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Chapter 1

Cervical cancer

Epidemiology
Cancer of the cervix (Figure 1.1) is the fourth most common cancer in women worldwide, 
with 528,000 new cases and 266,000 deaths in 2012 [1]. The majority of cervical cancer 
cases and deaths occur in developing countries, mainly in Sub-Saharan Africa, Latin America 
and South-East Asia. In Sub-Saharan Africa, it is the second most common cancer (14.9% of 
all cancer cases) and is responsible for most cancer deaths (12.8% of all cancer deaths). In 
Europe, cervical cancer is the fifth most common cancer in women and accounts for 3.9% 
of all cancer cases and 3.3% of all cancer deaths in women [1]. 

Figure 1.1 Schematic drawing showing the cervix as part of the female reproductive system.

HPV infection is strongly associated with the development of cervical cancer. While most 
HPV infections are cleared by the immune system within 1–2 years after infection, approx-
i mately 10% of the infections are persistent and an estimated 2–3% of all infections 
eventually progresses to cervical cancer [2]. HPV is the main risk factor for the development 
of cervical cancer, and the prevalence of HPV 16 or 18 infections among cervical cancer cases 
in developed countries is 70-90% [3]. Early age at first intercourse, increasing number of 
sexual partners, increasing parity, increasing duration of oral contraceptive use, early age 
at first full-term pregnancy and smoking have also been identified as potential risk factors 
[4,5].

Staging
Cervical cancer is classified according to the FIGO staging system [6]. Although the FIGO 
system was designed for staging by clinical examination [7], evaluation of the extent of the 
tumor using imaging modalities such as CT or MRI is considered a valuable addition in the 
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staging procedure, where the latter was shown to lead to the most accurate staging [8,9]. In 
addition, FDG-PET/CT may be used to determine lymph node status [10,11].

FIGO stages IB1 and IIA1 are generally referred to as early stage cervical cancer. These in-
clude clinically visible lesions that are small (< 4 cm), limited to the cervix and/or upper 2/3 of 
the vagina, and have no parametrial involvement. FIGO stages IB2 and IIA2-IVA are generally 
referred to as locally advanced cervical cancer. These included large lesions (≥ 4 cm) and/
or lesions with invasion into the parametrium, lower 1/3 of the vagina, pelvic wall, or adja-
cent pelvic organs. In case distant metastases are present, the cancer is classified as a FIGO  
stage IVB.

FIGO stage is a strong predictor for cancer-specific survival (Figure 1.2). Prognosis for early 
stage cervical cancer is good (relative survival: 75–90% at 5 years); for locally advanced 
cervical cancer, prognosis is considerably worse (relative survival: 20–65% at 5 years), 
leaving substantial room for improvement.

Treatment
For early stage cervical cancer, standard treatment is surgical removal of the cancerous area 
by radical, or modified radical hysterectomy [13,14]. Adjuvant radiotherapy is recommended 
in case of pathological risk factors that indicate an intermediate to high risk of recurrence 
[15]. In women of reproductive age with lesions ≤ 2 cm and without lymph node metastasis, 
fertility-sparing surgery such as conization or trachelectomy may be considered [14,16]. 
Primary radiotherapy is considered standard treatment in patients unfit for surgery due to 
comorbidities or poor functional status, and generally consists of external beam irradiation 
combined with brachytherapy [14,16].

Figure 1.2 Relative survival after diagnosis with cervical cancer of Dutch women, diagnosed 

between 2003–2009 [12].
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For locally advanced cervical cancer, standard treatment is chemoradiotherapy [14,17,18]. 
These treatments consist of concurrent cisplatin and external beam radiotherapy (EBRT), 
followed by brachytherapy. In patients with contraindication for chemotherapy, such as 
renal failure or tumor-related hydronephrosis, thermoradiotherapy (the combination of 
hyperthermia and radiotherapy) is a good alternative [14,19,20]. This treatment consists of 
daily EBRT and weekly hyperthermia during the same period. At the end of the treatment 
period, a brachytherapy boost is delivered.

For metastatic cervical cancer (FIGO stage IVB), there is no uniform guideline, as treatment 
depends on the number and localization of the metastases, and on the condition of the patient. 
Combined carboplatin and paclitaxel is generally advised for treatment of distant metastases, 
with the potential addition of bevacizumab [14,21–23]. In the Netherlands, curative 
chemoradiotherapy schedules are generally offered to women with inguinal lymph node 
metastases, and a similar trend is present for solitary supraclavicular metastases. Patients 
with multiple metastases receive palliative treatment, such as palliative radiotherapy to 
reduce local bleeding or painful metastases, or palliative chemotherapy [14,22].

Radiotherapy

Radiobiology
In radiotherapy, ionizing radiation is used to treat cancer by killing malignant cells. The 
primary target of radiation treatment is the DNA, as inflicting sufficient damage to the 
DNA causes cell death. This happens through a number of physical, chemical and biological 
processes [24]. First, when the ionizing particle traverses the cell it deposits energy, thereby 
ionizing and exciting atoms and molecules [25]. These ionized and excited atoms and 
molecules can cause breakage of chemical bonds in all molecules in the cell. Most molecular 
damage in the cell (e.g. to water, mRNA, proteins, etc.) does not substantially affect cell 
viability, as there are many copies and damaged molecules are simply broken down and 
reproduced. Damage to the DNA, however, is potentially lethal. Depending on the subsequent 
chemical reactions, this damage may be fixated, for example through interaction with oxygen 
[26]. This makes well oxygenated tissues more sensitive to radiation.

The final, biological step is that the cell detects the DNA damage and attempts to repair this 
damage. Single strand breaks (SSBs), in which only one of the two DNA strands is affected, 
are repaired by base excision repair, nucleotide excision repair or mismatch repair [25]. 
Double strand breaks (DSBs), in which both DNA strands are affected, are repaired by 
homologous recombination, non-homologous end-joining or back-up non-homologous end-
joining. SSBs are almost never lethal and most DSBs can also be repaired without problems. 
Overall, only a very small proportion of DNA lesions eventually leads to cell death.
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The factors most important for the clinical effect of radiotherapy are often referred to as the 
5 R’s of radiotherapy: recovery of sublethal damage, cellular repopulation, reoxygenation, 
re dis tri bution of cells over different cell cycle phases and (intrinsic) radiosensitivity [27,28]. 
Sublethal damage is damage that, in itself, can be successfully repaired by the cell. How ever, 
if additional damage is created before the sublethal damage is repaired, this accu mulated 
damage can become lethal [29]. As a result, the net cell survival after a fixed radiation dose 
is highest when this dose is delivered in a time that is (much) longer than the typical repair 
time for sublethal damage. Normal tissues are generally more capable of recovering from 
sublethal damage than tumors and this provides the rationale for fractionated radio therapy: 
by delivering the radiation dose in small, often daily fractions, tissues have the oppor-
tunity to recover from sublethal damage in between fractions, a process that favors normal  
tissues [30].

Cellular repopulation refers to the process of cell proliferation during the radiation treatment 
course [30]. Local tumor control can only be obtained if all tumor cells are eradicated. 
As cells proliferate, a higher number of tumor cells needs to be eradicated, lowering the 
chances of tumor control. Proliferation rates in treated tumors are higher than in untreated 
tumors, as proliferation is known to accelerate shortly after the start of treatment [31]. 
As proliferation causes tumor control to decrease for long overall treatment times, there 
is a trade-off between the beneficial effects of an increased number of fractions and the 
detrimental effects of an associated increase in overall treatment time [32].

The effects of reoxygenation on tumor control are related to the increased effectiveness 
that radiotherapy has in a well-oxygenated environment, which has been discussed above. 
Direc tly after a single radiation fraction, most of the surviving tumor cells will be those 
with the lowest sensitivity to radiation, i.e. those in the hypoxic areas of the tumors [26]. 
Subsequently, the hypoxic fraction is known to decrease (i.e. be reoxygenated) due to 
mechanisms such as recir culation through temporarily closed vessels, decreased oxygen 
uptake by damaged cells (in creasing the oxygen perfusion distance) and tumor shrinkage 
(reducing interpapillary distances). Thus, tumor reoxygenation increases radiosensitivity 
(and thereby net cell kill) when some time is allowed between fractions. 

The sensitivity of cells to radiation depends on the phase in the cell cycle [30,33]. Cells 
in the S phase are usually most resistant, as they can repair damage using homologous 
recom bination, which is error free. Cells in G2 and M phases are generally most sensitive. 
Cell cycle, and redistribution of cells throughout the cell cycle has similar effects as 
reoxygenation. After a single fraction the most resistant cells (those in S phase) survive. 
Subsequently, a redistribution of cells over the cell cycles starts to occur, effectively leading 
to a resensitization of the tumor over time. Thus, also for cell cycle distribution, it is most 
beneficial if some time is left between fractions to allow for cell cycle redistribution.

1
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Finally, intrinsic radiosensitivity is the radiosensitivity of cells in the absence of environ-
mental factors. Some cells may be intrinsically more sensitive to radiation and this effect 
was shown to be correlated with clinical radioresponsiveness [34]. 

Clinical practice
Radiation treatment can be delivered by irradiating a tumor using a radiation source 
outside the patient, known as EBRT, or inside the patient, known as brachytherapy. EBRT 
is generally delivered using a linear accelerator (Figure 1.3), which can rotate around the 
patient, while modulating the shape of the beam. This allows for non-invasive irradiation 
of large, potentially irregularly shaped volumes. The downside of EBRT is that, because 
the beams have to enter the body from the outside, the integral dose to the normal tissue 
is relatively high.

Brachytherapy is usually delivered by placing radioactive sources, such cesium-137 or 
iridium-192, inside a needle or catheter (known as interstitial brachytherapy) or inside 
an applicator located in a natural cavity (known as intracavitary brachytherapy). Brachy-
therapy uses ionizing particles with a smaller penetration depth to irradiate from within 
(or close to) the tumor. This allows very localized irradiation, but the capabilities to shape 
the irradiated volume or treat large tumor volumes are limited. Dose rates in brachytherapy 
vary and result in different radiobiological effects, as lower dose rates allow more repair 
of sublethal damage during treatment. Three dose rates are generally distinguished: low 
dose rate (LDR, 0.4–2 Gy/h), medium dose rate (MDR, 2–12 Gy/h) and high dose rate (HDR, 
> 12 Gy/h) [35]. Finally, a pulsed-dose rate (PDR) scheme may be applied in which short 

Figure 1.3 A linear accelerator used for EBRT.
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HDR pulses are delivered over an extended period (typically 24–48 h), which mimics the 
radiobiological effect of an LDR treatment.

In the treatment of locally advanced cervical cancer, EBRT and brachytherapy are combined. 
Schedules vary somewhat depending on nodal involvement and institutional preference. Up 
until 2016, radiation treatment at the AMC would consist of 28 × 1.8 Gy or 23 × 2 Gy EBRT 
for patients with and without para-aortic lymph node involvement, respectively, followed 
by a 24 Gy brachytherapy boost (PDR). This practice changed to 25 × 1.8 Gy EBRT with a 
simultaneous integrated boost to the lymph nodes of 25 × 0.4–0.5 Gy (depending on nodal 
involvement), followed by 2 × 18 Gy brachytherapy boost (PDR). This new schedule was 
introduced in accordance with the EMBRACE II study protocol [36]. Other brachytherapy 
dose rates (LDR and HDR) are also used throughout the world and the literature suggests 
clinical outcomes are comparable regardless of brachytherapy dose rate [37,38].

For both EBRT and brachytherapy, a treatment plan is created before the start of the 
treatment. For EBRT, a computed tomography (CT) scan is acquired in treatment position to 
obtain an estimate for the position of the patient body, internal organs and the tumor during 
treatment. Subsequently, the tumor is delineated by a radiation oncologist and the organs at 
risk (OARs), such as the bladder, bowel and rectum, are delineated by a radiation therapist. 
Initially, the radiation oncologist delineates the gross tumor volume (GTV), which includes 
all tumor volume visible on imaging. Then, the clinical target volume (CTV) is created by 
expanding the GTV to account for potential microscopic disease. Finally, the planning target 
volume (PTV) is created by expanding the CTV with a margin that accounts for geometric 
uncertainties, such as the differences in patient geometry between the CT acquisition and 
actual radiation delivery, and the breathing motion. Based on these delineations, a treatment 
plan is created. Many centers deliver 3D conformal radiotherapy based on a four-field box 
technique [36], however, literature indicates that intensity-modulated radiation therapy 
(IMRT) is associated with substantially less bowel toxicity [39]. At the AMC, volumetric 
modulated arc therapy (VMAT) is currently used, which allows similar, or even slightly more 
conformal dose distributions compared with IMRT.

For brachytherapy, magnetic resonance imaging (MRI) is used for treatment planning. The 
MRI is acquired in treatment position, with the intracavitary brachytherapy applicator in 
place. Target definition is slightly different compared with EBRT: apart from the GTV, a 
high-risk CTV and low-risk CTV are defined. As the sources are located inside (or very near) 
the tumor, geometric changes between the MRI acquisition and actual treatment hardly 
affect the dose distribution. Thus, a PTV is not used in brachytherapy. The geometry of 
the applicator, which determines the potential dwell positions of the radioactive source, is 
reconstructed on the MRI scan. Finally, an optimized treatment plan is created based on the 
target, OARs and reconstructed applicator.

1
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Hyperthermia

Hyperthermia, i.e. treatment with heat, has been around for centuries and was historically 
used to treat a wide range of diseases [40]. At present, the most common application of 
hypert hermia is in the treatment of tumors. In the clinical setting, (mild) hyperthermia 
generally refers to increasing tumor temperatures to 40–44 °C, which is used to sensitize 
tumors for radiotherapy or chemotherapy. 

Biology
From a biological view, hyperthermia is a complex treatment since there are many mecha-
nisms through which hyperthermia acts. The first component is that hyperthermia can 
cause direct cytotoxicity, most likely through conformational changes and destabilization of 
macro molecules and through disruptions in cell metabolism [41–45]. A second component is 
that hyperthermia increases oxygenation through increased blood flow [46–52]. Since well 
oxygenated tissues are more sensitive to radiation [26], this is one of the radiosensitizing 
mechanisms of hyperthermia. It is also the main mechanism for chemosensitization, as the 
increased blood flow increases the local availability of chemotherapy in the tumor. A third 
component is that hyperthermia can inhibit DNA damage repair by affecting the homologous 
recombination and non-homologous end joining pathways [42,53–56]. The result of this 
repair inhibition is that more radiation induced damage remains unrepaired, causing 
increased cell death, thus effectively increasing the sensitivity to radiation.

Both the direct cytotoxic and radiosensitizing effect of hyperthermia depend on the achieved 
temperature [57,58], a relationship that has also been confirmed clinically [59–63]. Further-
more, the radiosensitizing effect depends on the time interval between radiotherapy and hy-
per thermia [58,64]. When multiple hyperthermia treatments are given within a short period, 
the radiosensitizing and cytotoxic capability of hyperthermia decreases in subsequent treat-  
ments. This phenomenon is known as thermotolerance and is the main reason why clinically, 
the number of hyperthermia treatments is usually limited to 1–2 per week [42,65–67].

Clinical practice
Several methods exist to deliver hyperthermia [68–71] and a very common method to heat 
deep seated tumors (e.g. in cervical cancer) is radiofrequency heating using phased-array 
systems [68–70] and capacitive heating [71]. These systems have been designed for loco-
regional heating of the tumor area, and typically temperatures of 40–42 °C are achieved 
within the target. At the AMC, a phased array system with two rings of four 70 MHz antennae 
each is used (Figure 1.4). A water bolus is attached to each antenna to couple the electric field 
into the tissue and cool the skin. After an initial heating period, elevated tumor temperatures 
are maintained for 1 h.
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Due to the correlation between the achieved temperature and clinical outcome discussed in 
the previous section, temperatures should continuously be measured to ensure the quality 
of the treatment. Commonly, thermometry probes are used to monitor temperature. For the 
treatment of cervical cancer at the AMC, 14-sensor thermocouple probes inside the vagina, 
rectum and bladder are used. 

To ensure therapeutic tumor temperatures without overheating normal tissue, system 
set tings (i.e. the amplitudes and phases of the antennas) should be selected adequately. 
Standard phase-amplitude settings based on clinical experience yield initial focusing to the 
tumor. These settings are adjusted during treatment in response to hot spot complaints of 
the patient or in case of suboptimal tumor temperatures.

The use of treatment planning to improve clinical hyperthermia is emerging [72]. For hyper-
thermia treatment planning a CT scan is acquired in treatment position. This CT scan is 
segmented, and different electrical and thermal properties are assigned to the different 
tissue types [73]. Using the segmented CT, the phase and amplitude settings are optimized 
to obtain the highest possible temperature in the tumor, while not exceeding normal tissue 
thresholds (commonly set at 45 °C). This provides initial settings that generally result in 
better heating than standard settings [74]. Adaptive planning can be used to suppress 
treatment limiting hot spots which may occur in normal tissue outside the target region 
without altering the thermal dose in the target region [75].

Figure 1.4 The AMC-8 phased array system for deep loco-regional heating.

1
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Combination with radiation
As discussed in the biology section, hyperthermia acts as a radiosensitizer. While both tumor 
and normal tissue can be sensitized, pre-clinical data suggest that tumor tissue may ex perience 
more radiosensitization than normal tissue, resulting in net therapeutic gain [58]. Addi tio-
nally, adequate focusing of heating to the tumor further differentiates the level of radio sensi-
tization in tumor and normal tissues. Clinical randomized trials for several tumor sites have 
indeed shown substantial benefit of thermoradiotherapy in cervical cancer [19,20,76], breast 
cancer [77], melanoma [78] and head and neck cancer [79], compared to radiotherapy alone. 
For example, in cervical cancer a 19% difference in 12-year local control and 17% difference 
in 12-year overall survival was observed, in favor of the thermoradiotherapy arm [76].

In clinical thermoradiotherapy schedules, the duration and frequency of hyperthermia as 
well as the treatment sequence (first radiotherapy, then hyperthermia, or vice versa) varies 
between centers. At the AMC, hyperthermia for the treatment of cervical cancer is given 
once weekly, during the course of EBRT. On hyperthermia treatment days, hyperthermia 
starts 0.5–2 h after the radiation fraction. This schedule is quite common, although it should 
be acknowledged that the treatment sequence — first radiotherapy, then hyperthermia — 
is typical for European centers; centers in the USA generally give hyperthermia prior to 
radiotherapy.

Biological modeling

Biological models are models that describe a biological system using mathematical equations. 
In the context of radiotherapy, such models generally describe a biological outcome (e.g. cell 
survival, tumor control probability (TCP) or normal tissue complication probability (NTCP)) 
as a function of the treatment parameters (e.g. dose rate, fractionation scheme and total 
dose), thereby enabling the biological evaluation of treatment plans.

Two types of models may be distinguished: mechanistic models and empirical models 
[80]. Mechanistic (biological) models attempt to explicitly describe biological processes. 
Parameters of such models are related to real properties of the system, e.g. a reaction or 
diffusion rate. The goal of such models is often to provide insight in the underlying biology. 
The downside is that such models often have a large number of model parameters, as the 
underlying biology is generally complex. A typical example of a mechanistic model is the 
model by Schneider, which models the risk of radiation-induced cancer after fractionated 
radiotherapy using coupled differential equations that describe the transition of normal 
cells to sarcoma or carcinoma cells [81].

Empirical (biological) models focus on describing the general shape of the data, i.e. how the 
dependent and independent variables are related (linearly, exponentially, etc.). A typical 
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example of an empirical model is the TCP model proposed by Okunieff et al. [82]. Empirical 
observations have shown a sigmoidal relationship between TCP and total radiation dose. 
Therefore, Okunieff et al. use a generic, sigmoidal function (the inverse logit function) to 
describe the probability of tumor control as a function of the total radiation dose. Parameters 
of such empirical models do not necessarily correspond to an underlying biological process. 
The goal of empirical models is generally to make predictions regarding biological outcomes 
by interpolating or extrapolating known data. These models tend to have fewer parameters 
compared to mechanistic models and it is therefore generally easier to obtain sufficient data 
to train the model parameters. However, such models do not provide insight in the under - 
lying biology. 

Cell survival after radiotherapy
The linear-quadratic (LQ) model is one of the most widely used radiobiological models 
[83,84]. It describes the effect of radiation dose on cell survival as

            (1.1)

where SF is the cell surviving fraction, D the radiation dose and α and β are the parameters 
of the model which describe the radiosensitivity of the cells. The interpretation of the LQ 
model is disputed: some claim it has a mechanistic interpretation [85], while others state 
that it is merely an empirical model [86]. Nonetheless, the mechanistic interpretation is 
the basis for many of the generalizations and extensions of the LQ model and is therefore 
worthwhile to discuss within the context of this thesis. 

In the mechanistic interpretation, two types of damage may be created by a single ionizing 
particle: damage that is immediately lethal to the cell and damage that in itself is not lethal 
(sublethal). If two ionizing particles create sublethal damage sites close together, this accu-
mulated damage may be too complex for the cell to repair correctly, leading to cell death. An 
example may be that a cell has no problem repairing an individual DSB, but may be unable 
to correctly repair two DSBs that are close together. The probability of lethal damage being 
created by single ionizing particles will be proportional to the number of ionizing particles 
(and therefore the dose) and is represented by the α-term of the LQ model [87]. The proba-
bility of lethal damage being created by the interaction of damage sites from two ionizing 
particles will be proportional to the square of the number of ionizing particles (and therefore 
the square of the dose) and is represented by the β-term of the LQ model.

If sublethal damage is repaired before a second ionizing particle creates additional damage, 
the cell survives. This concept gives rise to the generalized LQ model, which is capable of 
describing cell survival after protracted dose delivery by
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Chapter 1

in which G is the generalized Lea-Catcheside time factor [88]. The factor G describes the 
proportion of sublethal damage that remains unrepaired long enough for a second ionizing 
particle to create additional damage that kills the cell, and is given by

          (1.3)

where R(t) is the dose rate, µ the rate of sublethal damage repair (which is assumed to be 
exponential here) and D is the total delivered dose.

The most common use of the LQ model is to describe the effect of fractionated EBRT with 
n fractions of equal size. Assuming that repair during a fraction is negligible and repair 
between fractions is complete, the protraction factor is then given by

              (1.4)

Apart from accounting for repair during irradiation, a term accounting for repopulation is 
sometimes also included [89], in which case the generalized LQ model is extended to 

              (1.5)

where Ttt is the overall treatment time, Tk is the delay before onset of accelerated repopulation 
and Tpot is the potential doubling time of the cells.

One of the main applications of the LQ model in clinical practice is to compare fractionation 
schemes with different fraction sizes. This is commonly done by calculating the total dose in 
2 Gy fractions that results in an equivalent biological effect (i.e. the same surviving fraction) 
as the schedule of interest. For fractionated EBRT with fraction size d and total dose D, the 
equivalent dose in 2 Gy fractions (EQD2) can be calculated using

                         (1.6)

Clinical outcomes after radiotherapy
TCP models describe the relationship between radiation dose and the probability of 
tumor control. This is useful if one wants to estimate the effect of a dose escalation or an 
underdosage on tumor control. Both mechanistic and empirical models have been proposed 
to model clinical outcomes after radiotherapy [82,90–92].

The Poisson TCP model is a mechanistic TCP model based on the assumption that clonogen 
survival is a statistical process following a Poisson distribution [90,91]. With an average 
number of surviving clonogens (λ) given by
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         (1.7)

where ρ0 is the initial clonogenic cell density in the tumor and V the tumor volume, the 
probability that no clonogens survive is given by the first term of the Poisson distribution:

          (1.8)

This expression is conventionally combined with the surviving fraction predicted by the LQ 
model to obtain the TCP in terms of the dose.

An empirical, logistic TCP model was proposed by Gay and Niemierko [92],

         (1.9)

where D50 is the dose resulting in TCP = 50% and γ50 is the normalized slope at D = D50. 
Another empirical model was proposed by Okunieff et al. [82], based on the inverse logit 
function, 

         (1.10)

with

                       (1.11)

Note that the empirical TCP models do not explicitly take fractionation into account. Hence, 
one should be consistent to use total doses (D) in the same fraction size as on which the 
model was trained, or convert it to an equivalent dose in the desired fraction size using the 
LQ model. Moreover, for both the mechanistic and empirical models, an additional step is 
needed if doses to the target are non-uniform. In that case the equivalent uniform dose (EUD) 
should be calculated to replace the dose D in the above expressions. Defined by Niemierko 
[93], the EUD is the uniform dose that would result in the same overall survival fraction 
within the target volume as the heterogeneous dose that is being studied. The EUD can be 
calculated using

         (1.12)

where  is the partial volume of the organ receiving a dose Di, α and β are the parameters 
from the linear quadratic model and d is the fraction dose in which the equivalent uniform 
dose should be expressed.
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Chapter 1

The major challenge is obtaining accurate model parameters for these TCP models, since 
worldwide very similar total doses are applied and thus similar levels of tumor control are 
obtained. Nevertheless, predictions using these models will be reasonably accurate when 
limited to a dose range similar to what they were trained on.

NTCP models describe the relationship between radiation dose and the probability of normal 
tissue complications. Since normal tissues mostly receive heterogeneous doses during 
irradiation, modeling the risk of normal tissue complications is generally more difficult. 
One of the most famous models is the Lyman-Kutcher-Burman model [94–96], which uses a 
sigmoidal relationship to describe the dose

       (1.13)

with

         (1.14)

and

        (1.15)

Here, TD50 is the uniform dose to the entire organ resulting in NTCP = 50%, m is a measure 
of the slope of the sigmoid, n is a parameter describing the relationship between the effects 
of a non-uniform and uniform dose and  is the partial volume of the organ receiving a dose 
Di. Deff is sometimes referred to as the generalized equivalent uniform dose [97].

Cell survival after hyperthermia and thermoradiotherapy
The direct cytotoxic effect of hyperthermia can be modelled using the Arrhenius relation ship 
[57], which describes the rate (k) at which a reaction occurs as a function of the enthalpy 
(ΔH) and entropy (ΔS) of the rate-limiting step in the reaction, and the temperature (T) as

                     (1.16)

Assuming that this is a first order reaction, the resulting cell survival as a result from direct 
cytotoxicity after hyperthermia is then given by

           (1.17)

where t is the total heating time [98].
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Introduction

The relationship between radiation dose and cell survival after thermoradiotherapy can be 
described using the conventional LQ model, but with different radiosensitivity parameter 
values (α, β) compared with radiotherapy alone [99].

Outline

Biological treatment planning for thermoradiotherapy would enable the evaluation of 
thermo radiotherapy treatment plan quality in a way that accounts for the synergy between 
radio therapy and hyperthermia. In this thesis, the well-established field of radio biolo gical 
modeling is extended to include thermoradiotherapy, thereby enabling biological treatment 
planning. Additionally, biological treatment planning is applied to explore the effect of the 
time interval between radiotherapy and hyperthermia on the expected clinical outcome.

To allow assessment of thermoradiotherapy treatment plan quality, a measure is needed 
to express the combined effect of radiotherapy and hyperthermia. Chapter 2 introduces 
the concept of equivalent radiation dose (EQDRT), i.e. that radiation dose that has the same 
effect as a thermoradiotherapy treatment, as a measure to quantify this combined effect. 
To calculate EQDRT, a biological model that describes the effect of thermoradiotherapy is 
required. This chapter also discusses the different mechanisms of hyperthermia that should 
be included in such a biological model and proposes a step-by-step approach, to gradually 
increase the complexity and accuracy of biological treatment planning.

Because the effect of thermoradiotherapy will depend both on the dose and the temperature, 
and because both the dose and temperature distributions planned for thermoradiotherapy 
are generally heterogeneous, a voxel-by-voxel calculation of equivalent radiation dose is 
essential. Chapter 3 introduces newly developed software for the voxel-by-voxel calculation 
of EQDRT, using an extension to the conventional LQ model, and discusses the workflow. 
Application of the software is illustrated using two clinically realistic examples.

As a proof-of-principle, biological treatment planning is performed for three cervical cancer 
patients in Chapter 4, where the effect of thermoradiotherapy is compared to radiotherapy 
alone. In this chapter, different models are explored for the dependency of the radiosensitivity 
parameters α and β on temperature and time interval and their effect on EQDRT is assessed.

Reliable values for the parameters of the biological models are required to enable predictions 
of the effect of thermoradiotherapy. As the model used to calculate EQDRT is derived from 
the conventional LQ model, one of the main parameters is the ratio α/β. In Chapter 5, a 
review of clinically derived α/β values under normothermic conditions is presented. 
Additional parameters that are specific to the effect of hyperthermia and hyperthermic 
radiosensitization are also required. Chapter 6 reports the results of cell survival assays 

1
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Chapter 1

with two cervical cancer cell lines, performed at different combinations of radiation 
doses, temperatures and time intervals. A biological model that accounts both for the 
radiosensitizing and direct cytotoxic effects of hyperthermia was proposed and trained 
on these data.

One of the long-standing questions in thermoradiotherapy is what the optimal time interval 
between radiotherapy and hyperthermia is. In Chapter 7, a planning study is performed 
on 15 cervical cancer patients assessing the effects of different time intervals on EQDRT. In 
particular, the increase in EQDRT within the GTV is compared to increase within the normal 
tissue, to determine what time interval provides the highest therapeutic gain. Chapter 8 
reports on the results of a retrospective study investigating the effect of the time interval 
between radiotherapy and hyperthermia in a cohort of 58 cervical cancer patients.

Finally, Chapter 9 contains a general discussion on the current status and challenges in bio-
logical modeling of thermoradiotherapy, as well as future directions for research. 


