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Abstract
Optimization of radiation therapy is critically dependent on the use of patient
related information. For this reason, radiobiological models describing the dependence of
tumour and normal tissue responses on the irradiated volume and the dose-timefractionation schedule should be introduced. In addition, the heterogeneity of the
delivered dose distribution and tumour or normal tissue sensitivity variations have to be
taken into account clinically. In the present study, a treatment optimization procedure is
used that considers the shape and the structure of the target tissues and healthy organs at
risk, their relative position and their dose-response relations for the individual patient.
Mathematical models largely based on the Poisson statistics and the linearquadratic model of cell kill, have been used to quantify the radiobiological response of
normal human tissues and tumours to radiation therapy. The presented models predict a
decreasing probability of achieving complication free tumour control with increasing
tumour size and increasing volume of normal tissues irradiated. The radiobiological
parameters D50 , γ, s and Vref of the Poisson and relative seriality models have been
estimated for certain normal tissues and targets. The process for determining these doseresponse relations was based on clinical materials where the treatment information and
follow-up results of the individual patient were available. The statistical methods used,
estimated and verified the parameters and their uncertainties. The clinical range of
variability of the dose-response relations is important for their correct use in the clinical
routine.
The clinical use of the derived dose-response relations is demonstrated using
radiobiological parameters for different tumours and normal tissues that were also
calculated based on data from clinical trials. A biological evaluation procedure is
introduced and applied on clinical cases. This procedure uses the biological models and
dose-response data of the involved organs and optimizes the dose level of the treatment
technique under study. This is done by evaluating the plan using the P+ objective, which
estimates the probability to achieve tumour cure without having severe complications to
the healthy tissues. The clinical value of biologically based treatment planning was
compared with alternative physical criteria (e.g. tolerance doses) and with the judgment
of personnel on particular clinical cases.
It is demonstrated that the radiobiological objective functions allow a much
higher conformity and a more clinically relevant scoring of the treatment outcome. The
probability of achieving tumour control without fatal complications in normal tissues is
increased and the dose delivery optimized. Recent developments can reduce or even
eliminate the need for intracavitary treatment by delivering more conformal dose
distributions using intensity modulated external dose delivery. In these cases the
reliability of the patient setup becomes critical for the effectiveness of the treatment. It is
realized that accurate information concerning the response of different organs to
fractionated intensity modulated radiation therapy is the key to true optimization of the
delivered dose distribution.
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1. Introduction
Recent technological developments have introduced dramatic changes in the field
of radiation therapy. Radiological imaging has become more advanced providing
information at a cellular and functional level. This way, a better assessment of spread,
cell density and radiosensitivity variation of the clonogenic tumour cells can be
accomplished. For normal tissues, information on the location and distribution of
radiation sensitive functional subunits can be accessed. Furthermore, the possibility of
calculating the dose distribution delivered to the patient in a 3-dimensional mode gives a
better view of the effectiveness of the applied treatment configuration. This abundance of
information needs to be accurately used in order to achieve a close agreement between
treatment planning and clinical outcome. The clinical introduction of radiobiological
models and the derivation of their parameters based on clinical trials, can be used to
predict very closely the result of a treatment and to maximize given treatment objectives.
The clinical outcome of a radiotherapy treatment in terms of tumour control and
normal tissue complications is nearly always linked to a degree of uncertainty. This is
partly because two treatment fractions of the same beam configuration are not the same
since the nature of radiation beams are stochastic at a microscopic level. Furthermore, the
inter-patient and cellular radiosensitivity variations are generally unknown54,145,148. For
these reasons, the expected outcome of a treatment is expressed as the probability of
having a certain treatment effect. Radiobiological treatment planning estimates these
probabilities for each target and organ at risk of a given clinical case based on dosedistributional and radiobiological data.
Clinical radiotherapy requires methods for treatment planning that maximize the
modern conformation of the delivered dose distribution to the target volume. This is
achieved through three-dimensional intensity modulated treatment planning, which
conforms the treatment to the individual shape of the target volume and the location of
healthy organs at risk. Classical or ‘forward’ treatment planning is generally a trial and
error process, where dose plans are gradually improved by varying the configuration of
incident beams. Usually, certain irradiation protocols, which are based on empirically
registered tumour control and normal tissue complication rates (probabilities), are applied
for certain cancer sites. However, these probabilities are valid only for the methodology
followed by the clinic that derived them. The current practice in treatment plan
optimization uses mainly the mean dose and the dose variance in the target volume or
organs at risk as an objective function trying to maximize it. However, a true
optimization of radiation therapy requires the use of true clinical treatment objectives that
will provide a closer achievement of the desired treatment outcome.
The subject of the present study is to register and use radiobiological models in
treatment planning systems in order to assess and subsequently improve the treatment
outcome. A true optimization of radiation therapy requires formulation of the clinical
8
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treatment objectives. In radiotherapy the objective functions can be either physical
meaning that the aim of the optimization is to obtain maximal agreement between the
desired and the resultant dose distribution or biological where the desired dose
distribution is determined by the dose-response characteristics of the tumour and normal
tissues so that the quality of life of the patient is maximized14,26,36,72,75,150,151. The
principal aim of this thesis is to accurately quantify the radiobiological response of
tumours and normal tissues to fractionated radiotherapy, using data that have been
derived from clinical observations. These radiobiological objectives will allow the
evaluation of different beams arrangements and they will identify the ones that for
example maximize the probability to eradicate the tumour without inducing severe
damage to normal tissues.
Radiobiological models require accurate estimation of the parameters describing
the dose-response relations of the different organs40,87,111,122,133. In Paper I, the
radiobiological parameters of the relative seriality model are estimated for the clinical
endpoint of radiation induced esophageal stricture. The uncertainties of the individual
parameters and their effect on the corresponding dose-response relation are investigated.
Furthermore, the clinical relevance of the radiobiological model and the volume effect of
the endpoint are validated. The impact of the fractionation correction method applied on
complex treatment plans is discussed.
Radiosensitivity of targets and normal tissues may depend on many different
factors, which have to be identified in order to describe closer their dose-response
relations. In Paper II, the accuracy by which the linear-Poisson model predicts the
probability of AVM obliteration and how the hemorrhage history, location and volume of
the AVM influence its radiosensitivity is investigated. The parameters and their
uncertainties characterizing the dose-response relation for AVM obliteration following
single fraction stereotactic radiotherapy are also derived. Comparison of different
radiobiological models and statistical validation of the results are performed.
A close assessment of treatment outcome depends strongly on the accuracy by
which the planned treatment is delivered to the patient. In Paper III, the effect of the
positioning uncertainties and the breathing effects on the delivered dose distribution are
investigated. Three different breast cancer cases, which require different treatment
configurations are examined. A simulation of the true dose delivery is attempted. The
impact of the deviation between the planned and the delivered dose distributions on the
expected clinical outcome are validated using radiobiological modelling. The influence of
the lung density changes during breathing is also examined.
Introduction of radiobiological treatment planning into the clinical practice
requires not only accurate biological models and response parameters but also a tool that
will help the clinical personnel estimate its clinical relevance. In Paper IV, the
characteristics of a plan evaluation procedure are presented. This procedure involves a
9
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treatment planning system (TPS) for the dosimetric information and a software for the
biological evaluation of the plan. A broad description of the theoretical background
concerning the radiobiological models used and the organ response parameters is
included. Furthermore, the technical part together with the usefulness and the limitations
of the procedure is discussed. This new procedure improves the dose distribution and
helps the treatment planner find the beam orientations, the beam modalities and the
spectral distribution of these modalities that are more appropriate. Established doseresponse parameters for the tissues of interest are used to make the plan evaluation as
clinically relevant as possible.
Different irradiation protocols recommend different prescription doses for certain
clinical cases. However, optimum dose prescription is dose distribution dependent and
can only be determined using radiobiological objectives. In Paper V, the software that
was presented in paper I undergoes further development and is applied to two clinical
cases to demonstrate its clinical utilization. The procedure was applied to cervix and head
& neck cancer cases in a 3-dimensional treatment planning mode. A parallel evaluation
of the plans from medical personnel and the biological procedure was carried out to
illustrate the significance of the dose level optimization on the treatment outcome.
Observing the treatment plans of the clinical examples a reduced tumour dose can be seen
at the border facing sensitive organs at risk but an increased dose just inside the tumour
border. The increased tumour dose has a desirable effect when the dose fall off is steeper
in the vicinity of organs at risk.
The clinical value of radiobiological treatment planning can be demonstrated by
evaluating and comparing different conformal and conventional treatment plans. In Paper
VI, the results of the Dynarad project are presented. The aim of this project was to
register the current practice of external radiotherapy and exploit the possibilities for
improvement. The data provided by the participating radiotherapy centers and the
irradiation procedure is described analytically. The treatment plans were evaluated both
using standard and biological criteria to show that the biological evaluation does not
contradict the physical one but it completes it by using patient specific information. The
requirements imposed for achieving more conformal plans and their clinical aspects are
also discussed providing the guidelines of future development in radiation therapy.
Most protocols prescribe the dose to the gross tumour for dose escalation.
However, in cases of internal target volumes of heterogeneous radiosensitivities this
approach has limitations. In Paper VII, the concept of radiobiologically effective uniform
dose is presented. The D is compared with other dosimetric quantities that are used for
dose prescription. Its clinical use is demonstrated by applying it to two different treatment
plans of a cervix cancer case. This concept makes the comparison of different treatment
plans clear and easy by using a common dose scale even if the dose distributions
delivered by the two plans differs significantly.
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2. The need for biological objectives in treatment planning
Presently, the evaluation of a treatment plan is based on the volumetric
distribution of the absorbed dose within the patient. However, it is seldom possible to
measure dose distribution directly in patients treated with radiation. Data on dose
distributions are almost entirely derived from measurements in water phantoms (which
are tissue and muscle equivalent materials) usually large enough in volume to provide
full scatter conditions for a given beam. These basic data are used in a dose calculation
system devised to predict dose distribution in an actual patient. So, during the treatment
planning process the patient is simulated by a 3-dimensional representation. The dose
distribution within the patient is calculated using the electron density distribution
provided by the CT slices (Hounsfield numbers) and correcting for inhomogeneities
existing within the patient such as bones and air cavities11,58,59.
In the so-called ‘forward optimization’ (trial and error) approach, which is mostly
used nowadays, the planner changes the configuration of the beams and consequently the
dose distribution within the patient trying to satisfy some predetermined criteria (usually
tolerance doses for the normal tissues and prescribed doses for the targets). This is a trial
and error process and depends very much on the clinical experience of the planner. Now,
that the speed of the computers has increased dramatically many treatment planning
systems have implemented the ‘inverse planning’ approach, which uses these
predetermined criteria as an input and finds the beam configuration that satisfy them
most.
However, to simulate the patient by a tissue equivalent computer representation is
not clinically very accurate since the response of the various organs to radiation depends
on many other factors that are currently not taken into account during the treatment
planning process. Such factors are the volume dependence of the organs to radiation, the
internal structural organization of the functional subunits for the normal tissues or the
density of the clonogenic cells for the targets, the hypoxic cell fraction within the tumour
and the fractionation regime, which affects a) the repair of sublethal damage; b) the
reassortment of cells within the cell cycle; c) the repopulation and d) the reoxygenation of
the cells.
In order to take this information into account in the planning of the treatment one
needs to use radiobiological models, which describe the response of the tumours and
normal tissues to radiation according to their radiobiological characteristics.
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3. Radiobiological models
Most of the radiobiological models that have been developed to describe the doseresponse behaviour of different normal tissues and tumours122 are characterized by the
some common features such as those that follow:
•
•
•
•
•

Cell survival after irradiation is binomial and obeys binomial or Poisson statistics.
Response of an organ is determined by the death or survival of its target cells
(functional subunits for normal tissues and clonogens for tumours).
All the target cells respond identically.
Isoeffect relationships are independent of the level of response.
Equal effects are obtained from equal dose fractions if sufficiently separated in
time.

There are basically two levels where the response of clinical structures to radiation
can be mathematically modelled. Microscopically, considering cellular survival, and
macroscopically studying organ response.
The radiobiological model that is used presently most extensively for describing
the dose-response relation for tumours and normal tissues is the linear-quadratic-Poisson
model, which also accounts for the fractionation scheme applied:

− ( D / D50 ) ⋅ ( eγ − ln ln 2 ) 
 eγ − α nd − β nd 2 
P ( D) = exp − N 0 e
 = exp −e
 (1)





where P ( D ) is the probability to control the tumour or induce a certain injury to an
organ that is irradiated uniformly with a dose D, d = D / n is the dose per fraction and n
is the number of fractions. D50 is the dose which gives a response probability of 50% and
γ is the maximum normalized value of the dose-response gradient. α and β are the
fractionation parameters of the model and account for the early and late effects
expected26,74,143. Both D50 and γ depend on N 0 , the initial number of the clonogenic cells
for tumours or the initial number of functional subunits for healthy tissues. Parameters
D50 and γ (or α and β) are specific for every organ and specific for the kind of injury
(endpoint) considered and can be calculated only from clinical data.
The radiation induced normal tissue complications have been described in terms
of inactivation of functional subunits (FSU). The structural organization of FSUs can be
categorized in the three following types: 1) critical element, 2) integral response, and 3)
graded response. The critical element type is a serial organization of the FSUs, in which a
complication appears when any of the FSUs is inactivated (such tissues are the spinal
cord and the nerves). Another recommended FSU structure has been described in terms
of serial organization, parallel and more generally, a combination of these two. The type
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of FSU infrastructure of a tissue plays an important role in the expression of a clinical
effect since it is related to the volume dependence (or effect) of the tissue. The volume
effect describes how the tolerance dose increases with decreasing partial volume of
normal tissues being irradiated. Calculating the probability of causing injury to normal
tissues is quite different than for tumours since it is dependent on the internal structure
and organization of the irradiated organ. To determine how damage to functional units
leads to complications it is important to understand how organs are functionally
structured in parallel and serial subunits. Many researchers have provided expressions for
the probability of complications in which the volume effect is accounted for.

3.1. NTCP modelling
Of the radiobiological models that are based on cell survival functions, the
relative seriality model, the k – model, the critical element model and the critical volume
model are briefly presented here.
3.1.1. Relative seriality model (s model)
In this model the volume effect is treated by a combination of both serial and
parallel FSU organizations. Normal tissue complication probability PI is expressed
as26,74,75,100,147,151,153:

(

s

PI ( D, V ) = 1 − 1 − PI ( D, Vref )


)

V / Vref

1/ s




(2)

For a heterogeneous dose distribution the response of normal tissues is given by
M
r r 
PI D, V = 1 − ∏ 1 − P( Di , Vref ) s
 i =1

(

)

(

)

∆vi

1/ s





(3)

where ∆vi (= ∆Vi / Vref ) is the fractional irradiated subvolume of an organ compared to the
reference volume, Vref for which the values of D50 and γ were calculated and s is the
relative seriality parameter that characterize the internal organization of the organ.
P( Di , Vref ) is the probability of response of the organ having reference volume and being
irradiated to dose Di as described by equation (1) and M is the total number of voxels in
the organ.
Organs with serial infrastructure have small volume dependence since every
subunit is vital for organ function. For organs with parallel infrastructure a strong volume
dependence can be expected since the organ can maintain most of its function even when
13
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a large portion of its subunits are damaged. A relative seriality close to zero ( s ≈ 0 )
corresponds to a parallel organ like lung or liver, whereas s ≈ 1 corresponds to a closely
serial organ with minimal volume dependence like esophagus and spinal cord.
The concept of reference volume is treated differently for normal tissues and
tumours. Usually, the whole volume of the healthy organ is considered as reference
volume and that is because the volume of an organ is related to the functional needs of
the individual human being. In the case of tumours, reference volume is related to the
characteristics of the clinical material from which the parameters D50 and γ were
calculated.
Figure 1 illustrates the volumes for the dose calculation (upper part of the figure)
and the model specific organization of the FSUs in the lower part as they are applied in a
clinical case of cervix cancer. Each organ in the body of a patient is divided to a number
of voxels, each of which has certain fractional volume ∆vi . At the planning process, a
certain dose Di is attributed to each voxel and a certain relative seriality value s to each
organ depending on the endpoint considered. This way, it is assumed that a uniform dose
is given to the voxel whose response probability is calculated by equation (1), though the
response of the whole organ is given by equations (2) and (3) where all its voxels are
taken into account.
3.1.2. The k model
The k model is also using the Poisson survival function and it is expressed as
follows74,100:
 eγ + k ln (V Vref ) − ( D D50 )( eγ − ln ln 2 ) 
PI ( D, V ) = exp −e




(4)

The biological parameters of this model are: D50 , γ and k . The last parameter accounts
for the volume effect of the organ and it is equal to one for uniform tumours whereas it
generally has a negative value of normal tissues. This model handles the decreased risk of
causing injury when a smaller volume of normal tissue is irradiated in a radiobiologically
comparable way to the decreased control probability when a larger effective clonogen
number γ is assumed for a tumour.

14

Determination and use of radiobiological response parameters in radiation therapy optimization

Dose Calculation (Di, vi)
Organs are represented by matrices
of voxels which have a monotonic
relationship with the dose matrix

Vref
The reference volume is usually
equal to the volume of the whole organ
for normal tissues

B
GT
SB

FSU

ITV
R

.3
s=0

The internal organization of the FSUs
(seriality) is different for each organ
and clinical endpoint

s=0 s=0

s=1

s=0.7

Figure 1. Schematic view of the transition from the absorbed dose in the patient to the radiobiological response. At
first, the spatial dose distribution in a three-dimensional mode is calculated, where the dose to each voxel (organ
subvolume) vi is Di . Then the calculated dose distribution is applied to the radiobiological model to determine the
complication probability of each organ. The model takes into account the internal organization of the FSUs in each
organ since this affects significantly its response to radiation.
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3.1.3. The critical element model
When setting s equal to one in the relative seriality model one receives a
simplified case, which is called critical element model. The expression for normal tissue
complication probability is as follows12,103:
PI ( D, V ) = 1 − (1 − PI ( D, Vref ) )

V / Vref

(5)

where PI ( D, Vref ) value is given by equation (1).
This model is based on the assumptions that:
• every element of an organ is identical,
• the responses of different elements are not correlated,
• every element of an organ is critical, that means the complication is induced
when at least one element is damaged.
When assuming that the organ consists of N FSUs and the probability of injury of
each FSU equals PI , this probability is only a function of the dose delivered to the ith
FSU. When taking into account the entire organ complication probability, the critical
element model can be written as:
r r
V /V
PI D, V = 1 − ∏ (1 − PI ( Di ,1) ) i ref

(

)

(6)

i

where Vi Vref is the fractional irradiated volume of the organ, PI ( Di ,1) is the
macroscopic probability of organ damage after whole organ irradiation with dose Di .
3.1.4. The critical volume model
This model, which was introduced by Niemierko has been discussed by many
. The probability that more than M of the functional subunits are killed is
authors
given by a formula based on binomial statistics known as the cumulative binomial
probability:
71,81,104,144

P=

N

∑

t = M +1

Pt =

 
∑  t  P (1 − P )
N

N

t = M +1





t
FSU

FSU

N −t

(7)

where N is the total number of FSUs in the organ and M is the minimum FSU number
that can bring about functional failure of the organ if it gets eradicated. PFSU should be
replace by the effective complication probability for one FSU:
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eff
FSU

P

1
=
Np

Np

∑ P (D )
i =1

i
FSU

(8)

i

Due to the difficulties of calculating the cumulative binomial distribution a normal
approximation suitable for numerical calculations is often used.
N t
1
N −t
P = ∑   PFSU
(1 − PFSU ) ≈
σ FSU 2π
t = M +1  t 
N

 ( x − NPFSU )2 
 dx
2
∫−∞ exp  − 2σ FSU



M

(9)

where σ FSU = NPFSU (1 − PFSU )
Such an approximation is most accurate for large NPFSU (1 − PFSU ) values.
Of the phenomenological models, which are based on the macroscopic organ
response, the Lyman & Kutcher model, the parallel architecture model and the Klepper &
Klimanov model are described accordingly.
3.1.5. The Lyman & Kutcher model
This model is very extensively used and it is based on the error (or probit)
function form for complication probability29,70,71,90,100,105:
PI =

1
2π

∫

t

−∞

(

)

exp − t 2 2 dt

(10)

where the upper limit of the normal probability function is defined as follows:

t ( D, V ) =

D − D50 (V Vref )

(11)

mD50 (V Vref )

and

D50 (V Vref ) = D50 (1)(V Vref )

−n

(12)

This model contains four parameters to be estimated: Vref , D50 , n and m. Vref is
the reference volume for D50 and V Vref is the fraction of the organ irradiated relative to
the reference volume. D50 (1) is the tolerance dose for 50% complications for uniform
whole organ irradiation, D50 (V / Vref ) is the 50% tolerance dose for uniform partial organ
irradiation to the partial volume V / Vref . The volume dependence of the complication
probability is determined by the parameter n, which shows the sensitivity of PI to the
irradiated volume. The slope of the dose-complication probability curve is governed by
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the value of the parameter m. The slope parameter m is inversely proportional to the
parameter γ presented above through the relation γ = π / 8m .

3.1.6. The parallel architecture model
PI is here an increasing function of the number of FSUs inactivated by radiation.
The probability that a dose D inactivates an FSU is given by the logit expression60,61:

p ( D) =

1
1 + ( D50 D )

k

(13)

The above sigmoid dose-response function p ( D ) is assumed to describe the
probability of damaging a subunit at a given biologically equivalent dose. Apart from the
assumption that biologically equivalent doses can be calculated from a linear-quadratic
formula no connections of this probability with any underlying mechanism of radiation
injury or identification of the subunits involved has been attempted. Instead it has been
chosen to describe the subunit response phenomenologically, using a logistic function of
dose parameterized in terms of the dose D50 at which 50% of the subunits are damaged,
and the slope parameter k that determines the rate at which the probability of damaging a
subunit increases with dose (k is related to γ through k = 4γ ).
For a given dose volume histogram (DVH) the fraction of inactivated FSUs is the
sum over the dose bins:
f = ∑ vi ⋅ p ( Di )

(14)

i

where Di and vi are the average dose and volume fraction in the ith histogram bin and f
is called the fractional damage.
To fit the parallel architecture model to clinical data, expressions for both p ( D )
and statistical distribution of functional reserves over the patient population are required.
Normal tissue complication probability for a general DVH is calculated from the
equation:
PI =

1
2πσ 2

∫

f

0

 ( v − v50 )2 
exp  −
 dv
2σ 2 



(15)

in which it is assumed that the cumulative functional reserve distribution can be
described as a displaced error function and specified by the mean value of the functional
reserve v50 and the width of the functional reserve distribution σ .
18
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Figure 2. Dose-response curves and associated volume dependence from different NTCP models are demonstrated. For
these calculations comparable response parameters were used to allow a qualitatively comparison of the different
models.
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3.1.7. The Klepper & Klimanov model
In this case, normal tissue complication probability is calculated on the basis of a
modified Weibull function68:
  DV b  A2 
PI ( D, V ) = 1 − exp  − 
 
  A1  

(16)

The model contains three parameters: A1 , b and A2 that are to be obtained from clinical
data.
In figure 2, dose-response relations calculated by the different radiobiological
models are presented. The dose-response relations were derived from comparable
radiobiological parameters in order to demonstrate the volume dependence of the models
examined. A more appropriate procedure to carry out such a comparison would require
the use of a patient material with complete treatment information and follow-up results.
From these clinical data, the radiobiological parameters of all the different models could
be estimated and their corresponding dose-response relations could be compared
accordingly.
Most of the models developed to predict the normal tissue complication
probability assume that sufficient time is allowed between fractions for complete repair
of sublethal damage to take place after each dose. This full-repair interval is at least 6
hours but in some cases (e.g. spinal cord) it can approximate the length of a day. If the
interfraction interval is reduced below this value, which is tissue dependent, the overall
damage from the whole treatment will increase because of the interaction between
residual unrepaired damage from one fraction and the damage from the next one.
Consequently, additional effects such as incomplete repair does sometimes have to be
accounted for by the NTCP models.

3.2. TCP modelling
A tumour is assumed to have a parallel structural organization since the
eradication of all its clonogenic cells is required. Consequently, the control response of
tumours can be described by the relationship
M
r r
∆v
P D,V = ∏ P ( Di ) i

(

)

(17)

i =1

Viable hypoxic cells are more resistant to radiation than well-oxygenated cells.
Such cells are common in many tumours and may lead to inhomogeneous distributions of
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radiation resistance at cellular level and consequently to heterogeneous treatment
response. Since it is generally not possible to target and treat individual cells by radiation
therapy, local mean values of the number of clonogenic cells and the radiation resistance,
taken over tissue volumes covering several cells, should be considered in biological
treatment planning. The Poisson approximation of the probability for beneficial treatment
can be generalized to take spatial dose, density and radioresistance heterogeneities into
account. With a uniform dose Di in voxel i the probability of beneficial treatment PB in a
heterogeneous tumour with k spatially distributed voxels can be very well approximated
by:
−D / D
 k

PB = e− N = exp −∑ N 0,eff ,i e i 0,eff ,i 
 i =1


(18)

This formula can also be expressed as an integral over continuous spatial distributions of
clonogen density and radiation resistance28,106,111.
The repopulation of the clonogenic cells is taken into account in the LQ + time
model. The inclusion of the effect of the produced cells during treatment modifies the
tumour control probability at time t in the following way:
 eγ − α nd − β nd 2 + ln 2 ( t − Tk ) Tpot 
PB = exp  −e




(19)

where Tpot is the potential doubling time of the cells and Tk is the time delay before
significant repopulation is detectable. As pointed out by Tucker et al138, this model loses
accuracy because it deviates from the pure Poisson distribution on which it is based. This
2
is easily understood if equation (19) is written as PB = e − kN where N = eeγ −α nd − β nd and
ln 2( t −Tk ) / Tpot
k =e
. If the number of surviving cells N is assumed to be Poisson distributed
with mean N then the variance will also be N due to the properties of the Poisson
distribution. But the mean of kN is kN and its variance is k 2 N and thus kN cannot be
Poisson distributed! Dose-response curves constructed from this model describe the
response of individual tumours and have particularly steep slopes. Generally, doseresponse curves for a population of tumours are considerably less steep, probably due to
inter-tumour heterogeneity of the parameters, which determine tumour cure.

3.3. The complication free tumour control objective, P+
In order to judge the clinical merits of a given dose distribution it is important to
be able to compare its advantages in terms of tumour control with its disadvantages in the
form of normal tissue complications2. In the general case this is difficult, since the
radiation effects in different tissues generally are incommensurable entities. However, for
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fatal normal tissue injuries that cannot be salvaged by surgery a strict comparison is
possible, as this endpoint is as undesirable as an irresectable tumour recurrence. The
general expression for the probability of achieving complication free tumour control P+
is given by:
P+ = PB − PB∩I

(20)

Taking into account that a fraction δ of the patients are statistically independent, P+ may
be approximated by:
P+ = PB − PI + δ PI (1 − PB )

(21)

PB is defined as the probability of getting benefit from the treatment (i.e. tumour control)
and PI as the probability of causing injury to normal tissues. The parameter δ specifies
the fraction of patient where benefit and injury are statistically independent endpoints.
For non-severe normal tissue endpoints a reduction operator may be applied on their
individual response probabilities to consider their relative influence on the total treatment
outcome.

4. Extraction of dose-response relations from clinical material
The predictive strength of the different radiobiological models does not depend
only on their capability of describing closely the radiotherapeutic biological mechanisms
but also on the accuracy by which the radiobiological parameters of the models are
known. The appropriate way to estimate those parameters is by using clinical materials
with complete treatment and follow-up recordingI,II,43,49,51. This is a very complicated task
because it depends on many factors that are not standardized among the different
radiotherapy centers.
The shape of a dose-response relationship constitutes an association between the
dose received by the tissue and the expression of a specified clinical effect45,64,65,109. The
information concerning both radiation treatment and clinical outcome may be available
for individual patients or for patient groups. The second case approximates the clinical
practice where the clinical data (doses and follow-up results) are described in terms of
average values for certain uniform groups of patients. Usually, a mean organ dose or
DVH averaged over the patient group is used as the dose reference whereas the follow-up
results are expressed as an incidence rate (number of events over the total patient
population). This is the information that is used currently in the clinic where single doses
inside the tissue (reference dose) is associated with a certain incidence rate. However, the
use of a data reduction procedure always results in a loss in the information structure. In
such an analysis, the use of the individual patient dose distributions and treatment
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outcomes allow the variation of the inter-patient radiosensitivity or the volume effect of
the tissue for a certain endpoint to be identified.
Modelling of normal tissue complication and tumour control requires reliable data
from appropriately designed studies of specific clinical cases. This demand is met by
studies based on retrospective data collection, which however may be subjected to
potential methodological inaccuracies. Accurate assessment of the radiation exposure and
treatment outcome are critical points in normal tissue complication and tumour control
quantification and modelling. Although a considerable number of radiobiological models
have been developed to describe the dose-response relations for different tumours and
normal tissues, the precision and accuracy of the dosimetric (exposure) and the follow-up
(outcome) information of the treatments have not been evaluated systematically.
Generally, there is a lack of consistent revision of treatment related definitions and data
measures used by the different models.
In the literature, many studies have determined dose-response relations and
tolerance doses for different tissues and clinical endpointsI,II,8,9. However, many of them
are based on two-dimensional treatment plans and on approximate endpoint definitions
and follow-up measures. Consequently, the development of models based on these data
should be considered as approximative requiring the verification of the obtained results
both in terms of the mathematical formalism of the models and of the estimated values of
the model parameters. The quantification of dose-response relations from clinical
material depends strongly on the accuracy of the clinical data used.
Radiobiological modelling is a complicated process even if the available clinical
data are accurate. This is because the available information usually covers only a limited
part of the dose-response curve since the clinical data are derived from radiation
treatments, which aim at achieving tumour control with minimum normal tissue
complications (cf upper and lower diagrams of figure 5). This means that the part of the
dose-response relation outside the region of the clinical data (therapeutical range) is
based on the form of the model, which cannot be accurately verified by observations in
that particular region. This limitation can be very important if these data are to be applied
to other classical or modern intensity modulated treatment techniques, which may cover
another dose range than that covered by the clinical data.
The dosimetric data (DVH or volumetric dose distribution) and the clinical
outcome (clinical incidence or individual outcomes) are used as input in the
determination of radiobiological parameters. Solely the dose distribution in the volume of
interest is not sufficient to describe the effects of the radiation exposure. Radiobiological
modelling should also include the influence of the applied fractionation schedule and the
response type of the tissue to radiation (early or late). This information can be taken into
account by applying the Biologically Effective Dose (BED) concept, which accounts for
the isoeffect relationships in radiation therapy.
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The final outcome of the modelling process is the determination of the model
parameters (i.e. D50 , γ and s for the relative seriality model) for a specific clinical
endpoint. These parameters determine the shape of the corresponding dose-response
relation allowing the association of a certain dose distribution with the tissue
complication or control probability.

4.1. Normal tissues
The manifestation of a specific radiation effect (complication for normal tissues)
in a given tissue is known as clinical endpoint. Normal tissue endpoints are generally
grouped in two categories. The first category is related to functional changes in the tissue
(e.g. paralysis or death), which take place often over a narrow dose range and can be
considered to be binary (presence or absence of the effect). In the second functional
endpoint category extensive reactions or physiological changes (e.g. a degree of skin
damage) are involved. These radiation effects cover a wide dose range since they are
associated with non-fatal injuries of increasing, with dose, severity. The development of
different radiation endpoints in the same tissue may depend on the eradication of
different cell groups associated to different functionalities.
The complication endpoints for normal tissues are generally classified as early or
late and subjective or objective 117,127,132. Different radiotherapy centers apply different
classification systems to record follow-up results 30,80,124,139. Such classification systems
for normal tissue complications are the RTOG/EORTC and the LENT/SOMA107,125. The
normal tissue complication endpoints are usually classified as binary or graded. Binary
endpoints are related to increasing incidence rates with dose and not to increasing
response intensity. On the contrary, graded endpoints consist of a number of data and
symptoms (e.g. CT density measurements and diarrhea), which can be translated into
graded responses.
Although the proper definition of the clinical endpoint is important from a clinical
perspective it does not affect the basic process radiobiological modelling. This is because
the estimated dose-response relation for a certain tissue is an association between the
dose and the expression of the clinical endpoint irrespective of the definition and
classification of this endpoint. However, the lack of a protocol based on well-defined and
classified endpoints for the different normal tissues imposes strong limitations to the
clinical introduction of the radiobiological models and to the comparison of treatment
results between different clinics.
In the derivation of radiobiological parameters from clinical material, a number of
important factors have to be taken into account. Such a factor can be the identification of
sources related to radiosensitivity variations. Usually, it is the effective dose-response
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relations that are estimated, which
includes the inter-patient and the
intra
patient
radiosensitivity
variations.
Figure 3 Upper and middle images: Two
different images of the same prostate case are
illustrated. The location of the normal tissues
and ITV are shown together with the dose
distribution (isodose lines) in these slices. The
manifestation of a certain clinical effect is
usually associated with the dose to a region of
the case. In this case, the fecal leakage, which
is one of the postirradiative complications may
stem either from functional failure of the
rectum or of the sphincter. Lower graph: The
resolution of the treatment planning system
plays an important role in the radiobiological
modelling because the clonogenic cell or
functional
subunit
distributions
may
significantly differ between different voxels.
Furthermore, the dose within each voxel may
vary considerably leading to discrepancies in
the extraction of dose-response relations.

The individual patient
radiosensitivity can only be
determined with predictive assays.
This is a very significant
information that has still not been
provided and utilized clinically.
Intra
patient
radiosensitivity
variations
are
related
to
inhomogenous
radiosensitivity
distributions within the same tissue
or to other clinical factors that may
influence the radiosensitivity of a
tissue and the expression of a
certain endpoint.

In some cases, it is difficult
64
to determine the source of the
64
complication especially when
5 x 5 mm2
graded complications are involved,
which consist of a number of symptoms13,95,118. Such a case is illustrated in the upper
graphs of figure 3 where the radiotherapy treatment delivered to a prostate cancer patient
is shown. The four-field box technique that is usually applied in such cases delivers high
doses to the rectum, which is a sensitive organ at risk. One of the symptoms that are often
present after radiotherapy is the fecal leakage (the patient cannot control the defecation of

5 x 5 mm2
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the bowel). However, it is not clear if this symptom stems from radiation induced
functional inhibition of the rectum or injury to the sphincter. Another such symptom is
the frequent defecation urgencies of the patient for.
Other factors related to the derivation of radiobiological parameters are the
imaging information and the resolution of the imaging and dose delivery used. The
accuracy by which the tissues are defined and the planned dose is delivered is primary
importance. For example, the exact position and shape of the tissue (e.g. esophagus or
rectum) should be known in all parts of the radiotherapy treatment. During treatment
planning, the patient is simulated by a voxel representation as shown in the lower graph
of figure 3. In each voxel a number of clonogenic cells for the tumours or FSUs for
normal tissues and a dose value are assigned. The size of the voxels is a significant factor
since the actual number of tumour cells or FSUs may significantly vary between different
voxels and the dose distribution within each voxel may not be accurately represented by a
single value. This detail may affect the accuracy by which estimated associations
between dose and clinical effect are derived from clinical trials. Consequently, high
resolution imaging and treatment modalities are desirable for the extraction of clinically
valid dose-response relations.

4.2. Tumours or AVMs
Contrary to the difficulties in defining the clinical endpoint of the treatment for
normal tissues, the treatment outcome for tumours is a clear-cut (control or recurrency).
The major difficulty in modelling the response of tumours and AVMs is their volume
definition48,110,149. Although there are issued guidelines and recommendations (ICRU and
NACP reports) the clinical practice differs between different radiotherapy
centers18,31,63,77-79,131. This imposes a significant restriction in the comparison of different
studies concerning the radiobiological modelling of similar tumours. Especially for the
AVM case, the deviation of the estimated AVM volume from the actual one is large
because of the standard two projection imaging technique used128,135,136.
Many studies have been carried out to determine the dose-response relations of
different targets (tumours or AVM)46,56,66,67,76,96,97,121,123,137,142,150. However, most of these
studies suffer from the last of critical information that would allow an even closer
estimation of the dose-response relations of different targets and improvement of the
mathematical formalism of the different radiobiological models. Such information should
be the accurate determination of the hypoxic fraction of many tumours, the factors
affecting the radiosensitivity of different targets (like the size and location) and the
spread and density of the target cells to be eradicated.
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Figure 4. Upper diagrams: The mean dose volume histograms of the patients with and without radiation effects for
normal tissue and target (tumour or AVM) radiobiological modelling. It is apparent that the affected tissues received a
higher integral dose in comparison to the non-affected ones. The mean and maximum or minimum doses respectively
of the different patient groups are also provided. Middle diagrams: The hyper-surfaces of the corresponding loglikelihood spaces, which were used to calculate the uncertainties of the model parameters. The solid line represents the
iso-surface that corresponds to the 68% probability of deviation from the maximum value of the likelihood. The hyper-
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surface shows how the logarithm of the maximum likelihood function changes in the region around the best estimates
of the radiobiological parameters. For the normal tissue case, the hyper-surface was calculated using the best estimate
of s while varying the rest of the model parameters. The maximum point of the diagram corresponds to the best
estimate of the parameters (maximum of the log-likelihood function). From the actual hyper-volume of the loglikelihood function (it is calculated using all the possible combinations of parameter values) the confidence interval of
the estimated radiobiological parameters is calculated. Lower diagrams: The best estimates of the dose-response curves
of the tissue are shown together with their 68% confidence intervals (defined by the thick lines). For the normal tissue
case, a bundle of dose-response curves was derived from combinations of D50 and γ values (s was fixed to its best
estimate) lying within their calculated confidence interval of 68%. The range in each case constitutes the confidence
interval of the tissue survival curve representing mainly the variation of the inter-patient radiosensitivity and dosimetric
discrepancies between the calculated and the delivered dose.

4.3. Statistical analysis
The determination of the best estimates of the model parameters is done by fitting
the radiobiological model to the clinical data (dose distributions, follow-up results). The
shape of a dose-response relation is usually sigmoid, depending on the model used, and it
is determined by the model parameters. The fitting method that is most often applied is
the Maximum Likelihood method (denoted here as L)51,55,61. This method is applied on
the data of each individual patient. Generally, a model that predicts the induction ofr a
radiation effect consists of one set of parameters (model dependent, denoted as X )
describing the tissue radiosensitivity and one set of parameters
describing the individual
r
treatment effectiveness (dose distribution, denoted as θ ). Given a set of N patients whose
treatment outcome is denoted as r (for simplicity it can be assumed a binary
classification of the outcome, i.e. r = 1 if the patient responds to the treatment and r = 0
if the patient does not). The probability that a group of N patients manifests the observed
outcome is mathematically expressed by the following formula.
N
r r
r r
L X | θ = ∏ P X | θi

(

)

i =1

(

) (
ri

r r
⋅ 1 − P X | θi

(

))

1− ri

(22)

The same equation can be expressed in the following way:

(

m
n
r r
r r
r r
L X | θ = ∏ P X | θi × ∏ 1 − P X | θ j

(

)

i =1

(

)

j =1

(

))

(23)

where m and n represent the fractions of those patients who developed the radiation effect
and those who did not, respectively. The best estimates of the parameters are those that
maximize the value of the likelihood function. The value of L corresponds to the
probability that the model reproduces the observed pattern of treatment outcome.
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radiobiological parameters and the relative
seriality model (solid line) is shown for a
normal tissue case. The unit of the dose axis is
the biologically effective uniform dose, D . By
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treatment technique. Middle diagram: Using
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expected complication probabilities of the
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FPR values. The area under the curve indicates
a good agreement between the expected and
the observed complication data. Lower
diagram: The dose-response curve derived
using the linear-Poisson model for an AVM
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of the control probability of each patient have
been drawn. Those points were calculated
using the individual dose distribution delivered
to each patient and the model parameters that
were calculated.
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several other applications dealing with optimization problems101. MINOS uses a number
of minimization strategies in order to convergence to the global minimum. However, this
is not always guaranteed and a local minimum may instead be found. This can be
overcome by using different starting values and investigating different regions in the
parameter space. Usually, constrains are imposed on the estimated parameters to keep the
parameters within clinically meaningful intervals.
The parameters estimated by modelling of tissue responses can be applied on the
dosimetric data of an independent patient group to determine the corresponding response
probabilities. The predicted response probability is associated with an uncertainty, which
depends both on the clinical data and on the radiobiological model. The determination of
the parameter uncertainties can provide information concerning the reliability of the
model in describing the clinical data120. However, their interpretation is complicated due
to the inevitable inherent uncertainties characterizing the input data sets and the
intentionally limited interval of the dose-response curve that is covered by those data. In
practice, a more relevant measure of the quality of the fit of the resulting parameter sets is
obtained from the calculation of the uncertainties on the predicted response
probabilityI,37,52,140.
As it is shown in figure 4, the appropriate way of quantifying the uncertainties of
the radiobiological parameters is by using the hyper-volume of the parameter space. In
this figure, the information flow for determining dose-response relations of normal
tissues and tumours is illustrated. In the upper diagrams, the treatment data in the form of
individual DVHs and the follow-up results in terms of presence or absence of the
radiation effect are taken into account (for demonstration purposes, the mean DVHs are
used here). Subsequently, the parameter uncertainties are determined from the hypervolume or the hyper-surface of the log-likelihood space. This is the most accurate way
for pathological and non-linear functions as in these cases. Finally, the combined
influence of the parameter uncertainties on the dose-response relations is applied
providing the confidence intervals, which are important for their clinical use.
The validity of the calculated parameters can be examined by applying them to
other independent study materials. This way, the sets of parameters determined for a
certain model can illustrate the clinical utility of the biological modelling and their
clinical accuracy can be estimated. In figure 5 a statistical verification of estimated doseresponse relations is illustrated. It can be seen that the predicted complications and
control for the normal tissue and the target respectively are very close to the follow-up
results for groups of patients receiving similar doses. The normal error distribution, the
Pearson’s test and the ROC curves are three statistical methods widely used for
evaluation of the clinical relevance of such data.
Doses within a certain dose-bin in figure 5 may refer to a certain classical
treatment technique. For such a technique only this part of a dose-response curve is of
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interest. On the contrary, modern intensity modulated treatments require the information
of the whole curve to evaluate the biological effectiveness of their strongly
inhomogeneous dose distributions. Separate dose-response curves can be used for patient
subgroups that have special characteristics influencing their response to dose. Further
independent studies using the same tissue delineation method and clinical endpoint
definition can be used to support the validity of the estimated data.

5. Treatment planning
One of the most important objectives of treatment planning is to deliver maximum
dose to the tumour and minimum dose to the surrounding tissues. In addition, high dose
within the tumour volume and sparing of critical organs are important considerations in
judging a plan. Some of the useful strategies in achieving these goals are: a) using fields
of appropriate size; b) increasing the number of fields or portals; c) selecting appropriate
beam directions; d) adjusting beam weights (dose contribution from individual fields); e)
using appropriate beam energy; and f) using beam modifiers such as wedge filters and
compensators. Although obtaining a combination of these parameters and yielding an
optimal plan is time consuming if done manually, treatment-planning computers that are
available presently can carry out this task quickly and accurately. Some of these systems
are highly interactive so that the user can almost instantly modify, calculate and examine
various plans in order to select the one that is clinically superior.
Reduction of dose to subcutaneous tissue and normal tissue surrounding the
tumour can be achieved by using a combination of many fields. By using multiple fields,
the ratio of the dose to the tumour against the normal tissue dose, namely the therapeutic
window, is increased. In actual practice, one may use a combination of parallel-opposed
fields and multiple fields to achieve the desired dose distribution. Although multiple
fields can provide good distribution, there are some clinical and technical limitations to
these techniques. For example, certain beam angles are prohibited because of the
presence of critical organs in those directions. Also, the setup accuracy of a treatment
may be better with parallel opposed than with the multiple angled beam arrangement. It is
therefore important to realize that the acceptability of a treatment plan depends not only
on the planned dose distribution in the patient but also on the practical feasibility, setup
accuracy, and reproducibility of the treatment technique.
The concept of an ‘optimum plan’ is possibly misleading since it only has
meaning when the optimization criteria are specified. For example, from a purely
practical viewpoint, an optimum treatment could be that with very few fields which can
be executed quickly. An optimum plan for a given machine may not necessarily be the
optimum if one could replace that machine with a different one, perhaps with different
energy. However, when physicists speak of optimization what they generally mean is a
method to achieve the best outcome for the patient in terms of predicted tumour control
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and normal tissue complications and often these are reflected in the goal to obtain the
best 3D dose distribution.
The physical optimization of a treatment plan, namely the optimization of the
physical quantities such as the dose distribution or the beam angles etc, can be
demonstrated in many ways. Either through the isodose lines and the isodose surfaces
(figure 6, upper left) or through the Dose Volume Histograms (DVH) (figure 6, middle
left) of the treatment plans under evaluation. However, all of them carry similar
information since they are derived from the spatial dose distribution in the patient, which
is the fundamental information.
The isodose lines (or surfaces) are lines (or surfaces) passing through points of
equal dose. The lines are usually drawn at regular intervals of absorbed dose and
expressed as a percentage of the dose at a reference point. The dose volume histograms
are also based on the dose matrices where the information of the volumetric or planar
variation in absorbed dose distribution has been stored. Each voxel of the dose matrix is
given a weight proportional to the volume of this voxel. By summing up all the voxels
having the same dose value the dose volume histogram builds.
The biological optimization of a treatment plan is carried out through the
biological objectives that are set by the physicist and the physician. In this work, the P+
objective, namely the complication free tumour control probability has extensively been
used. P+ is a very good quantifier of the treatment plan since it describes the combined
effectiveness of the plan in terms of tumour control and normal tissue complications.
When comparing different plans using the biological optimization the one with the
highest P+ value is the plan with the least expected complications for the same
probability of tumour control or in other words is the plan with the highest control
probability for the same risk of complications.
In order to apply the biological optimization both the physical information,
meaning the dose distribution or the dose volume histograms, and the biological
information, meaning the radiobiological parameters of the involved organs, of the
different treatment plans are needed. The information flow in the process of the
biological optimization is illustrated in figure 6. On the left side of the figure, the flow of
the physical data is illustrated. The volumetric absorbed dose distribution is used for the
calculation of the isodose charts (upper left graph) and subsequently the dose volume
histograms, (middle left diagram). On the right side of the figure, the radiobiological
parameters of the organs (upper right table) involved in the clinical case are used by the
model, which calculates their response probabilities for a range of doses, (middle right
diagram). The physical and biological data are then combined to calculate the response
probabilities for the dose distribution of the certain treatment plan, which in other words
is called the radiobiological evaluation of the plan (lower diagram).

32

Determination and use of radiobiological response parameters in radiation therapy optimization

6 MV

GT

100
90
70
50

LN
SC

30
Tissu
e Stro
ma

dose volume histograms

V/V0

D50

Tissue Stroma

65.0

2.76

1.00

Brain

60.0

2.60

0.64

Spinal Cord

57.0

6.70

1.00

Targets

D50

Gross Tumour

63.8

2.50

---

Lymph Nodes

55.0

3.00

---

s

dose response relations

P

SC

0.8

0.8

s

Organs at Risk

GT
BR

0.6

0.6
BR

TS

SC

LN

GT

LN

0.4

0.4

TS
0.2

0.2
0.0

0

20

40

60

P

0.0
40

D/Dmax / %

50

60

70

80

90

D / Gy

head & neck case - 6 conformal photon fields

0.8
0.6
0.4
0.2
0.0

0

50

100

150

Figure 6. The flow of the physical and biological data in the radiobiological treatment plan optimization. From the
dose plan of a certain treatment configuration, the dose volume histograms of the involved targets and normal tissues
are extracted. This information is then combined with the biological information characterizing these organs and the
evaluation of the plan based on the P+ index is carried out. One should notice how the shape of the dose-response
curves change from the situation of uniform irradiation (middle right diagram) to the irradiation with the dose
distribution under study (lower diagram). The radiobiological optimization of the treatment plan is carried out here in
terms of dose level.
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5.1. Fractionation correction
Usually, the calculated radiobiological parameters describing the dose-response
relation of an organ refer to a certain uniform dose per fraction. Consequently, the dose
delivered to the patients has to be corrected to this dose per fraction before deriving these
parametersI,16,47,93,134. The same procedure has also to be followed during the
radiobiological evaluation of a treatment plan. When the treatment technique is simple,
meaning one treatment configuration for all the fractions, the application of fractionation
correction is straightforward. However, in complex field irradiations where two or more
different treatment configurations are applied in different fractions, the fractionation
correction is more complicated. In such cases, the different treatment arrangements
should be corrected separately for the fractionation effects and then be combined to
produce the summed dose distribution. To apply the fractionation correction after the
summation of the different dose distributions can introduce significant errors in the
calculated dose. In figure 7, it is shown that for the spinal cord this effect was significant
because the delivered dose to this structure from the two field arrangements differed
considerably. However, for the esophagus this effect was negligible since the dose
distributions produced by the two dose plans were very similar. Consequently, the
application of the appropriate fractionation correction on the dose volume histograms has
to be considered seriously.
In this study, the fractionation correction was applied using the linear-quadratic
model. Although this model is accurate for large doses it has not been validated for doses
lower than 1 Gy. Consequently, the correction may be approximative in this dose region,
which is more relevant to normal tissues. There are many indications that at this dose
level the different tissues present a hypersensitivity and a modification of the classical
formalism of the linear-quadratic model has to be made to account for this effect25.
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Figure 7. Illustration of important features of fractionation correction in cases where different treatment configurations
are delivered in different fractions producing a complex treatment plan. For the case of the spinal cord, the left diagram
shows the cumulative dose volume histograms of the two treatment configurations and their combination: a) without
any fractionation correction of the combined plan; b) with fractionation correction of the combined plan to 2 Gy per
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fraction; and c) with fractionation correction of the separate plans to 2 Gy per fraction before the are combined. The
last way is the correct one to make the fractionation correction and from the diagram it can be seen that it can have a
significant effect in the final dose volume histogram. In the case of esophagus (right diagram), it is shown that making
the fractionation correction before or after the combination of the treatment configurations does not have a significant
effect because the two plans produce very similar dose distributions in the esophagus.

5.2. Volume overlapping
Another point to be considered in treatment planning is that of the accurate
calculation of the different dose volume histograms in a clinical case. This is a problem
that usually appears when the gross tumour and the lymph nodes are considered as
different targets or when the microscopic spread covers part of an organ. Generally, a
TPS calculates the dose volume histogram for an organ from the part of the dose matrix
that is surrounded by the outer outline of the organ. However, in almost all of the cases
the gross tumour is inside the lymph node volume. So, to get the true dose volume
histogram of the lymph nodes, the doses that are attributed to the gross tumour have to be
subtracted from the lymph node DVH provided by the TPS. The same has to be done
with the body structure of the patient. The DVHs of all the organs and targets have to be
subtracted from the DVH of the body structure since every other organ lies inside it.
Although this problem may seem trivial, it is present in most treatment planning systems.
It is present in the visual evaluation of treatment plans when using DVHs and it will be
present, if not taken care, in a radiobiological evaluation of treatment plans that uses this
information from the TPS.
Generally, it is not possible to add or subtract DVHs apart from the case where
one structure covers totally the other structure, which is the case mentioned above. This is
because DVHs do not preserve the spatial information of the dose distribution. So,
eventual additions or subtractions will not take place at the same point of the dose matrix.
When the microscopic spread covers part of an organ then another procedure has
to be followed. The overlapping volume has to be attributed to both of the structures
since there is a mixture of functional subunits and clonogenic cells in this volume.
However, for both of them a density factor has to be applied to attribute the right
proportion of the volume to the right structure. This can only be done by using the dose
matrix throughout the evaluation procedure.
5.3. Clinical aspects of the target and risk volumes
In clinical practice of radiation therapy, the concept of Planning Target Volume
(PTV) is most often used to define the volume to be eradicated. According to ICRU
report 5058 definition, the PTV is not defined in the local patient coordinate system and
therefore does not strictly represent a volume in the patient. The PTV is defined for a
given treatment technique and since it is used for beam selection it is most closely related
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to the treatment unit coordinate system. Therefore, PTV is used as a practical concept for
selecting planning contours in multiple beam irradiation techniques. The fact that the
PTV is defined for a given treatment technique is a significant limitation since many
different treatment configurations are usually examined in treatment planning, which
means that for each one of them a different PTV has to be drawn.
The use of the Internal Target Volume (ITV) concept, instead of the PTV, is
based on the fact that it is independent of the applied treatment techniqueVII,11,24,59.98. The
ITV is defined by the outer boundary of the anatomically adjusted Internal Margins (IM)
of the Clinical Target Volume (CTV). These IMs must be added to the CTV to
compensate for expected physiological movements and variations in size, shape and
position of the CTV during therapy in relation to an internal reference point and its
corresponding coordinate system. The IM commonly asymmetric around the CTV is
intended to compensate for all movements and all variations in site, size and shape of the
organs and tissues contained in or adjacent to the CTV. They may result, e.g. from
respiration, different fillings of the bladder, different fillings of the rectum, swallowing,
heart beat, movements of the bowel. These internal variations are thus basically
physiological ones, and they result in changes to the CTV. They cannot be easily
controlled. They do not depend on external uncertainties in beam geometry, but could
depend on patient day-to-day setup. The ITV therefore accounts for the movements of the
CTV inside the local patient coordinate system. This volume contains or has a high
probability of containing the CTV, and thus the target tissues, throughout all treatment
sessions. Therefore, the ITV is the volume in the patient, which should receive the
prescribed dose with a high degree of probability. Each CTV has its own ITV. The ITV is
a geometrically defined volume fixed in the local patient coordinate system and it is
specified in relation to internal and external reference points, which preferably should be
rigidly related to each other through bony structures.
Although ITV is the volume that should be irradiated with the prescribed dose,
Setup Margins (SM) should also be added to account for uncertainties in the positioning
of the patient and inaccuracies in the alignment of the therapeutic beams between dose
planning and patient irradiation through all treatment sessions. These SMs are external
margins, which account for the relative movement of the local patient coordinate system
and thus the ITV in relation to the radiation beams. The SMs are considered during
treatment planning to ensure that the prescribed dose is really delivered to the whole ITV.
The SMs for different beams have to be defined separately and in general they depend on
the treatment technique39. The SM has to be accounted mainly for uncertainties in (i)
patient positioning (inter-fractional movements), (ii) movements of the patient during
each treatment fraction (intra-fractional movements) and (iii) dose planning and treatment
technique through the geometrical resolution of the treatment planning system. SMs are
not included in the ITV. The SMs are defined in the treatment unit coordinate system as
margins to be added to the beams to account for the uncertainty in beam patient
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alignment. The setup uncertainty may be determined clinically by portal verification
techniques.
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Figure 8. The treatment techniques that are usually applied in the breast cancer cases of resection-negative node
involvement (left graph) and of ablation (right graph) are demonstrated in a 3-dimensional view. In these graphs, the
geometrical relation between the irradiating beams and the patient is shown. This geometrical relation influences
strongly the effect of the patient setup errors and the breathing effects on the delivered dose distribution. The joint 3-
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dimensional uncertainty distributions imposed by patient setup errors and breathing effects are composed by the
separate error distributions in the anteroposterior (AP) and the craniocaudal (CC) directions. The distribution in the AP
direction is the result of a convolution of the patient positioning and breathing uncertainties. In the schematic
presentation of the different volumes and margins, it is shown that the Setup Margins are different for the two treatment
techniques.

The Internal Risk Volume (IRV) is defined by the outer boundary of the
anatomically adjusted Internal Margin of the Risk Volume (RV) and therefore it accounts
for the movements of the RV in the local patient coordinate system. The IRV is a
geometrically defined volume fixed in the local patient coordinate system and it is
specified in relation to internal and external reference points.
The relations between the different clinical volumes presented are demonstrated
in figure 8 where the treatment techniques of two different clinical cases related to breast
cancer are shown19,50,57,108,116,119. The CTVs and consequently the corresponding ITVs are
different between the two cases. However, for each on them, a number of different
treatment plans have to be produced before the best one is selected. In these plans the
ITVs are the same (since ITV is defined in the local patient coordinate system) whereas
the PTVs are different since different treatment configurations are generally associated
with different setup margins. In figure 8, even though the ITVs of the two cases are
different, the influence of the beam geometry on the PTV definition is well demonstrated.
The same statement holds also for the risk volumes. According to this analysis it is
apparent that the definition of the different clinical volumes before treatment planning is
not a simple task. It seems that is more appropriate the ITVs and IRVs to be drawn from
the oncologists since they have a better insight of the CTV and the involved organ
motions whereas the corresponding PTVs and PRVs to be drawn from the medical
physicists since they are more involved with the applied treatment configuration and the
related setup errors.

5.4. The biologically effective uniform dose ( D ) concept
For the evaluation of a treatment plan, the mean dose of the dose distribution
delivered to the tumour or the ITV and its standard deviation are mainly used clinically.
However, these data do not take into account the biological characteristics of the tumour.
On the other hand, when different plans are compared to be classified one cannot also
compare the effect of the treatment to the rest of the organs by using the mean dose to the
tumour because the comparison does not use a common basis for all the plans.
Solutions, to this problem of dose prescription and reporting, have been
recommended by many scientists38,62. One of them is the effective uniform dose Deff
proposed by Brahme in the Nordic Association of Clinical Physics11,20,23,24. The
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mathematical expression of Deff for one tumour or one normal tissue is given by the
following formulae respectively.

DB,eff
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γ σ  
= D 1 −
  ,
 2 P ( D )  D  
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where D is the mean delivered dose γ is the slope of the tissue dose-response curve,
σ / D is the relative standard deviation and P ( D ) is the probability of local control or
complication at the dose level D . These expressions show clearly that the effective dose
decreases below D for tumours (or increases above D for normal tissues) as soon as the
relative standard deviation of the dose distribution increases.
Another similar concept, which was introduced by Niemierko35,102 is the
equivalent uniform dose (EUD), which assumes that any two dose distributions are
equivalent if they cause the same radiobiological effect in terms of controlling a tumour.
1
EUD = Dref ln 
N

N

∑ ( SF )
i =1

2

Di Dref


 ln ( SF2 )


(25)

where Dref (= 2 Gy) is the dose to which the surviving fraction SF2 is related. N is the
number of dose calculation points.
Both of these suggestions provide the biological information in the dose reporting,
which was absent in the past. Moreover, they provide a fairly common base for all the
treatment plans under comparison. That is because the response of the tumour has an
almost monotonic relationship with each of these two concepts and depends only on the
radiobiological parameters of the tumour. This way in a Response/( Deff , EUD) diagram
if one uses the same control probability for two plans, the response probabilities of the
normal tissues give an indication on which of the plans is superior. However, both of
them have limitations that can become important under certain conditions and none of
these concepts can deal with a case that involves more than one target or organ at risk (in
case the focus goes to the complications). The latter problem was studied in Mavroidis et
alVII where the mathematical expressions of Deff and EUD were generalized to deal with
multiple target or normal tissue cases.
The biologically effective uniform dose ( D ) that was introduced in Paper VII is
the dose that causes the same tumour control or normal tissue complication probability as
the real dose distribution on a complex patient-caseV,VI,VII. This is based on the
assumption that any two dose distributions are equivalent if they cause the same
probability for tumour control or normal tissue complication.
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r
r
PB = PGT ( D ( r ) ) ⋅ PLN ( D ( r ) )

(26)

r
where D ( r ) denotes the real dose distribution. The present expression is more general
since it can deal even with cases where complex targets with different biological
parameters for different parts of them are involved. Furthermore, equation 26 is an model
independent expression and it can be implemented for any combination of radiobiological
model, dose region, endpoint and clinical site.

As complex patient-case is characterized a case with multiple targets or multiple
organs at risk. The biologically effective uniform dose is denoted as D indicating that it
has been averaged over both the dosimetric and the biological information of the complex
case. For example, for a target volume consisting of different well-defined gross tumour
(GT) and positive lymph node (LN) volumes, the biologically effective uniform dose D
can be derived from the following expression:
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A better overview of the characteristics of the different concepts is shown in
figure 9 where their behaviour is studied for a range of relative standard deviations. The
diagrams refer to the case of an organ that is irradiated with a step-wise dose distribution.
One half of the organ receives a dose above the mean (80 Gy) and the other half receives
a dose below that mean. The difference between the two dose levels follows the range of
the relative standard deviations shown. In the case of D2 a three-step dose distribution
was applied. The D for the seriality model, which is more relevant to normal tissues,
moves towards the maximum dose of the distribution though for the parallel model,
which is suitable for tumours, it approximates the minimum dose. Every point of these
curves actually refers to a different dose distribution, each of which has a different dose
variation. Although all of these distributions have different response probabilities they
have the same mean dose ( D ), which means that the mean dose cannot be a good
descriptor in biological treatment planning. As it is denoted by the curves of D and D2 ,
two different dose distributions can have the same dose variation but different response
probabilities. This is against the assumption of the Deff concept, which supposes that
every dose distribution which the same relative standard deviation around the same mean
dose should have the same response probability. Finally, the EUD concept is not a good
biological dose descriptor for low doses. This is so because when part of the tumour
receives zero dose then the control probability should be zero. Consequently, the EUD
value should be zero, which is a clinically relevant value, rather than the positive value
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that EUD gives. This problem stems from the fact that Poisson statistics cannot describe
well these cases. To come around this problem one should derive the D expression from,
e.g. the linear-quadratic-binomial model.
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Figure 9. The upper diagrams illustrate the behaviour of the different dose report concepts for the case of a target,
which is irradiated with a step-wise dose distribution having the same mean but varying relative standard deviation. D
is related to the minimum dose for parallel organs (such as tumours) at large dose variations. For organs of high
seriality, which is more relevant to normal tissues D seems to be better related to the maximum dose. Deff behaves
similarly but the curves of D and Deff differ from each other in their absolute values. All these different dose
distributions are characterized by the same mean value implying that D is not an appropriate unit to describe a dose
distribution. The curve of EUD follows closely that of D apart from the region of low doses where EUD does not give
clinically acceptable results. In the lower diagrams, the curves derived from the radiobiological evaluation of two
treatment plans are plotted in the same diagram using D on the dose axis. In the lower left diagram, the DI is used as
the dose level unit making the response curves, which correspond to the total complication probabilities, lie at the same
position for both of the plans. Consequently, by comparing the control curves of the two plans the superior one can be
determined. In the lower right diagram where the DITV is used, it is shown that the curves corresponding to the
response of the ITV ( PB,ITV ) coincide. This way the response curves of the organs at risk determine which plan is
superior. These diagrams also illustrate the value of the P+ objective as an evaluator. Such as a dose-volume histogram
chart is a good illustration of the volumetric dose distribution delivered to the patient, so is the biological evaluation
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plot of a dose plan a good illustration of the expected clinical outcome. Dose-response diagrams together with the
corresponding dosimetric diagrams give a more complete picture of the delivered treatment.

To illustrate the significance of the presented D concept in plan reporting and
comparison, it was applied to a clinical case of cervix cancer for which two different
treatment plans were produced. The two plans were selected on the grounds of their dose
distribution characteristics. The first treatment plan is much more conformal than the
second one and its dose distribution in the ITV is much more inhomogeneous. The
treatment plans were evaluated using their dose distributions to the patients and the doseresponse relations of the organs involved in this clinical case. The radiobiological
parameters of the organs were used to estimate the normal tissue tolerance and the
optimum target dose. Plotting the curves of PB , PI and P+ of the two plans in the same
diagram it can be seen that the corresponding curves of ITV for the two plans coincide
(figure 9, lower right diagram). Since this is the case, the curves of the PI are the ones
that decide which plan is superior from the radiobiological point of view. This is also
shown by the curve of P+ , which confirms that P+ is an objective that depicts the quality
of a treatment plan. It has to be mentioned that the curves of PB of the two plans coincide
because DITV has been used as the unit of the dose axis. That is because D is derived in a
way, which depends only on the radiobiological characteristics of the targets involved in
the clinical case. In the lower left diagram of figure 9, the DI was used to make the total
response curves of the organs at risk coincide for the two plans. Then, for the same
complication rate the treatment configuration achieving better total control can be found
accordingly. From the above it is shown that D provides the proper dose prescription
basis for comparing treatment plans through the evaluation of the biological effects of the
delivered dose distribution.
5.5. Radiation therapy optimization
The beneficial aspects of the clinical use of the dose-response relations of tumours
and normal tissues can be demonstrated by applying them on test cases and observing the
margin between the modern intensity modulated treatments and the classical
practice22,25,145,146.

5.5.1. Radiobiologically assessed conformal radiotherapy
An effort to assess the current status of conformal radiotherapy was made through
an intercomparison of the most frequent irradiation techniques in use or recently
introduced6. To fulfill this task several wooden phantoms were fabricated depicting a
cervix cancer case with regional lymph node involvement. The task of the participating
radiotherapy centers was to irradiate the phantom according to either their standard
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technique in use to day, or according to their research or state of the art techniques. The
irradiation should be performed according to the protocol of irradiation with a film
inserted in the phantom. Subsequently, the film together with calibration strips should be
used for evaluation33,42. The distributions of the optical density in the irradiated films was
converted to dose distribution using a method described in Mavroidis et al5.
As mentioned above the test case that was chosen was that of a patient with
cancer of the cervix extended to parametria. The radiobiological procedure implemented
in this study, estimates the probability of complication free tumour control based on
knowledge about the dose-response relations of the targets and the surrounding normal
tissues. The evaluation is based on an accurate delineation of the internal target volume
and possible organs at risk. It makes use of volume and dose-response relations to
compare the incident beam profiles and directions of different treatment plans. The
information about the dose-response relations is gradually improving for many tumours
and most normal tissues. The new data allow therefore an accurate evaluation of the
delivered dose distributions.
Some of the plans that were produced for the comparison were fairly conventional
whereas other were more sophisticated34,113-115,129,130 and they are illustrated in Paper VI
together with their biological evaluation. For the technique shown in figure 10, a 6MV
Linac was used as the radiotherapy unit with gravity oriented devices. In this plan two
360 degrees rotational fields were applied. The width of the first field was 14 cm at the
isocenter (SAD = 100 cm). The width of the second field was 6 cm at the isocenter to
boost the dose to the gross tumour. The isocenter was at the same position in the phantom
for both fields. It was located on the sagital axis of symmetry of the cross section and at a
depth of 9.8 cm from the anterior skin. The protectors that were used as the gravity
oriented devices were made of lead shots (bladder protector) and seroben (rectum
protector). For this technique, after the dose level optimization the maximum P+ value is
95.2% for a mean dose to the target D = 94.9 Gy , associated relative standard deviation
σ D / D = 13% and biologically effective uniform dose D of 93.9 Gy.
In this plan the isodose line of 60% covers the ITV and the 70% the GTV. The
bladder and the rectum are spared very well. The small bowel receives fairly low dose,
which is distributed almost uniformly throughout its volume. The femurs are also spared.
The mean doses in the organs at risk are low (42.5-49.2 Gy) ensuring low levels of
expected complications. At the same time the mean dose to the targets is high enough to
cause control of them (85.2-104.6 Gy). The minimum dose in the lymph nodes appear to
be at good levels (62.7-81.9 Gy). From the diagram of the dose volume histograms it can
be seen that the curves of the organs at risk are well separated from the ones of the targets
which is exactly what it can be seen in the diagram showing the results of the
radiobiological evaluation (figure 10, upper right diagram). This confirms the fact that
organs that receive low doses have low probabilities of response and vice-versa.
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Figure 10. Radiobiologically optimized treatment plan. In this case a Linac of 6 MV was used as the radiotherapy unit.
The technique that was used for irradiating the pelvic phantom was a rotation therapy, which used gravity-oriented
devices. In this plan, for better conformation of the dose distribution to the gross tumour, the isocenter was placed at
9.8 cm from the anterior skin for the second rotational irradiation (field width 6 cm). The isocenter was at the same
position in the phantom for both fields (field width for the first rotation 14 cm). In this plan, the maximum P+ value
appears to be equal to 95.2% for a D to the target of 93.9 Gy. At this dose level the control rate for the gross tumor is
97.9% and for the lymph nodes 99.2%. At the same time the complication rate for the small bowel is 0.8%, for the
bladder it is 0.7% and for the rectum 0.5%. The four field box plan is a well established technique in the clinical
routine. In the lower right diagram, it is shown that P+ is 0% over the whole range of dose levels. If it is assumed that
ITV does not involve a gross tumour (e.g. treated by brachytherapy), then the maximum value of P+ after the dose
escalation becomes 57.5% for an D to the target of 72.6 Gy.
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A standard four-field box technique consists of a pair of parallel opposed fields
with width of the order of 14 cm each and a pair of lateral opposed fields with width of
the order of 11 cm each. Such a treatment plan showed 0% of P+ for all the range of dose
levels. In the lower diagrams of figure 10 it is shown that although the rectum and the
gross tumour receive similar doses their response curves differ. It can be seen that the
curve of the gross tumour is always to the right of the curve of the rectum implying that
control of the gross tumour will mean rectal complications in any case. This is the reason
of the non-positive P+ values. However, if it is assumed that ITV does not include the
resistant gross tumour (e.g. treated by brachytherapy) then the limiting normal tissue will
again be the rectum but in this case tumour control can be achieved with many
probabilities of escaping the rectal complications.
The analysis of the treatment plans had three purposes. First, to reason the results
obtained using the radiobiological models. Second, to summarize the physical parameters
that characterize the plans such as the dose volume histograms and the isodose levels.
Third and foremost to show that the radiobiological evaluation expresses the results of
the physical evaluation and furthermore it provides even more clinical information
concerning the expected clinical outcome. This implies the need that the physicians and
the medical physicists move from the deterministic interpretation of the dosimetric
parameters to a stochastic mode, which is more clinically relevant because of the
stochastic nature of radiation at the microscopic level.
By analyzing the main dose characteristics of the presented treatment plans, it can
be observed that the sparing of the organs at risk is achieved through the very steep dose
gradient at the borders of the organs at risk proximal to the ITV. In some of the plans the
dose gradient can be very steep but it is very important to be correctly located towards the
inner side of the borders of the ITV otherwise the dose to the target and consequently the
control probability will be reduced. The steep gradient should be present at the borders
towards all the organs at risk otherwise the organ that is spared less will be the dominant
factor in the treatment outcome. Better conformity means that the dose falls off exactly at
the borders of the ITV. In some cases a decreased dose gradient can lead to increased
injury rates.
Treatment plans may use many different beam portals to distribute the dose to a
large volume of the normal tissue stroma taking advantage of its low relative seriality.
When an ITV (usually consisting of a gross tumour and the involved lymph nodes) is
assumed to have homogeneous radiosensitivity, treatment plans try to deliver the same
high uniform dose to the whole ITV. However, when high levels of cellular
inhomogeneity in the ITV are present, treatment plans are designed taking the different
radiosensitivity of the gross tumour and the lymph nodes into account by delivering a
higher dose to the more resistant gross tumour. In these cases the dose variation inside the
ITV follows the changes of the target radiosensitivity optimizing the effectiveness of the
dose distribution. Consequently, the more conformal plans can deliver a higher dose level
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to the target than the less conformal ones. This is equivalent to achieving increased
control rates for the same or even a reduced risk for complications. This is
radiobiologically equivalent to having a high uniform dose within the target and a steep
fall off of the dose at the border to organs at risk so that they receive much lower dose
than the target.

5.5.2. Dose level optimization
The clinical value of the above described procedure is demonstrated by applying
it in two clinical cases. The treatment plans were three-dimensional. The first clinical
case is a head & neck target with the locally involved lymph nodes (LN) of a larynx
tumour (GT). In this patient geometry the local normal tissue stroma (NT), the brain (BR)
and the spinal cord (SC) are the principal organs at risk (figure 11, upper diagrams). The
second target is an advanced cervical cancer with the locally involved lymph nodes. In
this case the organs at risk were the small bowel (SB), the bladder (B) and the rectum
(R). The gross cervical tumour and the involved local lymph nodes are regarded as
separate biological structures and therefore they are associated with different
radiosensitivities.
In this work, it is demonstrated that P+ can be a valuable parameter in the
optimization of the treatment planning process. The treatment plans presented were
produced by experienced medical staff using the same treatment planning system for all
the cases. In practice, when the planner produces the different treatment plans it is
difficult to choose with certainty the best one to be approved for application. It is shown
in this work, how the complication free cure can be used to select the best possible dose
level but also the best possible plan. In the head & neck case, two different treatment
plans are compared. It can be noticed that the most conformal treatment plan shows a
higher value of P+ 20,21,27,73,82-85,141. For the cervix cancer case, also two different
treatment plans were produced, trying to achieve a dose distribution as close as possible
to the criteria of acceptance used in the plan evaluation process. Again, it appears that the
most conformal treatment plan generates a higher value of P+ . For these clinical cases the
evaluations of the medical physicist and the physician agreed with those of the biological
models. However, in cases of treatment plans whose conformities do not differ
substantially, the clinical personnel may not identify the most effective one. This is
because the evaluation of the treatment plans by the clinical personnel is mainly based on
physical quantities such as the shape of the isodose levels and dose-volume
histograms89,103 whereas the use of radiobiological data is limited.

46

Determination and use of radiobiological response parameters in radiation therapy optimization

Figure 11. Upper diagrams: The dose-response curves of the organs at risk and targets corresponding to two treatment
plans of a head & neck cancer case are shown. On the horizontal axis, the biologically effective uniform dose of the
target volume DITV , representing the dose prescription is used. The DITV was calculated from the internal target
control (using the responses of the gross tumour and the lymph nodes). On the upper axis, the biologically effective
uniform dose to the gross tumour, DGT is given separately. The vertical line DCLIN indicates the clinical dose
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prescription. It can be seen that the clinically prescribed dose (64 Gy to the gross tumour) is far from the optimal one
achieved using radiobiologically modelling. However, it ensures a lower incidence of complications. Middle diagrams:
The dose-response curves of the normal tissues and targets from two treatment plans of a cervix cancer case are shown.
It is again noted that the clinically recommended dose prescription (65 Gy) is not the optimal one. Lower diagrams:
The behaviour of dose escalation in the case of a multitarget ITV, which is irradiated with a step-wise dose distribution
having the same mean but varying inter-target and intra-target relative standard deviations ( σ D / D and σ D / D
respectively) is demonstrated. The variations of the control probability and the D of the ITV are also shown. It is
assumed that the dose variation within the two targets, σ D is the same for all the range of relative standard deviations
delivered to the two targets ( σ D ).

In figure 11 the importance of dose level optimization is demonstrated clearly. An
interesting question that may arise in dose level optimization is whether it is possible, by
sacrificing some small amount of the complication free tumour control probability, to
achieve a significant reduction of the normal tissue injury. This is reasonable proposal
since at maximum P+ the rate of increase of PB and PI are very similar whereas in the
dose region around the maximum P+ the gradient of the two curves ( PB and PI ) can
differ significantly. This means that by changing the treatment configuration, it may be
possible to find a more clinically acceptable combination of tumour cure and fatal
complications while only sacrificing a minimal amount of complication free cure. This
max
new index is mathematically expressed as P++ = ( P+ − ∆P+ ) | ( PI )min that is, minimize
the overall normal tissue complication probability under the constraint that the
probability for uncomplicated tumour control is greater than or equal to P+ − ∆P+ .

(

)

The complication free cure can be used to select the best possible dose level but
also the best possible treatment plan. It is not unusual that evaluations of treatment plans
performed by the medical physicists and the physicians differ from those calculated by
the biological models in some aspects. This is more obvious when they classify plans
whose dose distributions do not differ dramatically. This is because it is not possible for
someone to quantify the differences of two dose distributions on a biological level by
only looking at their dose volume histograms or isodose charts. In other words the
different radiobiological behaviour of each of the different organs involved is affected
differently by the dose distributions and their uniformity. So, if the planner evaluates a
plan based only on the physical criteria, like it is done in the current clinical practice, he
may choose a less effective plan for the patient. According to this analysis, it is obvious
that P+ is a valuable parameter in the optimization of the treatment planning process. It
can become the reference point in using the patient special characteristics instead of just
optimizing physical functions.

5.5.3. Software development
The large amount of calculations taking place during the plan optimization
brought about the need for software that would make this process faster, easier and more
reliable. For this reason a computer program under the name JP+ was developed (J is
used to denote that it has been written in Java programming language)IV,1,4,7. This
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software works as an external module to treatment planning systems using a
communication interface. With this interface the program accesses the data of the
treatment plan under evaluation. These physical data are combined with the biological
data of the organs, which are already stored in a library in the program and the evaluation
of the plan is carried out.
The program has the possibility of using a number of different biological models.
Furthermore, it allows optimization of the applied dose level and the fractionation
scheme of the treatment. These are two very important parameters and they can affect the
clinical outcome very much. In figure 12 different parts of the program are illustrated. In
the upper part, the standard evaluation of a plan (in terms of isodose lines) is illustrated
together with the biological evaluation (in terms of response curves). At the point of the
evaluation the biological parameters of the organs have been read, the dose level
optimization has been performed as well as the calculation of the P+ index and the
response probability of each organ (middle part). At the lower part, a schematic
demonstration of the biological evaluation and optimization over a range of dose levels is
presented.
In the beginning of the process, the program reads from the TPS the dose
distribution within each organ. This can be done either by reading from the dose matrix
only the part that refers to the organ or by reading the dose volume histogram of the
organ. The second way is faster and easier to implement though the first way is suitable
when a treatment involves more than one plan and the fractionation correction has to be
performed individually for each plan before they are summed together. Subsequently, for
each organ the corresponding biological parameters are read. After the calculations have
finished the control probability, the complication probabilities and the P+ value are
provided together with the optimum dose level to be applied. The calculations are done
“on the fly” which means that if the user is not satisfied with the plan he can produce
another one and the JP+ program will be updated automatically giving the evaluation of
the new plan.
The radiobiological evaluation of the treatment plans allows consideration of the
variation in the radiosensitivity of the patient. The parallel presentation of the
radiobiological evaluation together with the physical data intends to show their close
relation. The use of radiobiological parameters is necessary to make the quantification of
a treatment plan as clinically relevant as possible. These parameters incorporate into the
evaluation the information that is carried by the clinical part of the treatment, the patient.
The radiobiological plan evaluation combines the physical criteria that most medical
physicists use in their evaluation with the biological criteria that the physicians may be
more familiar with. Consequently, the medical personnel may benefit from the
radiobiological models introducing new clinical ways of thinking.
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Figure 12. The JP+ program that was used to carry out the biological optimization is illustrated. In the upper graph
the clinical case and the treatment configuration are illustrated together with the biological evaluation of the plan. In the
middle graph a list of the radiobiological parameters and response probabilities are showed. One can change the
biological model used and optimize the dose level and fractionation schedule. The vertical axis in the lower graph
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corresponds to the probabilities of injury and control though the horizontal axis corresponds to the dose level (which is
normalized to the mean dose in the ITV). The optimization of the dose level becomes more critical as the width of the
therapeutic window becomes smaller.

JP+ has also an educational aspect since it lets the user change the models and
the radiobiological data of the organs and observe the changes since all the relative
parameters updates automatically. This way he can perceive a feeling about how the
models behave learning simultaneously more about their theoretical background. Finally,
it is a tool, which can help the clinical personnel see that the better and more conformal
treatment plans receive correspondingly good biological results depicting the quality of
the plan. This way they may carefully start trusting and implementing the biological
models more and more in the clinical routine based on accurate radiobiological
parameters.
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6. Discussion and future perspectives
Patient datasets, consisting of individual complication and dose distribution data
can be fitted by different radiobiological models. The radiobiological parameters of these
models describe the dose-response relations of different tumours and normal tissues.
They can also express the volume dependence of the complication probabilities after
radiotherapy. The derivation of the model parameters can be performed by different
means such as a maximum likelihood fitting. This way the best estimates and the
confidence intervals of the parameters can be determined. In these calculations a
reference volume is used corresponding usually to the mean tissue volume of the study
population or the organ size for most normal tissues. The estimated dose-response
relations show that the probability of tissue response after radiotherapy may depend on
several factors like the tissue location and size. The goodness of fit can be evaluated by
different statistical methods.
Radiobiological treatment plan evaluation may allow a fairly accurate prediction
of tumour control or normal tissue complications taking into account the variations in
inter-patient radiosensitivity. This variation is partly expressed through the confidence
intervals of the corresponding dose-response relations. The use of radiobiological
modelling is necessary if a clinically relevant quantification of a dose plan is needed.
These parameters incorporate into the treatment plan evaluation the biological (clinical)
information, which is needed to relate the dose delivered to a patient with the clinical
findings that will follow. However, introduction of such parameters into the clinical
routine needs cautiousness.
Radiobiological treatment plan evaluation provides a closer association of the
delivered treatment with the clinical outcome. In a given case, this is achieved by taking
into account the dose-response characteristics of the irradiated targets and normal tissues
involved. In radiobiological treatment planning, biological tissue information and
physical data have a complementary relation in analyzing dose plans. A proper dose
prescription basis for comparing treatment plans requires a concept that evaluates the
biological effects of the delivered dose distribution. This basis is provided by the D
concept, which stems from basic radiobiological principles. D is a simple mean for
reporting and comparing different dose plans during treatment planning. The D can
provide a better dose prescription for single and multiple ITV targets than several other
strictly dosimetric measures commonly used by having a closer association with the
radiotherapy treatment outcome. The definition of the biologically effective uniform dose
can be applied on any radiobiological model and can be used as a suitable dose axis in
dose-response diagrams. These diagrams can be considered as the radiobiological version
of the extensively used DVH diagrams.
A prerequisite for applying a conformal treatment technique is a precise and
accurate setup process. The effectiveness of a dose distribution is very much dependent
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on the correct alignment of the patient to the beam. The importance of this point increases
with the conformity of the applied treatment plan. In these techniques the dose
distribution is so well matched with the radiosensitivity map of the clinical case that a
small misalignment in the setup can very much reduce the effectiveness of the
therapy85,91. The values of P+ drop much more dramatically in the directions where the
organs at risk have their proximal borders closer to the target. The setup of the patient
becomes more critical for the more conformal treatment plans. One should bear in mind
that a less conformal technique could be more effective and trustworthy in case that a
reliable positioning procedure is not available. The quality of a treatment does not depend
only on the conformity of the applied technique but also on the quality of the supporting
services.
Positioning uncertainties and organ motions can introduce significant deviations
between the planned and the delivered dose distribution to the patient during
radiotherapy15,17,32,41,44,92,94,99,112. These effects can be accounted for either by using a high
quality treatment verification technique, which usually means access to more
sophisticated technology or by simulating the true dose delivery by using a number of
fields of different weights and entry points during treatment planning53,69,88,126. These
inaccuracies in the delivered dose to the patient may lead to a significant underestimation
or overestimation of the expected tumour control or normal tissue probabilities
respectively. The consequences of positioning uncertainties and organ motions on
different treatment techniques, clinical structures and cancer sites can be estimated by
using an extended patient material since the impact of these factors stems from the
dynamic geometrical relation of the beam configuration against the body or the irradiated
site.
From the treatment plans presented in this work the progression and development
of the technological capabilities in delivering better treatments can be observed. The
simple plans that use only open fields were substituted by the plans that use wedges and
blocks which, in turn have been furthermore substituted by the ones that use multilief
collimators, dynamic blocking and pencil beams. MLCs, pencil beams and other
techniques are capable of delivering much more conformal dose distributions than the
treatments applied a few years ago. Conformal distributions can be produced by intensity
modulated external radiation treatments resulting in good treatment outcomes eliminating
the need for more unpleasant intracavitary applications. However, the classical
techniques like the four-field box technique that are still in use are satisfactory only when
combined with brachytherapy.
Here, it is claimed that biological objective functions allow a much higher
conformity. However, the dose distribution becomes more conformal only through the
use of technological capabilities. The biological objective functions help the dose
distribution to conform to the sensitivity map of the case. The complete dose distribution
(in 3-dimensions) together with the fractionation schedule applied contain the most
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detailed information of a treatment plan. However, solely this information does not
suffice to describe the quality of the plan. Physicians use biological data in their
evaluation criteria (e.g. tolerance dose, fractionation protocols, tumour stage etc). The
radiobiological evaluation that is used in this work (it has been used in many other
studies as well) provides just better and more complete description of the biological data
already used clinically. It is based on data derived by patients, which have been treated in
the past and whose follow-up results are available. Soon a quite reliable library will be
available for this kind of evaluations taking into account the individuality of the patient.
One needs both the complete dosimetric data and the biological description of each
individual case to evaluate the quality of a treatment plan.
It is indicated that a software like JP+ and an objective like the complication free
tumour control probability, P+ can be very useful for the treatment planning procedure.
The fact that organs and tumours of different radiosensitivities are affected differently by
the applied dose distributions shows the need for a radiobiologically based evaluation of
the treatment plans. When the integral injury of the organs after irradiation, PI and the
associated influence on the tumour control probability, PB have been calculated, they can
be used in a scalar measure that quantifies the efficiency of the given treatment plan. This
way the selection of the best treatment plan is simply reduced to a comparison of scalar
probabilities such as PI , PB and P+ values. The accuracy of such a treatment
optimization depends on the validity of the radiobiological models used, the accuracy of
the response parameters of tumours and normal tissues and on the accurate delineation of
the target and normal tissue volumes.
The development of radiobiological dose-response models and tumour imaging
techniques will be of great importance for the future improvement of radiation therapy.
As better and more accurate radiobiological data for tumours and normal tissues are
continuously being collected the biological plan evaluation and optimization will become
more trustworthy, which will help its clinical implementation. So, indices that will use
the specific radiobiological data of the different organs and that will judge how good
quantitatively and qualitatively a certain treatment plan is, becomes a necessity. On the
other hand, these indices should be incorporated into a system, which must be easy to be
used providing a friendly interface. The flexibility of the system to conform to the
requirements of the different hospitals and clinical institutions and its educational options
are some other aspects and possibilities that such a system should have. However, a strict
association of a delivered dose distribution to the actual patient specific treatment
outcome is a desirable future target10.
From the above analysis it is shown that a treatment planning evaluation using
both physical and biological criteria can help medical physicists and physicians to
overcome difficult clinical situations and to come up with good and reliable treatment
plans that would provide better survival probabilities for the patient and perhaps a better
quality of life.
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7. Conclusions
The present thesis shows that the use of appropriate radiobiological models for
treatment plan evaluation can closely predict the clinical outcome of radiation treatments
allowing a significant improvement of the delivered therapy. More specifically, the
results of this research indicate the following:
•

Accurate dose-response relations can be derived both for tumours and normal
tissues by fitting the radiobiological models to patient datasets consisting of
individual dose distributions and associated follow-up data.

•

Radiobiological treatment plan evaluation may allow a fairly accurate prediction
of tumour control and normal tissue complications in the clinic particularly when
the inter-patient radiosensitivity variations are taken into account.

•

The importance of a reliable patient setup procedure increases with the
conformity of the applied treatment plan. In intensity modulated techniques, the
dose distribution fits so well the radiosensitivity map of the patient that a small
misalignment in the setup can reduce dramatically the effectiveness of the
treatment.

•

Biological objective functions can be used as guidelines in classical, inverse and
not least biologically optimized treatment planning to deliver dose distributions
that are highly conformal to the internal target volume.

•

Dose level optimization for a given treatment plan may significantly improve its
effectiveness in terms of tumour control and normal tissue complications.
Treatment plans with different degrees of conformality are generally associated
with quite different optimal dose levels.

•

Conformal dose distributions produced by intensity modulated external radiation
treatments can achieve a good treatment outcome eliminating the need for
unpleasant intracavitary treatments and sometimes more complex surgical
procedures.

•

A proper basis for dose prescription when comparing treatment plans requires a
concept that describes the biological effect of the delivered dose distribution.
Such a quantifier is provided by the D concept, which is the dose that causes the
same tumour control or normal tissue complication probability as the delivered
dose distribution.
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