful to model dy-
namic processes responsible for cellular response to treat-
ment, thereby providing more insight into clinical impli-
cations of the complex synergy between radiotherapy and
hyperthermia [19]. In radiotherapy, biological modelling is
quite common to compare fractionation schemes, or to pre-
dict tumor control and normal tissue toxicity [20, 21]. These
models are usually based on the linear quadratic (LQ) model
[22] to account for the radiosensitivity of tumors and nor-
mal tissue. Since hyperthermia enhances radiosensitivity, an
extended LQ model can be used for biological modelling
for thermoradiotherapy [23-26]. Using such a model, the
effect of hyperthermia can be translated into an equivalent
radiation dose (EQDkr), i.e., the dose that would yield the
same effect with radiation alone.

Previous studies applied biological modelling for ther-
moradiotherapy using simulated temperature distributions
to obtain more insight into the impact of different treat-
ment parameters or to explore the feasibility of hyperther-
mia for non-standard indications [24, 27-31]. So far, bio-
logical modelling has not been used for evaluation of ac-
tual clinical treatments. In this study, we apply biological
modelling to evaluate treatment quality in terms of dose en-
hancement in a cohort of 58 cervical cancer patients treated
with thermoradiotherapy. Real treatment data, i.e., clinically
measured temperatures and registered time intervals, will be
used to estimate the EQDxgr in these patients. Additionally,
the impact of logistics on the expected EQDkgr is evaluated
and biological treatment evaluation for individual patients
is illustrated for two treatment sessions.
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Methods

We evaluated the cohort of 58 patients treated between
1999 and 2014 previously described by Van Leeuwen et al.
[17]. All patients had a histologically confirmed locally ad-
vanced cervical carcinoma and were treated with curative
intent using radiotherapy plus hyperthermia. Radiotherapy
consisted of external beam irradiation (23-28 fractions of
1.8-2Gy), which was combined with 4-5 weekly hyper-
thermia sessions applied shortly after a radiotherapy frac-
tion. This schedule was followed by a 24-Gy pulsed dose
rate brachytherapy boost.

Hyperthermia was applied using the 70MHz AMC-4
phased array system [32], consisting of four waveguides
with individual phase amplitude control to focus heating
to the target location. Target temperatures were measured
every 30s using three 14-sensor thermocouple probes (0.5-
cm spacing) mounted on a silicone elastomer mold applica-
tor that fixates the thermometry probes in the vaginal cav-
ity (Fig. 1). These temperatures at the apex of the vaginal
cylinder are considered representative for the temperatures
achieved in the tumor region, since locoregional hyperther-
mia yields a focal heating zone measuring a quarter of the
wavelength in tissue, which is about 10-15cm at 70 MHz.
Additional thermometry probes for locoregional treatment
control were positioned in the bladder and rectum. The
steady-state period started when 41 °C was registered in the
target, or after a 30-min induction period, whichever was
shortest; steady-state was aimed for 60 min. Phase ampli-
tude settings were optimized at the start of treatment and
adjusted during treatment, if necessary, to avoid hotspot
complaints, retaining tumor heating at the same level when-
ever possible [14, 15].

Treatment quality per session was reported by indexed
temperatures T10, TS50, and T90, i.e., the temperatures at
least achieved in 10, 50, and 90% of the measurement points
during the steady-state period, respectively [11, 12]. These
indexed temperatures represent a temperature—volume his-
togram, similar to dose—volume histograms in radiotherapy.

Biological modelling

Biological modelling was performed based on the calcu-
lation model of the in-house developed software package
X-Term [25]. These calculations use an extended LQ model,
with radiation sensitivity parameters a and 3 depending on
the local temperature and the time interval between radio-
therapy and hyperthermia.

Tumor tissue

In tumor cells, hyperthermia induces radiosensitization but
also direct cytotoxicity, which is accounted for by an Ar-
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rhenius relationship. The Arrhenius parameters and tem-
perature-dependent o and 3 parameters for cervical cancer
were derived from extensive preclinical experiments [33].
The equivalent radiation dose EQDkr is then calculated as

a(Tvtint)'D-i-G'ﬂ(Tatinl)'D2
37 + B37 + dret
+ Dairect cetin (T7)

EQDgy (T, tiny, D, dref) =

ey

with as; (Gy') and B3; (Gy?) the normothermic LQ pa-
rameters, and o(7;t,) and B(T ti.) the LQ parameters with
hyperthermia at temperature 7 and a time interval between
radiotherapy and hyperthermia #;, (h). The preclinical data
used for this model indicate that values o(T,;,) and B(T, tu)
are symmetric around 7;,,= 0, which means that the effect of
radiosensitization does not depend on the treatment order
(i.e., hyperthermia before or after radiotherapy) [33]. G is
the Lea—Catcheside protraction factor from the generalized
LQ model, D (Gy) the total (physical) radiation dose, and
d.s (Gy) the fraction size of the reference treatment, i.e.,
1.8 or 2Gy [25]. Direct hyperthermic cytotoxicity is re-
flected by the term Dairecr cenn kit T), as given by

D dgirect cenkin (T)

13 AS AH
| 738-100-(T +273.15) - exp (88 - 5rtls) @

37 + B37 + dret
with AS=392.08cal/°C/mol and AH=147,908.8 cal/mol
[33].

Normal tissue

Accurate temperature-dependent LQ parameters for normal
tissue are lacking, but literature data suggest a level of
radiosensitization similar to tumors for simultaneous ther-
moradiotherapy [18]. However, the decay of radiosensitiza-
tion with increasing time interval appears faster in normal
tissue. Therefore, we assumed similar temperature-depen-
dent enhancement factors of o and § as for tumor tissue,
but with a faster decay rate, based on an exponential fit to
the data published by Overgaard [18]. For the ratio o7/
a conventional value of 3 Gy was assumed [34]. Since nor-
mal tissue is not hypoxic, direct cell kill at clinical temper-
ature levels was considered negligible.

Equivalent dose calculation for a patient cohort

For each hyperthermia session the time interval #;,,, was de-
termined, defined as the time between the end of the radio-
therapy fraction (beam off) and the start of the steady-state
hyperthermia period. The registered T50 temperature and
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tiy were used to calculate the enhancement in EQDgr D50
for the radiotherapy fractions combined with hyperthermia
using Eq. 1. This enhancement was summed for the 4-5
hyperthermia sessions applied, yielding the total dose en-
hancement over the treatment course for each patient. Al-
though D90 would be more relevant in the radiation dose
evaluation, D50 was chosen because T50 is a more robust
hyperthermia evaluation parameter than T90. The thermal
dose parameter TRISE (i.e. the TS50 temperature rise above
37°C, multiplied with the duration of the session for all ses-
sions, normalised to the scheduled total treatment time) is
based on T50 and was clinically shown to correlate signifi-
cantly with local control in cervical cancer patients treated
with thermoradiotherapy [8]. Note that the modelled hy-
perthermia effect yields an enhanced EQDgr only for the
4-5 fractions that are directly combined with hyperther-
mia. For the remaining radiotherapy fractions the enhance-
ment in EQDxgr is considered negligible and EQDkgr is the
standard fraction dose of 1.8 or 2Gy. Furthermore, since
there is a time gap of several days between the external
beam irradiation and the brachytherapy boost, hyperther-

a Biological treatment evaluation: treatment course

mia-induced enhancement of the brachytherapy dose was
considered negligible.

The influence of logistics

The time interval can vary substantially between different
patients for logistic reasons. In our previous study, mean
time intervals varied roughly between 30min and 2h [17].
All patients received the complete treatment in our hospi-
tal, but when patients receive radiotherapy elsewhere and
need to travel for the hyperthermia, time intervals even up
to 4h could occur [35]. We therefore also evaluated the in-
fluence of both very optimal (#;,=30min) and suboptimal
(tiv=4h) logistics on treatment effect in terms of EQDgr
enhancement for the complete patient cohort.

Individual treatment evaluation using biological
modelling

To illustrate the possible use of biological treatment evalu-
ation for individual patients in daily clinical practice, two
hyperthermia sessions of different patients were analyzed

Mean measured T50
4-5 hyperthermia sessions

Mean registered time interval
4-5 hyperthermia sessions

Total dose enhancement (D50)
23-28 fractions + 4-5 hyperthermia sessions
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Fig.2 a Clinical measurement data (target temperatures and time intervals) registered for 58 patients with locally advanced cervical cancer treated
with radiotherapy plus hyperthermia. These data were used as input for biological treatment evaluation to determine the effective total dose
enhancement over the full treatment course. b Evaluation of the expected impact of changes in treatment logistics on the dose enhancement. A 30-
min time interval reflects optimized logistics, while a 4-h time interval represents worst-case suboptimal logistics (e.g., in case of long travelling
distances). The shaded areas correspond to the interquartile ranges (IQR) for the real time intervals from a for easy comparison. EQDgr Equivalent
radiation dose. 750 The temperatures at least achieved in 50% of the measurement points during the steady-state period
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Fig.3 a Clinical temperature profiles per target probe during a hyperthermia session for patient 1, averaged over the 1-h steady-state period.
b Equivalent fraction dose (EQDrgr) calculated based on the measured temperatures and the registered time interval of 86 min (blue curves). The
grey region represents the 2-Gy fraction dose, so the enhancement by hyperthermia for this fraction is the dose beyond 2 Gy. The green and red
dashed curves represent the equivalent dose estimates if the time interval were to have been 30 min or 4 h, respectively

in detail, evaluating heterogeneity along the thermometry
probes, and differentiating between tumor and normal tis-
sue. The achieved hyperthermia temperatures, time inter-
val, and fraction dose were used to calculate an equivalent
dose—volume histogram for the specific radiotherapy frac-
tion, with a 95% confidence band reflecting the uncertainty
in o and B parameters [33]. Also here, EQDgr was evaluated
both for registered time intervals and for 30 min and 4 h.

Results
Equivalent dose calculation for the patient cohort

The boxplots in Fig. 2a summarize the average measured
T50 and registered time intervals for the cohort of 58 pa-
tients. The median average measured T50 and time inter-
val were 41.2°C (range 39.7-42.5°C) and 79min (range
34-125 min), respectively. Calculation of the dose enhance-
ment for all treatment sessions resulted in a median to-
tal enhancement in equivalent D50 of 5.5 Gy (interquartile
range [IQR] 4.0-6.6 Gy) to the physical 46-50.4 Gy radia-
tion dose.

@ Springer

Figure 2b shows the expected impact of very optimal lo-
gistics (= 30 min) and suboptimal logistics (#;,,=4h) com-
pared to the real time intervals. A time interval of 30 min for
all treatment sessions would significantly increase the D50
dose enhancement by ~30% to 7.1Gy (IQR 5.5-8.1Gy;
p<0.001). In case of 4-h time intervals, an ~40% de-
crease in dose enhancement could be expected: 3.2 Gy (IQR
2.3-3.8Gy; p<0.001).

Individual treatment evaluation using biological
modelling

More detailed biological treatment evaluation can be
performed for individual treatment sessions, to provide
more insight in dose heterogeneity and treatment-related
dose—volume histograms. To illustrate this, two treatment
sessions of different patients are evaluated.

Patient 1 is a 76-year-old woman with a locally advanced
cervical tumor FIGO (Federation Internationale de Gyne-
cologie et d’Obstetrique) stage 4A, who received 23 x2 Gy
plus five sessions of hyperthermia followed by brachyther-
apy. The time interval between the radiotherapy fraction
and this hyperthermia session was 86 min. Figure 3a shows



Strahlentherapie und Onkologie (2024) 200:512-522

517

@ Temperature volume histogram |

Temperature volume histogram

100 -

T90 = 40.10°C

T50 = 41.09°C

40 4

Volume percentage (%)

™
S

T10=42.13°C

37 38 39 a0 41 42 a3 a4

v

Temperature (°C)

€ Influence of logistics on EQDg; |

b Equivalent dose volume histogram

100 -

Dose volume histogram

E@D;90 = 2.58 Gy

Registered
time interval g 80
86 min 2
8
£ 60
E 2 Gy RT EQDg;50=2.96 Gy
a -
g a0 fraction
2 dose
“ } >
20

——

HT enhancement D 10= 3.66 Gy

0 1 2 3 4 5 6
Equivalent dose EQD_RT (Gy)

Dose volume histogram

EQD;90 = 2.85 Gy

Time interval 30 min

60 -
@ EQDg;50=3.35 Gy

40 4

Volume percentage (%)

o
S
4

4l EQD;10=4.21 Gy
86 min :
a ! -
(1] 1 2 3 a4 5 6

Equivalent dose EQD_RT (Gy)

OO0

Dose volume histogram

100 4
EQD;90 = 2.31 Gy

®
5]

Time interval 4h

20 EQD;;50=2.58 Gy

40 .
86 min
o

4

Volume percentage (%)

-

>

™
=}

0 1 2 3 a 5 6
Equivalent dose EQD_RT (Gy)

Fig.4 a Temperature—volume histogram for a hyperthermia session of patient 1 based on continuous measurements during the 1-h steady-state
period. b Equivalent dose—volume histogram with 95% confidence band based on the temperature—volume histogram and registered time interval
of 86 min. ¢ The expected influence of logistics on the equivalent dose—volume histogram. For easy comparison the solid blue line from b was

redrawn here as a dotted line

the measured temperatures along the target thermometry
probes, averaged over the 60min steady-state period. As
shown on the CT scan, the GTV delineation fully encloses
the thermometry probes, so all measurements indicate target
temperatures. Overall, the registered average temperatures
varied between 39.8 and 42.5 °C because of local variations
in power deposition and perfusion inherent to locoregional
hyperthermia. Figure 3b shows the corresponding EQDxkr
for each measurement point, which predicts an overall in-
crease from 2Gy to 2.50-4.07 Gy, depending on the loca-
tion. If logistics were optimized to realize a 30-min time
interval, the dose range would become 2.68—4.73 Gy. For
a 4-h time interval, this would reduce to 2.26-3.51 Gy.
Figure 4a summarizes the treatment session in a temper-
ature—volume histogram over the steady-state period, with
indexed temperatures T90, T50, and T10 of 40.1, 41.1,
and 42.1 °C, respectively. Figure 4b shows the correspond-
ing equivalent dose—volume histogram, with an equivalent
D50 fraction dose of 2.96 Gy (95% CI: 2.70-3.54 Gy). Fig-
ure 4c¢ shows equivalent dose—volume histograms for opti-
mal (#,,=30min) and suboptimal (z;,=4h) logistics, yield-

ing an equivalent D50 of 3.35Gy (95% CI: 3.15-3.60Gy)
and 2.58 Gy (95% CI: 2.47-3.38 Gy), respectively. With in-
creasing time interval, the dose—volume histogram becomes
steeper, i.e., the difference between D90 and D10 decreases,
though also the overall effective enhancement reduces.
Patient 2 is a 72-year-old woman with a locally advanced
cervical tumor FIGO stage 3B and paraaortic lymph node
involvement, who received a 28 x 1.8 Gy plus five sessions
of hyperthermia followed by brachytherapy. The time inter-
val between the radiotherapy fraction and this hyperthermia
session was 54 min. Figure 5a shows the measured temper-
atures along the target thermometry probes averaged over
the 60min steady-state period. As shown on the CT scan,
the GTV temperatures are only represented by the right
vaginal probe and half of the central vaginal probe; other
measurements are labelled normal tissue. Overall, measured
tumor temperatures varied between 41.3 and 42.1 °C; nor-
mal tissue temperatures varied between 41.5 and 42.5°C.
Figure 5b shows the corresponding EQDgr for each mea-
surement point, which predicts an overall increase from
1.8 Gy to 3.03-3.63 Gy in tumor dose, while the normal tis-
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Fig.5 a Clinical temperature profiles per target probe during a hyperthermia session for patient 2, averaged over the 1-h steady-state period.
b Equivalent fraction dose (EQDRrr) calculated based on the measured temperatures and the registered time interval of 54 min (blue curves). The
green and red dashed curves represent the equivalent fraction dose estimates if the time interval were to have been 30 min or 4 h, respectively. The
grey region represents the 1.8 Gy fraction dose, so the enhancement by hyperthermia for this fraction is the dose beyond 1.8 Gy. Note that the left
vaginal probe and half of the central vaginal probe sensors represent normal tissue

sue dose is enhanced minimally to 1.9-1.94 Gy. If logistics
were to be optimized to realize a 30-min time interval, the
GTV dose range would become 3.23-3.89Gy; for a 4-h
time interval this would reduce to 2.47-2.93 Gy. Normal
tissue enhancement is practically absent with longer time
intervals and varies only mildly up to 0.3 Gy for optimized
logistics, illustrating the tumor selectiveness of hyperther-
mic radiosensitization.

Figure 6a summarizes the session in a temperature—volume

histogram over the steady-state period, with indexed tem-
peratures T90, T50, and T10 of 41.1, 41.9, and 42.5°C,
respectively. Figure 6b shows the corresponding equivalent
dose-volume histogram, with an equivalent D50 frac-
tion dose of 3.44Gy (95% CI: 3.12-3.96 Gy). Figure 6¢
shows equivalent dose—volume histograms for optimal (#;,,=
30min) and suboptimal (#;,,=4h) logistics. The observed
impact of logistics on dose enhancement is somewhat larger
compared to patient 1, because of the higher temperatures
achieved. The predicted equivalent D50 is 3.68 Gy (95%
CI: 3.42-3.99Gy) and 2.78 Gy (95% CI: 2.59-3.72 Gy), for
a 30-min and 4-h time interval, respectively.
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Discussion

This study demonstrated clinical use of biological mod-
elling for treatment evaluation in thermoradiotherapy by
calculating the enhanced equivalent radiation dose (EQDxr)
based on clinically measured temperatures and recorded
time intervals between radiotherapy and hyperthermia. It
was applied to locally advanced cervical cancer patients
unfit for chemotherapy and therefore treated with ther-
moradiotherapy instead of standard chemoradiation. This
is a standard indication for thermo-radiotherapy in the
Netherlands because of equal effectiveness [5]. Results
showed a median total dose enhancement (D50) of 5.5 Gy
by hyperthermia over all patients; enhancement for individ-
ual patients depends strongly on the achieved temperature
levels and time intervals.

The widely accepted optimal goal temperature for hyper-
thermia is 43 °C [11], and aiming for high temperature lev-
els is important because of the clinical thermal dose—effect
relationship [8, 9]. However, achieved temperatures are usu-
ally limited by treatment-limiting hotspots in normal tissue,
despite effective treatment planning and/or adequate steer-
ing protocols. Since further increasing the tumor tempera-
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of 54min. ¢ The expected influence of logistics on the equivalent dose—volume histogram. For easy comparison, the solid blue line from b was

redrawn here as a dotted line

tures is challenging, optimizing logistics to realize a work-
flow enabling short time intervals of about 30min is a rel-
atively easy and effective method to further optimize treat-
ment efficacy. As results of this paper indicated, optimizing
logistics could increase the dose enhancement by another
~30% at the same temperature levels and without significant
enhancement in normal tissue. Application of twice weekly
hyperthermia is another conceivable strategy to further in-
crease EQDgr. However, development of thermotolerance is
likely to significantly limit the effect of extra hyperthermia
treatments [36]. A clinical study comparing hyperthermia
once or twice per week for superficial tumors showed no
significant difference [37].

The reduced effectiveness of hyperthermia for longer
time intervals is logical since an important working mecha-
nism of hyperthermia is DNA damage repair inhibition and
most of the repair takes place within 2h [17, 38]. Although
the effectiveness of hyperthermia decreases for longer time
intervals, hyperthermia has multiple working mechanisms
and beneficial effects remain up to several hours [35]. For
example, reoxygenation may last up to 24h [39, 40] and

direct cytotoxic effects on hypoxic cells are intrinsically
independent of the time interval. Up to now, the biolog-
ical models used include DNA damage repair inhibition
and direct cytotoxicity. This means that the EQDgr calcula-
tion currently does not account for other relevant hyperther-
mia mechanisms, such as reoxygenation and immunologic
effects, which are also important. This also explains the
fact that the modelled hyperthermic enhancement only in-
fluences the EQDgr of the radiotherapy fractions directly
combined with the weekly hyperthermia sessions. Inclu-
sion of other hyperthermia working mechanisms into the
model would yield a stronger enhancement, and part of
the enhancement could extend for more than one radiother-
apy fraction, e.g., in case of reoxygenation or immune re-
sponse. Therefore, the EQDgr calculated in this paper is an
underestimation of the real equivalent dose achieved in ther-
moradiotherapy treatments and including these other mech-
anisms would likely yield some additional Gy in EQDkgr.
The challenge of real dose predictions is general in
biological modelling and not specific for thermoradio-
therapy modelling. For radiotherapy alone, uncertainties
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in LQ parameter values also influence exact dose predic-
tions [41]. Biological modelling can also be applied to
chemoradiation [42], and a study by Plataniotis and Dale
predicted a chemotherapy equivalent dose enhancement of
only 1.2-2.6 Gy for tumors with intermediate radiosensitiv-
ity, which could increase up to 8 Gy best case for tumors
with very low radiosensitivity [43]. This chemotherapeu-
tic enhancement is relatively low and quite likely also an
underestimation, given the equal effectiveness of chemora-
diation and thermoradiation suggested in the RADCHOC
study [5], and the underestimation by our biological model
for thermoradiation not yet including all relevant hyperther-
mia mechanisms.

Nevertheless, despite general uncertainties in biologi-
cal modelling, it is quite useful for qualitative evaluations
and biological treatment evaluation for thermoradiotherapy,
since in its present form it still gives a qualitative indica-
tion of achieved treatment quality in addition to tempera-
ture only. The biological treatment evaluation provides in-
sight into the effect of time interval, which is not accounted
for in standard thermal dose evaluation and allows qualita-
tive evaluation of dose heterogeneity and different treatment
scenarios with varying time intervals. Future research aims
at more advanced models also including other relevant hy-
perthermia mechanisms [19]. This challenging task requires
carefully designed preclinical experiments to obtain essen-
tial modelling parameters as a function of temperature and
time interval.

At our department, hyperthermia is applied after radio-
therapy, and based on results of a previous retrospective
analysis suggesting that a short time interval improves
overall survival [17], we aimed to optimize logistics to
shorten time intervals. To this end, the radiotherapy treat-
ment schedule was coordinated such that on hyperthermia
treatment days, the radiotherapy session finishes close to
the start of the scheduled hyperthermia session. Further-
more, we became more reluctant to allow patients receiving
radiotherapy treatments in other hospitals and travel for hy-
perthermia.

When hyperthermia is applied after radiotherapy, achiev-
ing a time interval of about 30min is quite optimal, espe-
cially since the warmup time, i.e., the time required be-
fore steady-state temperatures are reached, is included in
that time interval. Previous research has shown that the en-
hancement decreases strongly with increasing time interval,
especially at relatively high temperatures, and that most of
the enhancement is already lost after 1 h [27]. This im-
plies that even better results could be obtained with time
intervals shorter than 30 min. This could be realized when
hyperthermia is applied first. Such advanced logistics were
successfully implemented by Notter et al. for treatment
of large-sized (heavily pretreated) recurrent breast cancer
with hypofractionated reirradiation (4 Gy once a week, up
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to 20 Gy) and hyperthermia [44]. Patients received a 45-60-
min hyperthermia treatment using water-filtered infrared A
(WIRA) and treatment stopped when the linear accelera-
tor became available. During transfer to radiotherapy, pa-
tients were thermally shielded with a preheated blanket.
This protocol was applied to 73 patients, resulting in a 59%
local control rate throughout their lifetime after complete
response of macroscopic disease. The biological model ap-
plied in the present paper can also be used to predict ra-
diosensitization for this reversed sequence. As remarked in
the methods, the values a(7t,;) and B(7;t:,,) are based on
preclinical data, which include the effects of direct cell kill
and inhibition of DNA repair. These effects show symmetry
around #;,,=0, and the modelled effect of radiosensitization
therefore does not depend on the treatment order, i.e., hy-
perthermia before or after radiotherapy. Inclusion of other
effects like reoxygenation and immunologic effects will re-
sult in more effective radiosensitization, as discussed above,
which then potentially become sequence dependent.

The temperature heterogeneity also yields substantial
heterogeneities in the equivalent dose distribution, as ob-
served when evaluating EQDgr along the thermometry
probes for individual patients. Homogeneous temperatures
are difficult to achieve during locoregional hyperthermia
due to heterogeneities in dielectric and thermal tissue
properties and perfusion, combined with limited steer-
ing possibilities of the power deposition caused by the
large wavelength (~50cm in muscle tissue) at frequencies
around 100MHz. Future efforts to improve homogeneity
of the EQDgr will therefore focus on combined (robust)
optimization strategies, adjusting radiation dose prescrip-
tion by optimization based on EQDkgr instead of physical
dose. A novel planning tool for radiobiological optimiza-
tion of thermoradiotherapy has recently been implemented
in RayStation (RaySearch Laboratories AB, Stockholm,
Sweden) [45]. Optimization based on EQDgr enables the
use of standard dose constraints and objectives, which
allows relatively easy interpretation of the combined treat-
ment plan. Research on robust optimization strategies is
ongoing, accounting also for uncertainties in hyperthermia
delivery [46].

Overall, biological modelling provides comprehensible
dose parameter estimates that improve insight into the over-
all treatment quality in addition to standard thermal (dose)
parameters. These insights can eventually also help to opti-
mize treatment schedules and standardize clinical protocols
among hyperthermia centers.

Conclusion

Biological treatment evaluation is a useful addition to stan-
dard thermal (dose) evaluation of hyperthermia treatments.
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The current model accounts for a subset of relevant hyper-
thermia effects, i.e., direct hyperthermic cytotoxicity and
DNA damage repair inhibition. This implies that current
equivalent dose predictions underestimate the real effect,
which is also enhanced by other relevant mechanisms such
as reoxygenation and immunologic effects. Including these
mechanisms in an accurate fashion in biological models is
challenging and subject to further research. Nevertheless,
the current biological model still provides relevant quali-
tative insight into differences in treatment quality between
different treatment strategies in terms of expected radia-
tion dose enhancement, also accounting for the influence of
the time interval between both treatment modalities. When
evaluating our cervical cancer patient cohort of 58 patients,
we found a median dose enhancement (D50) of 5.5 Gy over
the full treatment course. Optimization of logistics aiming
for shorter but feasible 30-min time intervals seems worth-
while to maximize treatment efficacy, with an expected in-
crease of ~30% in total dose enhancement.
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