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Abstract

Purpose
Biological modeling of thermoradiotherapy may further improve patient selection and treat-
ment plan optimization, but requires a model that describes the biological effect as a function 
of variables that affect treatment outcome (e.g. temperature, radiation dose). This study 
aimed to establish such a model and its parameters. Additionally, a clinical example was 
presented to illustrate the application.

Methods
Cell survival assays were performed at various combinations of radiation dose (0–8 Gy), 
temperature (37–42 °C), time interval (0–4 h) and treatment sequence (radiotherapy before/
after hyperthermia) for two cervical cancer cell lines (SiHa and HeLa). An extended LQ model 
was fitted to the data using maximum likelihood estimation. 

As an example application, a thermoradiotherapy plan (23 × 2 Gy + weekly hyperthermia) 
was compared with a radiotherapy-only plan (23 × 2 Gy) for a cervical cancer patient. The 
equi valent uniform radiation dose (EUD) in the tumor, including confidence intervals, was 
esti mated using the SiHa parameters. Additionally, the difference in TCP was estimated. 

Results
Our model described the dependency of cell survival on dose, temperature and time interval 
well for both SiHa and HeLa data (R2 = 0.90 and R2 = 0.91, respectively), making it suitable 
for biological modeling.

In the patient example, the thermoradiotherapy plan showed an increase in EUD of 9.8 Gy that 
was robust (95% CI: 7.7–14.3 Gy) against propagation of the uncertainty in radiobiological 
parameters. This corresponded to a 20% (95% CI: 15–29 %) increase in TCP. 

Conclusions
This study presents a model that describes the cell survival as a function of radiation 
dose, tem perature and time interval, which is essential for biological modeling of 
thermoradiotherapy.
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Introduction

Thermoradiotherapy, i.e. radiotherapy combined with hyperthermia, is an effective 
treatment for a wide range of tumors. During hyperthermia treatment, the tumor is typically 
heated to a temperature of 40–43 °C for one hour. Clinical studies have demonstrated a clear 
benefit of thermoradiotherapy over radiotherapy alone in cohorts of head and neck [79,281], 
breast [77,282], cervix [20,165] and melanoma [78] patients. However, an individualized 
approach could further improve clinical outcome through better patient selection and 
individualized optimization of treatment plans. A thermoradiotherapy treatment plan 
consists of a radio therapy treatment plan and a hyperthermia treatment plan. Both plans, as 
well as the schedule according to which both treatments are delivered, may affect treatment 
outcome. In order to provide an individualized treatment approach, biological modeling 
is needed to predict the biological effect of the thermoradiotherapy treatment plan for an 
individual patient.

A first challenge in biological modeling is to account for different factors that affect the 
biological effect of a thermoradiotherapy treatment. In addition to the biological effect of the 
physical radiation dose [82], hyperthermia has both a radiosensitizing and a direct cytotoxic 
effect [42,45,53]. Exact contributions of different mechanisms for the direct cytotoxic and 
radio sensitizing effects are not well known. Literature data suggest that direct cytotoxicity 
may be caused by acidosis in poorly perfused tumors [42,45] and conformational changes in 
proteins [41,57], while radiosensitization may be caused by suppression of DNA repair [53,55] 
and increased oxygenation [46,48–50]. The cytotoxic effect depends on the temperature and 
the heating time [57], while the radiosensitizing effect depends not only on temperature and 
heating time, but also on the time interval between radiation and hyperthermia [58,111,177]. 
Moreover, the radiosensitizing and cytotoxic effects are different for tumor tissue and 
normal tissue (e.g. the radiosensitizing effect disappears slower in tumor tissue than in 
normal tissue [58]). In addition, both effects depend on the type of tumor [99]. Cell survival 
as a function of radiation dose can be described by the conventional LQ model. This model 
can also be applied for cells that are radiosensitized by hyperthermia, by using altered model 
parameters (α and β) to account for the radiosensitization [99,128,129,283]. An extension 
of the LQ model was previously proposed for thermoradiotherapy, with radiosensitivity 
parameters that depend on the temperature achieved in the hyperthermia treatment and 
on the time interval between radiotherapy and hyperthermia [109,277]. 

A second challenge in biological modeling is quantification of the biological effect of a 
thermoradiotherapy treatment. While the extended LQ model allows for quantification in 
terms of cell survival, this is not a convenient measure to compare clinical treatment plans. 
For this purpose, the use of equivalent radiation dose, i.e. the radiation dose yielding the same 
effect as the thermoradiotherapy treatment, was proposed [109,277]. A major advantage 
of this concept is that it allows for easy comparison with radiation-only treatment plans. 

6
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Moreover, it allows for evaluation of thermoradiotherapy plans according to conventional, 
well known (radiation) dose constraints. 

Equivalent radiation dose can be calculated using the extended LQ model [109,277]. How-
ever, because clinical temperature and radiation dose distributions are heterogeneous, and 
because the model parameters may depend on the type of tissue, the biological effect and 
the corresponding equivalent radiation dose are also heterogeneous. Thus, estimation of 
the equivalent radiation dose has to be done at the voxel level and dedicated biological 
treatment plan evaluation software was previously developed for this purpose [277]. 
Moreover, radiobiological parameters for the extended LQ model are required, which can 
only be obtained from biological experiments (e.g. cell survival assays) that cover a wide 
range of combinations of different radiation doses, temperatures and time intervals [284]. 
Unfor tunately, previous studies on the biological effect of thermoradiotherapy were typically 
limited to variation of only one or two parameters at a time, e.g. investigating changes in 
survival fraction as a function of radiation dose and time interval at a single temperature, 
or as a function of radiation dose and temperature for a single time interval [58,111,177].

The aim of this study is to describe, in mathematical terms, the dependency of cell survival 
on radiation dose, temperature and time interval. In this study, we focus on cervical cancer, a 
tumor site for which thermoradiotherapy is successfully applied [20,165]. Additionally, using 
our previously introduced biological treatment plan evaluation software [277], we show how 
the resulting model can be used to estimate the equivalent radiation dose and its confidence 
interval for clinical thermoradiotherapy in a realistic case of a patient with cervical cancer. 

Materials & Methods

In vitro experiments
Two cervical carcinoma cell lines, SiHa and HeLa, were obtained from the American Type 
Culture Collection (ATCC). Siha and Hela are HPV 16 and 18 positive, respectively. As such, 
these cell lines are representative for the majority of cervical cancer cases in the western 
world, where the prevalence of HPV 16 and 18 is 70–90% [3]. The cell lines were grown in 
EMEM, containing 25 mM Hepes (Gibco-BRL Life Technologies, Breda, The Netherlands) 
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 2 mM glutamine. 
Cells were maintained in a 37 °C incubator with humidified air supplemented with 5% 
CO2. The cell division time was approximately 24 h. Cell survival assays were performed 
to determine the dependency of cell survival on radiation dose, temperature, and time 
interval between treatments, as well as the order of treatment (radiotherapy before and 
after hyperthermia).
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Cell survival was determined for all combinations of five radiation dose levels (0, 2, 4, 6 and 
8 Gy), four temperatures (37, 39, 41 and 42 °C) and six time intervals (0, 2 and 4 h, in both 
treatment orders, i.e. hyperthermia before or after irradiation). Time intervals are defined 
from the end of radiotherapy to the start of hyperthermia and from the end of hyperthermia 
to the start of radiotherapy for radiotherapy before / after hyperthermia, respectively, and 
cover the range of intervals that typically occur in clinical thermoradiotherapy. Experiments 
at each treatment condition were performed at least in triplicate. 

Cells were plated 4 h prior to the first treatment. Hyperthermia was performed by partially 
submerging the culture dishes in a thermostatically controlled water bath (Lauda Aqualine 
AL12, Beun de Ronde, Abcoude, The Netherlands) at 39, 41 or 42 °C. Temperature was 
monitored using thermocouple probes, which were placed in parallel culture dishes. The 
desired temperature (±0.1 °C) was reached in approximately 5 min. After this warm-up 
period, a constant temperature was maintained for 1 h, similar to the duration of a clinical 
treat ment. For both cell lines, hyperthermia experiments were performed using a 5% CO2/ 
95% air atmosphere with an air inflow of 2 L/min. Radiation was delivered using a Cs-137 
source at a dose rate of 0.5 Gy/min. Finally, surviving fractions from the survival assays were 
calculated as described by Franken et al. [285], with the surviving fraction of the untreated 
cells (37 °C, 0 Gy) as plating efficiency.

Analysis
Since hyperthermia has both a direct cytotoxic and a radiosensitizing effect, a model 
accounting for both effects was used to describe the data. The rate of cell killing due to direct 
hyperthermic cytotoxicity was described using the Arrhenius relationship [57], assuming a 
first order reaction [98]. This results in a term for hyperthermic cytotoxicity (SFHT) given by

        (6.1)

with t (s), the heating time and k the reaction rate as a function of the temperature T (°C), 
given by

                     (6.2)

where ΔS (cal/°C/mole) is the entropy of inactivation and ΔH (cal/mole) is the inactivation 
energy of the critical rate-limiting molecules that cause cell lethality. Since a standard 
heating time of 1 h was used throughout all experiments, SFHT reduces to a function of 
temperature alone.

Cell killing due to radiotherapy, including the radiosensitizing effect, was described by the 
LQ model with temperature dependent parameters as we proposed earlier [277],

𝑆𝑆𝐹𝐹#$ 𝑇𝑇, 𝑡𝑡 = 𝑒𝑒𝑒𝑒𝑒𝑒[−𝑘𝑘(𝑇𝑇) ⋅ 𝑡𝑡]	

𝑘𝑘 𝑇𝑇 = 2.05 ⋅ 1089 ⋅ 𝑇𝑇 + 273.15 ⋅ exp @A
B
− @#

B⋅ $CBDE.8F
,	

𝑆𝑆𝐹𝐹G$ 𝐷𝐷, 𝑇𝑇, 𝑡𝑡IJK = 𝑒𝑒𝑒𝑒𝑒𝑒 −𝛼𝛼 𝑇𝑇, 𝑡𝑡IJK ⋅ 𝐷𝐷 − 𝛽𝛽 𝑇𝑇, 𝑡𝑡IJK ⋅ 𝐷𝐷B ,	

𝛼𝛼 𝑇𝑇, 𝑡𝑡IJK = 𝛼𝛼ED ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒
$NED
O8NED

⋅ 𝑙𝑙𝑙𝑙 RST
RUV

⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 −𝜇𝜇 ⋅ 𝑡𝑡IJK ,	

𝛽𝛽 𝑇𝑇, 𝑡𝑡IJK = 𝛽𝛽ED ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒
$NED
O8NED

⋅ 𝑙𝑙𝑙𝑙 XST
XUV

⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 −𝜇𝜇 ⋅ 𝑡𝑡IJK ,	

𝑆𝑆𝐹𝐹 𝐷𝐷, 𝑇𝑇, 𝑡𝑡IJK = 𝑆𝑆𝐹𝐹G$(𝐷𝐷, 𝑇𝑇, 𝑡𝑡IJK) ⋅ 𝑆𝑆𝐹𝐹#$(𝑇𝑇).	

𝐸𝐸𝐸𝐸𝐷𝐷G$ =
R $,K[\] ⋅^C_⋅X $,K[\] ⋅^`CD.Ea⋅89TU⋅ $CBDE.8F ⋅bcd ef

` 	N	
eh

`⋅ ij`VU.Tk

RUVCXUV⋅lmno
,	

log 𝐿𝐿 𝜃𝜃 − log 𝐿𝐿 𝜃𝜃 = 𝜒𝜒BB 0.95 2	,	

𝜒𝜒BB	

𝜒𝜒dB	

𝑙𝑙I = 2 ⋅ 𝜆𝜆I ⋅ 𝜒𝜒dB 0.95 ,	

	

𝜃𝜃8 = 𝜃𝜃 + 𝜆𝜆8 ⋅ 𝜒𝜒BB 0.95 ⋅ 𝑉𝑉8

𝜃𝜃B = 𝜃𝜃 − 𝜆𝜆8 ⋅ 𝜒𝜒BB 0.95 ⋅ 𝑉𝑉8

𝜃𝜃E = 𝜃𝜃 + 𝜆𝜆B ⋅ 𝜒𝜒BB 0.95 ⋅ 𝑉𝑉B

𝜃𝜃O = 𝜃𝜃 − 𝜆𝜆B ⋅ 𝜒𝜒BB 0.95 ⋅ 𝑉𝑉B

,	

	

𝜃𝜃BIN8 = 𝜃𝜃 + 𝜆𝜆I ⋅ 𝜒𝜒yB 0.95 ⋅ 𝑉𝑉I

𝜃𝜃BI = 𝜃𝜃 − 𝜆𝜆I ⋅ 𝜒𝜒yB 0.95 ⋅ 𝑉𝑉I
					 				𝑖𝑖 = 1, … , 𝑁𝑁.	

ΔLog − likelihood = log 𝐿𝐿 𝜃𝜃 − log 𝐿𝐿 𝜃𝜃 	 	 	 	 	 tabel	6.5,	6.3	

𝜒𝜒DB	

	

	

𝑆𝑆𝐹𝐹#$ 𝑇𝑇, 𝑡𝑡 = 𝑒𝑒𝑒𝑒𝑒𝑒[−𝑘𝑘(𝑇𝑇) ⋅ 𝑡𝑡]	

𝑘𝑘 𝑇𝑇 = 2.05 ⋅ 1089 ⋅ 𝑇𝑇 + 273.15 ⋅ exp @A
B
− @#

B⋅ $CBDE.8F
,	

𝑆𝑆𝐹𝐹G$ 𝐷𝐷, 𝑇𝑇, 𝑡𝑡IJK = 𝑒𝑒𝑒𝑒𝑒𝑒 −𝛼𝛼 𝑇𝑇, 𝑡𝑡IJK ⋅ 𝐷𝐷 − 𝛽𝛽 𝑇𝑇, 𝑡𝑡IJK ⋅ 𝐷𝐷B ,	

𝛼𝛼 𝑇𝑇, 𝑡𝑡IJK = 𝛼𝛼ED ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒
$NED
O8NED

⋅ 𝑙𝑙𝑙𝑙 RST
RUV

⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 −𝜇𝜇 ⋅ 𝑡𝑡IJK ,	

𝛽𝛽 𝑇𝑇, 𝑡𝑡IJK = 𝛽𝛽ED ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒
$NED
O8NED

⋅ 𝑙𝑙𝑙𝑙 XST
XUV

⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 −𝜇𝜇 ⋅ 𝑡𝑡IJK ,	

𝑆𝑆𝐹𝐹 𝐷𝐷, 𝑇𝑇, 𝑡𝑡IJK = 𝑆𝑆𝐹𝐹G$(𝐷𝐷, 𝑇𝑇, 𝑡𝑡IJK) ⋅ 𝑆𝑆𝐹𝐹#$(𝑇𝑇).	

𝐸𝐸𝐸𝐸𝐷𝐷G$ =
R $,K[\] ⋅^C_⋅X $,K[\] ⋅^`CD.Ea⋅89TU⋅ $CBDE.8F ⋅bcd ef

` 	N	
eh

`⋅ ij`VU.Tk

RUVCXUV⋅lmno
,	

log 𝐿𝐿 𝜃𝜃 − log 𝐿𝐿 𝜃𝜃 = 𝜒𝜒BB 0.95 2	,	

𝜒𝜒BB	

𝜒𝜒dB	

𝑙𝑙I = 2 ⋅ 𝜆𝜆I ⋅ 𝜒𝜒dB 0.95 ,	

	

𝜃𝜃8 = 𝜃𝜃 + 𝜆𝜆8 ⋅ 𝜒𝜒BB 0.95 ⋅ 𝑉𝑉8

𝜃𝜃B = 𝜃𝜃 − 𝜆𝜆8 ⋅ 𝜒𝜒BB 0.95 ⋅ 𝑉𝑉8

𝜃𝜃E = 𝜃𝜃 + 𝜆𝜆B ⋅ 𝜒𝜒BB 0.95 ⋅ 𝑉𝑉B

𝜃𝜃O = 𝜃𝜃 − 𝜆𝜆B ⋅ 𝜒𝜒BB 0.95 ⋅ 𝑉𝑉B

,	

	

𝜃𝜃BIN8 = 𝜃𝜃 + 𝜆𝜆I ⋅ 𝜒𝜒yB 0.95 ⋅ 𝑉𝑉I

𝜃𝜃BI = 𝜃𝜃 − 𝜆𝜆I ⋅ 𝜒𝜒yB 0.95 ⋅ 𝑉𝑉I
					 				𝑖𝑖 = 1, … , 𝑁𝑁.	

ΔLog − likelihood = log 𝐿𝐿 𝜃𝜃 − log 𝐿𝐿 𝜃𝜃 	 	 	 	 	 tabel	6.5,	6.3	

𝜒𝜒DB	

	

	

6



110

Chapter 6

                  (6.3)

with

                    (6.4)

                   (6.5)

where α37 = α(37, 0), α41 = α(41, 0), β37 = β(37, 0), β41 = β(41, 0), μ (h-1) is the rate at which 
the radiosensitizing effect of hyperthermia disappears, tint (h) is the time interval between 
radiotherapy and hyperthermia and D (Gy) is the total radiation dose.

The overall cell survival is then given by

          (6.6)

For convenience in subsequent biological modeling, this function was parametrized as a 
function of α37, α37/β37, α41/α37, β41/β37, μ, ΔS and ΔH by replacing β37 = α37/(α37/β37) in Eq. 6.5.

The model described in Eqs. 6.1–6.6 was used to fit the cell survival data (of each cell line 
separately) using maximum likelihood estimation, with the assumption that residuals were 
normally distributed with a standard deviation σ. Additionally, a constraint of α37/β37 > 0 
Gy was imposed. Because ΔS and ΔH in Eq. 6.2 are highly correlated when the temperature 
varies over a relatively small range (37–42 °C), a model including both parameters would 
be overparametrized. Initially, a maximum likelihood analysis was carried out with both ΔS 
and ΔH as free parameters. This demonstrates the high correlation between ΔS and ΔH and 
provides an estimate for the most likely value of each parameter. Subsequently, ΔH was fixed 
at the value found in the initial estimation and a second maximum likelihood estimation was 
performed. This procedure was performed separately for each cell line. Maximum likelihood 
estimation was performed in R (v 3.3.2), using the bbmle (v 1.0.18) package [286,287].

Application to biological modeling
To illustrate how the data from the in vitro experiments may be used for biological modeling, 
the potential effect of hyperthermia was quantified for a cervical cancer patient by 
comparing the equivalent radiation dose distribution of a thermoradiotherapy treatment 
with the dose of a radiation-only treatment. The radiotherapy-only plan consisted of 
23 × 2 Gy EBRT; the thermoradiotherapy plan consisted of 23 × 2 Gy EBRT plus weekly 
hyperthermia (for 1 h), where hyperthermia was delivered after radiotherapy with 1 h 
time interval between treatments. Clinically, both treatments would be followed by a 24 
Gy (EQD2) brachytherapy boost. However, since hyperthermia is only given during EBRT, 
and since there is a gap of one week between EBRT and brachytherapy, it is unlikely that 
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hyperthermia affects the brachytherapy [138]. Thus, in the comparison of both plans, only 
the effect of hyperthermia combined with EBRT is considered. To account for different 
patient postures, separate, dedicated CT scans were used to create the radiotherapy and 
hyperthermia treatment plans. A VMAT EBRT plan was made using a commercial treatment 
planning system (Oncentra External Beam, Elekta AB, Stockholm, Sweden). Hyperthermia 
treatment planning was per for med using dedicated in-house developed hyperthermia 
treatment planning software [73,161,162]. The hyperthermia treatment plan was optimized 
for heating with the AMC-8 loco regional heating device [70]. This system consists of two 
rings of four 70 MHz waveguides and can be used either as a single-ring or as a double-ring 
device. A single-ring device was considered in this study.

The biological evaluation was performed using our in-house developed software X-Term 
[277] and in this example we used the parameters values obtained in the analysis of the 
SiHa data. The biological evaluation was limited to calculation of equivalent radiation dose 
for the GTV only, since the analyses in this study focused on tumor cell lines. To compare 
both treatment plans, the DVH, D95% and equivalent uniform dose (EUD, [93]) are reported 
for the GTV. Finally, the difference in TCP was estimated, assuming an increase in TCP of 
2% per Gy [82]. 

Equivalent radiation dose calculations
Equivalent radiation dose distributions were calculated using the software package X-Term, 
which has been described previously in more detail [277]. After planning on the respective 
radiotherapy and hyperthermia planning CTs, these CTs were matched using deformable 
image registration (Velocity, Varian Medical Systems, Palo Alto, CA, USA). Then, the radiation 
dose was warped to the hyperthermia frame of reference, allowing for calculation of 
equivalent radiation dose at the voxel level of the hyperthermia planning CT scan. 

In our previous study [277], a term for direct hyperthermic cytotoxicity was not yet in clu ded 
in the equivalent radiation dose calculation. With direct hyperthermic cytotoxicity taken 
into account and assuming a heating time of 1 h, the expression for equivalent radiation  
dose becomes

            (6.7)

where dref is the fraction dose of the reference (radiation-only) schedule and G is the 
protraction factor, which is calculated in X-Term using Eqs. 3.3–3.5. All equivalent radiation 
doses reported in this study were calculated with dref = 2 Gy (commonly denoted as EQD2). 

Confidence intervals
The uncertainty in each of the parameters contributes to an uncertainty in the calculated 
EQDRT and one would like to estimate the resulting 95% confidence interval for EQDRT. A 
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straightforward method would be to combine the extreme values of the univariate 95% 
confidence intervals to generate parameter sets to calculate EQDRT [277]. The highest/lowest 
values of EQDRT predicted using these parameter sets would then provide a ‘first order’ 
approximation of the 95% confidence interval. However, this method will likely overestimate 
confidence intervals in case of strong correlations between parameters. E.g. if α41/α37 and 
β41/β37 show a strong negative correlation, it is unlikely that these parameters are either 
both on the low or both on the high end of their confidence interval, resulting in confidence 
intervals for EQDRT that are unrealistically large (see Appendix A). Therefore, we used a 
method that also takes the correlation between parameters into account and provides a more 
accurate, ‘second order’ approximation (see Appendix A). This method involves generation 
of a total of 14 parameter sets based on the principle components of the covariance matrix. 
These parameter sets are (approximately) on the boundary of the 95% confidence region 
produced by the maximum likelihood estimation. The calculation of EQDRT was performed 
for each of these parameter sets, and the 95% confidence interval was estimated using the 
extreme values of EQDRT.

Results

Analysis of In vitro data
To estimate the parameters of the radiobiological model (Eq. 6.6), we performed maximum 
likelihood estimation. Initially, both ΔS and ΔH were free parameters in the maximum 
likelihood estimation, and a very strong correlation between these parameters (larger than 
0.9999) was observed for both cell lines. Thus, a subsequent maximum likelihood estimation 
was performed, with ΔH fixed at the most likely value found for each cell line. This provided 
the final estimates for the radiobiological parameters (Table 6.1) and covariance matrices 

Table 6.1 Maximum likelihood estimates for the parameters of the model in Eq. 6.6, for the 

SiHa and HeLa cell lines.

SiHa HeLa
Estimate (95% CI) Estimate (95% CI)

α37 [Gy -1] 0.386 (0.364 – 0.409) 0.230 (0.197 – 0.264)

 α37/β37 [Gy] 17.9 (14.6 – 22.5) 5.00 (3.86 – 6.50)

α41/α37 1.73 (1.64 – 1.83) 2.55 (2.29 – 2.86)

β41/β37 0.41 (0.28 – 0.59) 0.57 (0.48 – 0.69)

μ [h-1] 0.027 (0.014 – 0.040) 0.053 (0.039 – 0.069)

ΔS [cal/°C/mole] 392.08 (391.62 – 392.46) 432.36 (432.08 – 432.61)

ΔH [cal/mole] 147,907.8 (NA) * 160,105.6 (NA) *

σ 0.272 (0.266 – 0.280) 0.292 (0.282 – 0.304)

*Since ΔH is a fixed parameter, it has no confidence interval.
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(Tables 6.6 and 6.8) for the SiHa and HeLa cells. From the covariance matrices, the parameter 
sets were calculated that can be used to propagate the uncertainty in these radiobiological 
parameters into a 95% confidence interval on equivalent radiation dose (Tables 6.7 and 6.9).

Comparison of the model with the measured survival fractions (Figures 6.1 and 6.8) shows 
that the model describes the dependency of survival fraction on radiation dose (left column), 
temperature (middle column) and time interval (right column) well for both the SiHa and 
HeLa cell lines (R2 = 0.90 and R2 = 0.91, respectively). The cell survival as a function of 

Figure 6.1 Three different views on the SiHa survival data: survival fraction as a function of 

radiation dose (left column), temperature (middle column) and time interval (right column). 

Shown are the mean measured survival (data points) with 95% confidence interval of the mean 

(error bars) and the model from Eq. 6.7 (lines). Data for the HeLa cell line can be found in the 

Figure 6.8. RT, radiotherapy; HT, hyperthermia.

6
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radiation dose straightens at higher temperatures (left column of Figures 6.1 and 6.8), which 
is reflected by the fact that α increases (α41/α37 > 1) and β decreases (β41/β37 < 1) with 
increasing temperature. 

There are substantial differences in the maximum likelihood estimates for the model 
parameters between the two cell lines (Table 6.1). Compared with its value at 37 °C, the 
α-parameter was higher at 41 °C (α41/α37 was 1.73 and 2.55 for SiHa and HeLa, respectively), 
while the β-parameter at 41 °C was lower (β41/β37 was 0.41 and 0.57 for SiHa and HeLa, 
respectively). The decay rate (μ) for hyperthermic radiosensitization appears to be low, 
corresponding to decay time constants τ (= 1/μ) of 37 h and 18.9 h for the SiHa and HeLa 
cells, respectively. While the HeLa cells are less radiosensitive (i.e. lower α37) than the SiHa 
cells, they were more sensitive to hyperthermic radiosensitization (i.e. higher α41/α37 and 
β41/β37) and slightly more sensitive to hyperthermic cytotoxicity. For example, given the 
model parameters from Table 6.1 that describe direct cytotoxicity (ΔS and ΔH) and using 
Eq. 6.1, SFHT for 1 h heating at 42 °C would be 0.68 and 0.42 for the SiHa and HeLa cell lines, 
respectively.

Figure 6.2 Radiation dose distribution and hyperthermia temperature distribution (left) and 

resulting equivalent radiation dose (right). Equivalent radiation dose calculation was limited 

to the GTV only. Temperatures below 37 °C are caused by bolus cooling. 
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Application to biological modeling
To illustrate the application of these radiobiological parameters in calculation of the 
equivalent radiation dose distribution, we used the data from the SiHa cell line to compare a 
thermoradiotherapy plan with a radiotherapy-only plan for a cervical cancer patient (Figure 
6.2). The radiotherapy plan showed sufficient coverage of the GTV (D95%= 45.1 Gy, EUD = 
45.7 Gy). The hyperthermia treatment plan optimized tumor heating, without overheating 
normal tissue (Figure 6.3, left panel). In this plan, T10%, T50% and T90% were 41.3 °C, 40.4 °C and 
39.6 °C, respectively. The effect of hyperthermia is clearly visible in the equivalent radiation 
dose distribution: the increase in dose compared with the radiotherapy-only plan is most 
pronounced at the anterior side of the tumor, where the temperature in the hyperthermia 
plan is highest. 

The thermoradiotherapy plan resulted in a substantially higher equivalent radiation dose to 
the GTV than the radiotherapy-only plan (Figures 6.2 and 6.3). D95% and EUD were increased 
by 7.5 Gy (95% CI: 5.8–11.5 Gy) and 9.8 Gy (95% CI: 7.7–14.3 Gy), respectively. Using the 
approximate increase in TCP of 2%/Gy (EUD), this would correspond to an increase in TCP 
of about 20% (95% CI: 15–29%). The uncertainty in estimation of the biological parameters 
translates to substantial confidence intervals in terms of EQDRT, but even the lower limit of 
7.5 Gy (EUD) and increase in TCP (15%) are clinically relevant improvements.

Figure 6.3 Temperature-volume histogram (left) and dose-volume histogram (right) showing 

the planned temperature in the GTV during hyperthermia (HT), the planned radiation dose (RT) 

and the estimated equivalent radiation dose for the combined thermoradiotherapy treatment 

plan (RT+HT). The equivalent radiation dose is calculated in 2 Gy/fraction using the maximum 

likelihood estimated parameters for the SiHa cell line (Table 6.1). The shaded region is the 95% 

confidence interval based on the most extreme EQDRT values produced by the 14 parameter 

sets that represent the uncertainty in the radiobiological parameters (Table 6.7).
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Discussion

This study is the first to present a mathematical model and accompanying biological experiments 
that describe the full dependency of cell survival on the radiation dose, temperature and time 
between radiotherapy and hyperthermia. These data are essential for biological modeling 
of thermoradiotherapy [284], which enables evaluation of thermoradiotherapy plans and 
may allow for further optimization of clinical thermoradiotherapy.

The radiosensitization parameters for simultaneous heating and irradiation (α41/α37 and 
β41/β37) are in line with previous measurements in other cell lines [99,128,288] and with 
estimations from clinical data [129]. However, the radiosensitizing effect in the current cell 
lines seems to remain for a long time, with time constants for the decay of hyper thermic 
radiosensitization τ (= 1/μ) of 37 h and 18.9 h for the SiHa and HeLa cells, respectively. This 
is much longer than what has been observed in other cell lines [64] and in in vivo models 
[58], where decay time constants were around 2 h. In addition, a retrospective clinical study 
of cervical cancer patients treated with thermoradiotherapy showed a significantly higher 
number of in-field recurrences for longer time intervals, with time intervals for the included 
patients varying from 0.5 to 2 h [289], also suggesting a faster decay of hyperthermic radio-
sensi tization. The cause for the substantial difference in dynamic behavior of the radio-
sensitization remains unclear. A notable difference between the SiHa and HeLa cell lines and 
the HA-1 (Chinese hamster ovary) and EMT-6 (mouse mammary sarcoma) cell lines studied 
in the aforementioned literature [64] is that SiHa and HeLa are HPV-positive cell lines. Since 
HPV has been shown to be one of the targets for hyperthermia [187], this difference in HPV 
status could be related to the difference in dynamics and this should be investigated further. 
Additionally, the in vivo [58] and clinical data [289] may show different behavior because of 
the presence of blood flow supplying oxygen and various nutrients, which may change the 
dynamics through which cells return to their normal state after hyperthermia. For radio-
biological modeling of clinical thermoradiotherapy plans for cervical cancer patients, it is 
recommended to adapt the value of τ to a value that matches the behavior in in vivo models 
and the clinical data (i.e. τ ≈ 2 h) [58,289].

Visual inspection of the quality of fit of the model to the data (Figures 6.1 and 6.8) shows 
that, apart from random statistical variation, the proposed model fits the SiHa and HeLa 
data well. Thus, the model provides a reliable interpolation of the survival fractions over 
the range of temperatures, radiation doses and time intervals explored in this study. In 
general, this enables equivalent radiation dose calculation for the wide range of radiation 
doses and temperatures present in the radiation and temperature distributions simulated 
in radiotherapy and hyperthermia treatment planning. However, caution is warranted if the 
planned temperature/radiation dose distributions contain temperatures/radiation doses 
that are outside the range that was explored here (i.e. > 42 °C or fraction doses > 8 Gy), or 
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if long time intervals between treatments (> 4 h) are explored, as the predicted equivalent 
radiation doses are then based on extrapolations. 

Clinical application of biological modeling requires robustness for uncertainty in biological 
parameters to be confident that the final plan results in a good clinical outcome. The 
presented example shows robustness: uncertainty in estimation of the biological parameters 
did translate to substantial confidence intervals in terms of EQDRT, but even the lower limit 
yields a clinically relevant improvement for the thermoradiotherapy plan and thus the 
conclusion is robust. In practical situations, the clinician has to decide which limits are 
acceptable.

The analysis of the SiHa and HeLa data convincingly shows an increase in α and a decrease 
in β with temperature, the combination of which results in an increasing α/β value (i.e., a 
decreasing fractionation sensitivity) with temperature. It may be possible to exploit this 
effect through (hyper)fractionation, which specifically spares tissue with a low α/β value 
(as normal tissues generally have). However, three complicating factors are present in case of 
thermoradiotherapy that should be taken into account. First, hyperthermia is usually given 
only once or twice a week to prevent thermotolerance [42,65–67]. While hyperthermia may 
increase the α/β for the irradiation on the same day, it is unlikely that any effect would be 
present for the remainder of the week. Second, the therapeutic gain that could be obtained 
depends not only on the increase of α/β in tumor tissue, but also on the change in α/β in 
normal tissue. However, very little is known about the change in α/β for normal tissue. 
Finally, thermal enhancement appears to be cell-line dependent: a similar increase in α/β 
with temperature was observed by Xu et al. in NSY cells (colon) [128], but Franken et al. have 
observed decreases in α/β in RKO (colon) and SW1573 (lung) [99].

Considering the differences in radiobiological parameters between tumor types [64,99,128], 
it would be valuable to repeat the measurements and analysis performed in this study on 
different tumor cell lines. In particular, since thermoradiotherapy is also commonly used 
in for example (recurrent) breast cancer and head and neck cancer, cell lines derived from 
these cancer types should be explored in order to also allow for radiobiological modeling of 
thermoradiotherapy for these tumor sites. Furthermore, the present results are largely based 
on in vitro cell survival data. These cover an important part of the mechanisms responsible 
for direct cytotoxicity and radiosensitization: conformational changes in proteins [41,57] and 
suppression of DNA repair [53,55], respectively. Further in vivo data will be needed to assess 
the contribution of for instance direct cytotoxicity by acidosis in poorly perfused tumors 
[42,45] and radiosensitization associated with increased oxygenation [46,48–50]. In vivo 
data are also valuable for modeling the response of normal tissues to thermoradiotherapy, 
since it is likely that radiobiological behavior differs between normal tissue and tumors. E.g. 
the radiosensitizing effect of hyperthermia has been suggested to disappear more rapidly 
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in normal tissue [58,177,290–292]. Having such radiobiological parameters available for 
a wide range of tumors and normal tissues enables a wide range of planning studies to be 
performed to further improve clinical thermoradiotherapy, e.g. to investigate the effect of 
the time interval between radiotherapy and hyperthermia on expected clinical outcome.

Modeling of in vitro data is logical first step, because it allows for complete control over 
the experimental conditions: temperature and dose distributions are homogeneous, and 
may be varied at will. Moreover, the dependent variable of the model (the fraction of 
surviving clonogenic cells, in case of the LQ model) can be measured directly. However, 
such in vitro experiments are clearly simplifications of the clinical reality, since factors 
like pH, oxygenation and clonogen distribution are not well represented. These factors are 
relevant and may change under hyperthermic conditions. To make certain that the model is 
representative for a clinical situation, future in vivo experiments and a comparison of model 
predictions with clinical data are essential. While an extensive comparison of predicted 
versus measured differences in local control is beyond the scope of this paper, the estimated 
TCP increase of 15% in the biological modeling example does correspond well with the 
results of the Dutch Deep Hyperthermia Trial [76], where a 19% increase in local control was 
observed for thermoradiotherapy compared with radiotherapy alone. A complete validation 
would require the prediction of differences in tumor control for a larger set of patients, since 
the increase in TCP will depend on the dose and temperature distribution achieved in each 
individual patient. This will be subject of further research.

Conclusion

This study presents a model to describe cell survival as a function of radiation dose, tempera-
ture and time interval, which is essential for biological modeling of thermoradiotherapy. The 
model was applied to derive radiobiological parameters from cell survival data of cervical 
tumors. Additionally, we have demonstrated how these parameters can be used in biological 
modeling to calculate equivalent radiation dose distributions for thermoradio therapy plans. 
This included estimation of an appropriate confidence interval, a necessary step in deter-
mining whether conclusions from biological modeling are robust against the uncertainty 
in the radio biological parameters. 
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Appendix A: estimation of a 95% confidence interval for EQDRT

Here, we describe a method to estimate a 95% confidence interval for EQDRT. In this example 
we consider a maximum likelihood estimation of the SiHa cell survival data to provide 
parameter estimates and a confidence region for those parameters. We use these data to 
calculate EQDRT and its confidence interval for a treatment with 4 Gy irradiation immediately 
(tint = 0 h) followed by hyperthermia at 42 °C. As fraction dose for the reference (radiation-
only) schedule, 2 Gy is used.

While the maximum likelihood estimation in the main manuscript has seven free parameters 
for the SiHa and HeLa data, we limit ourselves in this example to maximum likelihood 
estimation of the SiHa cell survival data with only two free parameters (α41/α37 and β41/
β37), for easier interpretation and visualization. To this end, we perform an initial maximum 
likelihood estimation with all parameters, followed by a second maximum likelihood 
estimation in which we fix all parameters at their maximum likelihood estimate except 
α41/α37 and β41/β37. 

The 95% confidence region in maximum likelihood estimation
In maximum likelihood estimation, the 95% confidence region can be established based 
on the likelihood ratio test. Suppose we have the parameter set θ = (α41/α37, β41/β37), and 
suppose that θ 
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(0.95)/2 from the log-likelihood at the maximum likelihood 
estimate. This can be visualized as a contour in the (log-)likelihood surface (dashed black 
line, Figure 6.4).

Univariate description of the 95% confidence region
Confidence regions are not commonly reported, even though a confidence region based 
on the likelihood ratio test would provide detailed insight in the dependency between 
both parameters. Generally, only the univariate confidence intervals are reported, which 
approximate the confidence region by a rectangle (dashed red lines, Figure 6.4). 

The most straightforward way to estimate a confidence interval for EQDRT using only the 
univariate 95% confidence intervals of α41/α37 and β41/β37 (Table 6.2) would be to generate 
four sets of parameter values, based on the extreme values of these univariate confidence 
intervals (red dots, Figure 6.4), and calculate the corresponding EQDRT (Table 6.3). The 
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(0.95)/2 = 3.0. The reason 
is that the true 95% confidence region as depicted by the dashed contour (Figure 6.4) is 
not well approximated by a rectangle. This approximation is particularly poor when two 
variables are strongly correlated, as is the case here. The resulting 95% confidence interval 
for EQDRT is therefore likely to be an overestimation of the true 95% confidence interval.

Multivariate normal approximation of the 95% confidence region
Using the full covariance matrix (Table 6.4), the 95% confidence region can be approximated 
more accurately. The estimates and covariance matrix describe a multivariate normal 
distribution, of which the 95-percentile is an ellipsoid. This ellipse (dashed red contour, 
Figure 6.5) provides an approximation of the true 95% confidence region (dashed black 
contour, Figure 6.5).

The axes of the ellipse are in the direction of the eigenvectors of the covariance matrix. These 
eigenvectors can be obtained through principle component analysis. The length of the axes 
of the ellipsoid are related to the eigenvalues, and the chi-squared distribution. For the i-th 
axis, the length of the axis (li) can be calculated using

           (6.9)
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is the chi-squared distribution with p degrees of 
freedom [294]. 

For our example, four sets of parameters can be calculated that lie on the ellipse in the 
direction of the principle components of the covariance matrix (red arrows, Figure 6.5) 
using the formulae
 

                 (6.10) 
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Figure 6.4 Likelihood surface (white = highest likelihood) for the SiHa data, with parameters α37, 
α37/β37, τ, ΔS, ΔH, σ fixed at their most likely values. Shown are the maximum likelihood estimate for 
α41/α37 and β41/β37 (black dot), univariate 95% confidence interval (red dashed lines), bivariate 95% 
confidence region (dashed black contour), and the four sets of parameter values obtained when 

combining the extreme values of the univariate confidence intervals (red dots).

Table 6.2 Maximum likelihood estimates and univariate 95% confidence interval (CI) for 

maximum likelihood estimation with only α41/α37 and β41/β37 as free parameters.

α37 α37/β37 α41/α37 β41/β37 μ ΔS ΔH SD

Estimate

(95% CI)

0.39

(fixed)

17.9

(fixed)

1.73

(1.69–1.78)

0.42

(0.30–0.55)

0.027

(fixed)

392.1

(fixed)

147908

(fixed)

0.27

(fixed)

Table 6.3 Four scenarios based on the extreme values of the univariate 95% confidence 

intervals.

α37 α37/β37 α41/α37 β41/β37 μ ΔS ΔH SD
ΔLog- 

likelihood* EQDRT

0.39 17.9 1.687 0.298 0.027 392.1 147908 0.27 51.4 7.09

0.39 17.9 1.687 0.554 0.027 392.1 147908 0.27 2.0 7.30

0.39 17.9 1.776 0.298 0.027 392.1 147908 0.27 2.0 7.55

0.39 17.9 1.776 0.554 0.027 392.1 147908 0.27 52.3 7.76

* 
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Calculating EQDRT for the four sets of parameter values in our example (Table 6.5), and again 
taking the extreme values of EQDRT we obtain EQDRT = 7.43 (7.29–7.58) Gy. This confidence 
interval is approximately 40% smaller than the one calculated using the univariate 
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(0.95)/2 for all scenarios).

More generally, for a maximum likelihood estimation using N free parameters, the 2 ⋅ N 
points at the 95% confidence region boundary in the directions of the principle components 
can be obtained using

         (6.11) 

As the maximum likelihood estimations in the main manuscript contain seven free 
parameters for the SiHa and HeLa analysis, 14 sets of parameter values were calculated to 
be used for the estimation of EQDRT 95% confidence intervals.

Table 6.4 Covariance matrix for maximum likelihood estimation with only α41/α37 and β41/β37 as free 
parameters, and its eigenvalues (V) and eigenvectors (λ).

α41/α37 β41/β37 V1 V2 λ1 λ2

α41/α37 0.000523 -0.00139 -0.312 -0.950 4.75 ⋅ 10-3 6.73 ⋅ 10-5 

β41/β37 -0.00139 0.00429 0.950 -0.312

Table 6.5 Four scenarios based on the principle component analysis of the covariance matrix.

α37 α37/β37 α41/α37 β41/β37 μ ΔS ΔH SD
ΔLog- 

likelihood* EQDRT

0.39 17.9 1.681 0.578 0.027 392.1 147908 0.27 2.6 7.29

0.39 17.9 1.787 0.257 0.027 392.1 147908 0.27 3.7 7.58

0.39 17.9 1.715 0.411 0.027 392.1 147908 0.27 3.0 7.33

0.39 17.9 1.753 0.424 0.027 392.1 147908 0.27 3.0 7.53
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Figure 6.5 Likelihood surface (white = highest likelihood) for the SiHa data, with parameters α37, 
α37/β37, τ, ΔS, ΔH, σ fixed at their most likely values. Shown are the maximum likelihood estimate 
for α41/α37 and β41/β37 (black dot), bivariate 95% confidence region based on the likelihood ratio test 
(dashed black contour), approximation of the 95% confidence region using the covariance matrix 
(dashed red contour), the eigenvectors of the covariance matrix (red arrows) and the four parameter 

sets obtained from the principle component analysis of the covariance matrix (open red dots).
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Appendix B: in vitro analysis of SiHa cells, additional 
tables & figures

This appendix contains figures showing the correlation matrix for the model parameters 
(Figure 6.6), 2D slices of the log-likelihood surface (Figure 6.7), and tables with the 
covariance matrix (Table 6.6) and the 14 parameter sets generated to calculate 95% 
confidence intervals for EQDRT (Table 6.7).

Figure 6.6 Correlation matrix for maximum likelihood estimation of the SiHa data.
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Table 6.6 Covariance matrix for maximum likelihood estimation of the SiHa data.

  α37 α37/β37 α41/α37 β41/β37 μ ΔS σ

α37 1.35 ∙ 10-4 2.22 ∙ 10-2 -3.92 ∙ 10-4 -8.77 ∙ 10-5 7.50 ∙ 10-6 -2.62 ∙ 10-4 0.00

α37/β37 2.22 ∙ 10-2 3.83 -6.60 ∙ 10-2 -7.20 ∙ 10-3 1.28 ∙ 10-3 -3.76 ∙ 10-2 0.00

α41/α37 -3.92 ∙ 10-4 -6.60 ∙ 10-2 2.26 ∙ 10-3 -1.95 ∙ 10-3 1.36 ∙ 10-5 -4.00 ∙ 10-3 0.00

β41/β37 -8.77 ∙ 10-5 -7.20 ∙ 10-3 -1.95 ∙ 10-3 6.01 ∙ 10-3 7.49 ∙ 10-5 8.04 ∙ 10-3 0.00

μ 7.50 ∙ 10-6 1.28 ∙ 10-3 1.36 ∙ 10-5 7.49 ∙ 10-5 4.54 ∙ 10-5 2.21 ∙ 10-4 0.00

ΔS -2.62 ∙ 10-4 -3.76 ∙ 10-2 -4.00 ∙ 10-3 8.04 ∙ 10-3 2.21 ∙ 10-4 4.49 ∙ 10-2 0.00

σ 0.00 0.00 0.00 0.00 0.00 0.00 1.25 ∙ 10-5

Table 6.7 The 14 parameter sets used to calculate the 95% confidence intervals of EQDRT.

α37 α37/β37 α41/α37 β41/β37 μ ΔS σ ΔH
ΔLog- 

likelihood*

0.344 10.571 1.860 0.431 0.024 392.155 0.273 147907.8 60.86

0.429 25.256 1.608 0.404 0.029 392.009 0.273 147907.8 11.69

0.387 17.907 1.822 0.258 0.023 391.293 0.273 147907.8 6.19

0.386 17.920 1.646 0.577 0.031 392.872 0.273 147907.8 11.43

0.388 17.915 1.801 0.175 0.026 392.139 0.273 147907.8 9.72

0.385 17.912 1.667 0.660 0.027 392.026 0.273 147907.8 5.87

0.381 17.915 1.794 0.435 0.043 392.085 0.273 147907.8 6.90

0.391 17.912 1.674 0.400 0.010 392.079 0.273 147907.8 7.23

0.392 17.913 1.730 0.416 0.045 392.082 0.273 147907.8 6.42

0.381 17.914 1.738 0.419 0.008 392.083 0.273 147907.8 7.76

0.386 17.914 1.734 0.418 0.027 392.082 0.286 147907.8 6.50

0.386 17.914 1.734 0.418 0.027 392.082 0.259 147907.8 7.64

0.392 17.914 1.735 0.418 0.025 392.082 0.273 147907.8 7.05

0.381 17.914 1.733 0.417 0.028 392.082 0.273 147907.8 7.02

* ΔLog-likelihood is the difference in likelihood of the listed parameter set with the maximum 

like lihood estimate and should ideally be 𝜒𝜒"#   (0.95)/2 = 7.03, with deviations being present 

because the likelihood-ratio based 95% confidence region deviates from the ellipsoidal 

approximation.
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Figure 6.7 2D slices of the likelihood surface, with the remaining values fixed at their maximum 

likelihood estimates. Shown are the maximum likelihood estimate (black dot), univariate 95% 

confidence intervals (red dashed lines) and the boundary of the 95% confidence region (black 

dashed contour).
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Appendix C: in vitro analysis of HeLa cells, additional 
tables & figures

This appendix contains figures showing the survival data for the HeLa experiments as 
functions of dose, temperature and time interval (Figure 6.8), the correlation matrix for 
the model parameters (Figure 6.9), 2D slices of the log-likelihood surface (Figure 6.10), 
and tables with the covariance matrix (Table 6.8) and the 14 parameter sets generated to 
calculate 95% confidence intervals for EQDRT (Table 6.9).

Figure 6.8 Three different views on the HeLa survival data: survival fraction as a function of 

radiation dose (left column), temperature (middle column) and time interval (right column). 

Shown are the mean measured survival (data points) with 95% confidence interval of the mean 

(error bars) and the model from Eq. 6.7 (lines). RT, radiotherapy; HT, hyperthermia.
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Table 6.8 Covariance matrix for maximum likelihood estimation of the SiHa data.

  α37 α37/β37 α41/α37 β41/β37 μ ΔS σ

α37 2.86 ∙ 10-4 1.10 ∙ 10-2 -2.12 ∙ 10-3 -8.94 ∙ 10-5 2.63 ∙ 10-5 -3.22 ∙ 10-4 0.00

α37/β37 1.10 ∙ 10-2 4.36 ∙ 10-1 -8.29 ∙ 10-2 -6.11 ∙ 10-4 1.05 ∙ 10-3 -1.12 ∙ 10-2 1.00 ∙ 10-7

α41/α37 -2.12 ∙ 10-3 -8.29 ∙ 10-2 2.08 ∙ 10-2 -2.41 ∙ 10-3 -2.40 ∙ 10-4 -4.00 ∙ 10-3 0.00

β41/β37 -8.94 ∙ 10-5 -6.11 ∙ 10-4 -2.41 ∙ 10-3 2.70 ∙ 10-3 1.09 ∙ 10-4 3.04 ∙ 10-3 0.00

μ 2.63 ∙ 10-5 1.05 ∙ 10-3 -2.40 ∙ 10-4 1.09 ∙ 10-4 5.70 ∙ 10-5 3.15 ∙ 10-4 0.00

ΔS -3.22 ∙ 10-4 -1.12 ∙ 10-1 -4.00 ∙ 10-3 3.04 ∙ 10-3 3.15 ∙ 10-4 1.83 ∙ 10-2 -2.00 ∙ 10-7

σ 0.00 1.00 ∙ 10-7 0.00 0.00 0.00 -2.00 ∙ 10-7 3.26 ∙ 10-5

Table 6.9 The 14 parameter sets used to calculate the 95% confidence intervals of EQDRT.

α37 α37/β37 α41/α37 β41/β37 μ ΔS σ ΔH
ΔLog- 

likelihood*

0.167 2.523 3.028 0.578 0.047 432.421 0.292 160105.6 72.49

0.292 7.476 2.077 0.576 0.059 432.302 0.292 160105.6 15.46

0.232 5.026 2.752 0.469 0.044 431.866 0.292 160105.6 6.73

0.228 4.973 2.354 0.685 0.062 432.857 0.292 160105.6 9.13

0.231 5.030 2.701 0.444 0.056 432.451 0.292 160105.6 7.94

0.228 4.969 2.404 0.710 0.050 432.271 0.292 160105.6 6.34

0.238 4.985 2.479 0.484 0.042 432.351 0.292 160105.6 7.58

0.221 5.014 2.626 0.670 0.064 432.371 0.292 160105.6 6.65

0.225 5.000 2.554 0.578 0.029 432.362 0.292 160105.6 8.22

0.234 4.999 2.551 0.576 0.076 432.361 0.292 160105.6 6.13

0.230 4.999 2.553 0.577 0.053 432.361 0.314 160105.6 6.25

0.230 4.999 2.553 0.577 0.053 432.361 0.271 160105.6 7.99

0.235 4.999 2.553 0.577 0.052 432.361 0.292 160105.6 7.05

0.225 5.000 2.552 0.577 0.054 432.361 0.292 160105.6 7.02

* ΔLog-likelihood is the difference in likelihood of the listed parameter set with the maximum 

like lihood estimate and should ideally be 𝜒𝜒"#   (0.95)/2 = 7.03, with deviations being present 

because the likelihood-ratio based 95% confidence region deviates from the ellipsoidal 

approximation.



129

Tumor cell survival after thermoradiotherapy

Figure 6.9 Correlation matrix for maximum likelihood estimation of the HeLa data.
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Figure 6.10 2D slices of the likelihood surface, with the remaining values fixed at their maximum 

likelihood estimates. Shown are the maximum likelihood estimate (black dot), univariate 95% 

confidence intervals (red dashed lines) and the boundary of the 95% confidence region (black 

dashed contour).


