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Stages of radiotherapy treatment

From WHO radiotherapy risk profile
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Stages of radiotherapy treatment

https://doi.org/10.1016/j.canrad.2011.04.0
03

https://doi.org/10.1016/j.canrad.2011.04.003
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Wikipedia definition
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Goal of TP

● Treatment planning combines 
information of individual patients (e.g: 
disease site and size, organ at risk 
etc.) with data for the treatment units 
available in a particular department. 

● This involves the optimization of the 
treatment approach for each 
individual patient.
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CT scan

● Volume definition is a prerequisite for 
meaningful 3D treatment planning and for 
accurate dose reporting

● The first stage for the treatment planning is 
the imaging of patient tumour and 
surrounding healthy tissue

● Typically a CT is performed 

● Hey this picture on the left seems familiar…
Yes, it has been borrowed (aka stolen) from the 
slides of prof. Colombo
Yes, again… as done previously with the slides 
of prof. Veronese
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 (Old) Question:
How much dose is received with a  CT scan?
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CT scan

https://www.radiologyinfo.org/en/info/safety-xray



9

CT scan
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CT scan
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CT scan
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CT scan
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CT calibration
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CT calibration in treatment planning

The conversion of HU to material density in the 
MC simulations is not straightforward:

● How to assign a realistic human tissue 
parameter (aka, material) for the MC 
calculation?

● How to handle the number of different HU 
values and the materials considered in MC? (1 
HU~1 Material lead to computation memory 
and speed issues)

● How to preserve continuous and HU dependant 
information when the HU are segmented into 
intervals sharing the same tissue material?
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Question:
Any idea/solution for the questions?
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Tumour contouring

Once the CT has been taken, The following volumes 
have been defined as principal volumes related to 3D 
treatment planning:

● Gross Tumour Volume (GTV): is the gross 
palpable or visible/demonstrable extent and 
location of malignant growth (ICRU 50)

● Clinical Target Volume (CTV): is the tissue 
volume that contains a demonstrable GTV and/or 
sub-clinical microscopic malignant disease, which 
has to be eliminated. This volume thus has to be 
treated adequately in order to achieve the aim of 
therapy, cure or palliation” (ICRU 50). 
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Tumour contouring

The CTV often includes the area directly 
surrounding the GTV that may contain microscopic 
disease and other areas considered to be at risk 
and require treatment (e.g., positive lymph nodes). 
The CTV is usually stated as a fixed or variable 
margin around the GTV, in some cases it is the 
same as GTV

● Internal Target Volume (ITV): is the CTV plus an 
internal margin, designed to take into account the 
variations in the size and position of the CTV
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Tumour contouring

● Planning Target Volume (PTV): is a geometrical 
concept, and it is defined to select appropriate 
beam arrangements, taking into consideration the 
net effect of all possible geometrical variations, in 
order to ensure that the prescribed dose is actually 
absorbed in the CTV (ICRU 50)
PTV includes the internal target margin (ICRU 62) 
and an additional margin for set-up uncertainties, 
machine tolerances and intra-treatment variations. 
The PTV is linked to the reference frame of the 
treatment machine.
It is often described as the CTV plus a fixed or 
variable margin (PTV=CTV+1cm)
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Tumour contouring

The PTV depends on the precision of such tools as 
immobilization devices and lasers, but does NOT 
include a margin for dosimetric characteristics of 
the radiation beam (i.e., penumbral areas and 
build-up region) as these will require an additional 
margin during treatment planning and shielding 
design

● Organ at Risk (OAR): is an organ whose 
sensitivity to radiation is such that the dose 
received from a treatment plan may be significant 
compared to its tolerance, possibly requiring a 
change in the beam arrangement or a change in 
the dose 
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The machine

All the following machine parameters need to be considered and modelled in the TPS
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Cost function

Input data:

The first step of the TPS concerns the acquisition and manipulation of computed tomography (CT) data 
scan and contours data relative to the PTV and the organs at risk (OARs), to generate a three-dimensional 
digital model of the irradiation region

The cost function:

Then, one can start defining a cost function to minimize to optimize the whole treatment
e.g.: 

where 
-Di

 is the biological dose delivered on the ith voxel
-DOAR is the total dose that can be delivered on the OAR
-DT is the total dose prescribed to the tumour
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Cost function

Evaluation of the dose release:

The TPS have to compute the biological dose 
released on each voxel from all the PB.

The contribution can come from different PB of the 
same field, and from PB of different fields

Different fields often are required to avoid OAR and 
to minimize the damage to the healthy tissues
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Cost function

Considering the physical and biological dose, the cost function can be rewritten as:

Where
di

l  is the physical dose released by the lth beam on the ith voxel

Fl is the fluence of the lth beam 

RBEi is the mean average RBE of the ith voxel. 
(average of the contribution of all the beams that contribute to the i th voxel
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WEPL

In order to evaluate the beam energies etc and reconstruct the SOBP, the Water 
Equivalent Path Length (WEPL) has to be computed
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WEPL

From patient CT to water 
equivalent material:
Here it is possible to compare 
the dose release of different 
beams
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Real case for protontherapy
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Question:
why the number of particle per slice is 

almost always smaller for the initial 
slices?
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Real case for protontherapy
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Real case for heavy ion therapy
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Real case for heavy ion therapy
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Real case for heavy ion therapy
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Real case for heavy ion therapy
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Dose volume histogram

In the process of improvement of the quality of 
radiotherapy, the volumes of organs at risk exposed to 
significant doses has significantly decreased, resulting 
in increased inhomogeneities in the dose distributions 
within these organs. This has increased the importance 
of identifying volume effects in normal tissues.

The Dose Volume Histogram (DVH) is used to 
evaluate a treatment plan, compare different 
techniques and estimate the Tumour Control 
Probability (TCP)

● Differential DVH: what volume received a 
particular dose?

● Cumulative DVH: what volume received at least a 
particular dose?
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Dose volume histogram

Ideally, the best DVH is when: 
the tumour volume received a high homogeneous dose and the critical organs received low dose to 
most of the structures

 tumour 
 

OAR 
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Dose volume histogram

● Usually this is not possible, so there are 
different constraints to be fulfilled (given 
by the prescriptions)

● The TPS have to optimize the DVH 
fulfilling the constraints
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Dose volume histogram

Question:
Which one is better?
IMRT or VHEE with 

DMF=1?
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Normal tissue 

Sparing of normal tissues is essential for good 
therapeutic outcome

● The radiobiology of normal tissues may be even 
more complex as the one of tumours:

● different organs respond differently

● there is a response of a cell organization not just of 
a single cell

● repair of damage is in general more important
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Functional subunits 

● Structural tissue tolerance depends on cellular radiation sensitivity and is independent of volume 
irradiated. 

● Functional tolerance depends on tissue organization and functional reserve capacity

● Tissue may be considered to have functional subunits (FSU, from Withers et al. 1988), where each 
subunit perform some function of that organ

● FSU is the largest tissue volume, or unit of cells, that can be regenerated from a single surviving 
clonogenic cell.

● Functional subunits are sterilized independently by irradiation

● The number of FSUs that are sterilized, and hence the severity of the damage, depends on their 
intrinsic radiosensitivity, and on dose and other radiobiological parameters
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Serial and parallel organs

The clinical consequences are dependent on the 
arrangement of the FSU within the exposed organ

Serial organs:
● The function of the entire organ depends on the 

function of each individual FSU
E.g.: spinal cord and gastrointestinal tract

Parallel organs

● each FSU performs its function relatively 
independently of the others. 
E.g.: the lung, liver and kidney
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Sparing of normal Serial and parallel organs 

Serial organs:

● Inactivation of only one FSU results in clinical side-
effects in a binary response

● The risk of complications is highly dependent on ‘hot spots’

● The dose distribution within the entire organ is less relevant.
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Serial and parallel organs

Parallel organs

● A clinical radiation effect is observed only if the number of 
surviving FSUs is too low to sustain the physiological organ 
function

● A threshold volume must be considered in treatment 
planning, which must not be exceeded but within which large 
doses may be administered.

● The risk of complications depends on the distribution of the 
total dose within the organ rather than on individual ‘hot 
spots’
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Serial and parallel organs

● The purely parallel or serial organization of an organ, however, represents the extreme cases. In 
reality, no organ is organized simply as a chain of FSUs

● The actual portrait is much more complicated. E.g.:

● one component of late radiation effects is the response of the (micro)vasculature, and individual small 
vessels may be considered as serially arranged, which introduces a serial factor into parallel 
arranged tissue

● The relative seriality model, does not take into account the influence of cellular migration and 
regeneration from outside the irradiated area

● There could be regional differences in radiation sensitivity within one organ

● Many organs, such as the brain, are better described by an intermediate type of organizational 
structure which is neither serial/tubular nor parallel. Specific areas of the brain perform specific 
functions. The clinical tolerance of brain tissue is therefore much more dependent on which area of 
brain is irradiated than the total volume irradiated.
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Mathematical modelling 

● The modelling of volume effects on the basis of their serial or parallel organization is useful and 
explains the apparent paradox that relatively radiosensitive organs, such as kidney and lung, can 
sustain the loss of more than half their total mass without significant loss of function, whereas 
relatively radioresistant tissues such as spinal cord can be functionally inactivated by the irradiation of 
only a small volume.

● Theoretical models have been developed to estimate NTCP for partial volume irradiations and 
inhomogeneous dose distributions.

● Lyman (1985) and extended into Lyman–Kutcher–Burman (LKB) model: a power-law relationship was 
assumed between the tolerance dose for uniform whole or partial organ irradiation, where the 
parameter n (the exponent of the partial volume) describes the volume dependence of the tolerance 
dose. When n→1, then the volume effect is large and the tolerance dose increases steeply with 
decreasing volume, and when n→0 then the volume effect is small.
The LKB model is currently one ofthe most commonly used models for predicting normal-tissue 
complication probability.
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Mathematical modelling 

● relative seriality model of Källman et al (1992): an extra parameter, s (the ‘degree of seriality’), is 
introduced to describe the functional organization of a tissue. A near- zero value of s represents a 
parallel structure and an s value close to unity represents an organ with a serial organization

● Withers et al., (1988) model: an organ can be divided into physiologically discrete compartments or 
FSUs. This model allows for the spatial distribution of FSUs in the tissue to be non-uniform. The 
radiation response of each independent FSU is determined by Poisson statistics and the functional 
architecture of FSUs determines the organ’s response to partial volume irradiation
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Questions?
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CERN Knowledge Transfer

https://kt.cern/kt-seminars
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