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General introduction 

 
 

1. Radiotherapy 

 

At a very early stage after the discovery of X-rays by Wilhelm Conrad Röntgen in 1895 

[110], the effect of radiation on normal tissues and tumours was recognised. Already in 

November 1896, the first totally documented therapeutic application of X-rays was performed 

by Wilhelm Alexander Freund in Vienna, and in 1897, a paper was published on the possible 

application of radiation for therapy [36]. At the beginning of the 20th century, a few years 

after the discovery of radium in 1898 by Marie and Pierre Curie [15] and of natural 

radioactivity by Antoine Henri Becquerel in the same year, the first successful radiotherapy 

treatment for cancer was realised. The radiotherapy treatments in the first half of the century 

were mainly performed by means of kilovoltage (kV) X-rays and radium. 

Two important evolutions took place after World War II. First, the emergence of megavoltage 

apparatus: new radionuclides were produced in nuclear research institutions and cobalt (60Co) 

units came into use1.  Medical linear accelerators were developed which were milestones in 

radiotherapy treatment delivery. At the same time, clinical and radiobiological research was 

further developed in order to understand treatment results and to improve treatment methods. 

The second break point was in the 70s, when computers were introduced in radiotherapy 

planning to improve dose calculation methods and optimise dose delivery for individual 

patient treatments. After the implementation of computers, the next major step forwards is the 

evolution of new imaging devices for planning and control of treatment delivery (see section 

2). 

Nowadays, radiotherapy is one of the most effective treatments for cancer. It is applied alone 

or in combination with surgery or chemotherapy. It is estimated that about half of all cancer 

cases currently are cured of which nearly 9/10 by local treatment modalities (surgery and 

radiotherapy) [116,127]. Furthermore, local irradiation is by far the most efficient palliative 

treatment for cancer patients. 

                                                           
1 This cancer therapy technology that is currently standard practice throughout the world was pioneered in 
Canada. The Canadian medical researcher, Dr. Harold Johns, developed the cobalt therapy machines that 
revolutionised the radiation treatment of cancer worldwide. Dr. Johns developed the machines in 1951 when he 
was at the University of Saskatchewan. That same year, Dr. Ivan Smith performed the world’s first cobalt-60 
cancer treatment at Victoria Hospital in London, Ontario, using cobalt-60 produced in the National Research 
Universal reactor.  
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1.1. The radiobiological base of radiotherapy 

 

The effect of radiotherapy is based on the potential of ionising radiation to impair the cell 

proliferation capability. The purpose of irradiating a malignant tumour is to deposit a 

sufficiently high radiation dose to the target volume2, in order to destroy the molecules 

involved in proliferation, with maximal sparing of the surrounding critical organs and other 

healthy tissues (to obtain a minimal number of long term complications induced by radiation), 

resulting in the eradication of tumour while preserving a good quality of life. 

 

Eradication of cancer cells occurs by damaging DNA. This damage causes cell death at the 

time of cell division. These DNA lesions can result from energy deposition in the cell by 

direct excitation or ionisation of DNA molecules, or indirectly by ionisation of surrounding 

molecules, especially water, creating radicals (mainly the hydroxyl radicals) which react with 

the DNA. A number of reactions can occur, resulting in single and double strand breaks.  

Recovery of radiation damage is possible through different mechanisms, among others 

enzymatic DNA-repair, very efficient mechanisms which are able to restore most, but not all 

of the damage inflicted. Double strand breaks are considered to be most important for the 

lethal effects of radiation, since repair of such lesions is improbable.  

 

For an irradiated cell population, the proportion of cells that still retain the ability to 

proliferate (relative to an unirradiated control population) is called the survival fraction. A 

plot of the logarithm of surviving fraction against single radiation doses results in a survival 

curve. The first survival curve for mammalian cells was published by Puck and Marcus in 

1956 [107]. Unlike those for bacteria, mammalian cell survival curves have a “shoulder” 

before the exponential decline. This is usually explained by assuming that cells accumulate 

some “sublethal” radiation injury which, at higher doses, can be converted to lethal injury.  

 

In 1959, Elkind and Sutton showed that the sublethal injury, associated with a shoulder in the 

survival curve, can be repaired, given a few hours of normal metabolic activity [29]. Thus, if 

two doses were separated by several hours to permit complete repair of sublethal injury, the 

survival of cells is that which could be predicted from summing up the independent effect of 

                                                           
2 The target volume is the volume to which the (therapeutic) radiation dose is prescribed, e.g. primary tumour 
site with/without lymph node regions. 
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each dose, as though the survivors of the first dose had not been previously irradiated and 

harboured no residual injury. In other words, the net survival rate would be the product of the 

survival rate from each separate dose (figure 1.1.1.). 

   

Figure 1.1.1.: Recovery curves described by Elkind and Sutton [29]. 

The repair of sublethal injury begins immediately and can be measured in terms of 

survival ratio (inset). 

 

The slope of multi-fraction survival curves is always less steep than that for the single-dose 

curve at equivalent total doses, and the slope of the multi-fraction curve is the shallower the 

smaller the dose per fraction (figure 1.1.2). 

 

Figure 1.1.2.: Multi-fraction dose survival curves compared with a single-dose curve. 

 

Enzymatic repair of DNA occurs in the G2 phase of the cell cycle and takes about 6 hours to 

complete. Cells differ in their capacity to repair DNA, particularly after small doses of 

radiation. Empirical tests determine that DNA repair is usually more effective in non-

proliferating cells. This consequence is exploited by ‘fractionating’ the radiation treatment 

into a succession of small doses. Sparing of normal tissue can thus be obtained by fractionated 

radiotherapy, as the repair mechanisms between subsequent fractions tends to be better in 

normal tissues than in tumours [136]. 
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Radiation cell kill is a stochastic process, because it depends on the occurrence of individual 

ionising events. However, when considering the effect on an organism consisting of a very 

large number of individual cells (as normal tissues and tumour), the effect is largely 

deterministic, i.e. there is a dose threshold below which no clinical effect will be observed and 

a dose above which the effect is present. This is illustrated in figure 1.1.3., where the 

biological response of tumour and normal tissue to ionising radiation is represented by 

“sigmoidal” dose response curves: one for tumour control and one for the limiting normal 

tissue tolerance. 

 

Figure 1.1.3.: Probability of tumour control and normal tissue morbidity against dose.  

Do is the treatment dose and the grey brackets indicate the changes in response due to small 

changes in dose. 

 

A tumour control dose response curve represents the probability of tumour control (fraction of 

tumour cells killed) as a function of absorbed dose, and a normal tissue tolerance response 

curve represents the probability of a particular complication of normal tissue as a function of 

absorbed dose. 

Tumours, which may be successfully treated by radiotherapy, are those in which the tumour 

control curve is to the left of the curve for the limiting normal tissues, in order that the dose 

required to achieve high enough a probability of complete regression of the tumour is lower 

than the dose which produces a significant number of prohibitive complications in normal 

tissue.  As some tumour cells are more sensitive to radiation than other cells, the differential 

biological effect itself of ionising radiation on tumour cells in comparison to normal tissue 

can be exploited. However for most tumours, the intrinsic radiosensitivity between tumour 

cells and normal tissue cells does not differ much. Biological factors, like the oxygen effect, 

sublethal damage repair, capacity of redistribution of cells over all phases of the cycle and 
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capacity for repopulation of tumour cells, can have a substantial influence on the effect of 

irradiation and can contribute to radioresistance, leading to impaired local control rates [105].  

In these - the most frequent situations - success of radiotherapy does not rely upon biological 

factors alone. Physical factors then become extremely important in producing differences in 

dose distribution resulting in higher doses to the tumour than to the normal tissues.  

 

1.2. The physical base of radiotherapy 

 

The primary aim in radiotherapy is to deliver the highest possible dose to cancer-bearing 

tissues and the lowest possible dose to surrounding normal organs and tissues, by suitable 

ballistic techniques.  

However, despite all such efforts it is never possible to irradiate only tumour cells. As a 

consequence radiotherapy is continuously balancing between too low a dose to the cancer, 

which is the cause of recurrence and in many cases failure of treatment, and too high a dose to 

the normal tissues, which can provoke unacceptable complications for the patient. The dose is 

then a very critical quantity.    

There is evidence [108] that higher local control rates within the irradiated volume can be 

accomplished by escalating the doses to the tumour. Dose escalation is however restricted by 

the complication probability in normal tissues and can therefore only be considered within 

limits.  

To achieve this goal, high precision radiotherapy subjected to comprehensive quality 

assurance programs is needed (see further in section 3).  

 

The success of tumour eradication depends also on technical factors [105]. As technical 

requirements for efficient treatment, a correct definition and delineation of tumour and 

treatment volume is needed [60], as well as a highly reproducible daily positioning of the 

patient, and accurate delivery of the dose to the target volume with a steep dose gradient to 

the surrounding critical organs and healthy tissues. When one or more of these requirements 

are not fulfilled, part of the tumour might be underdosed giving clonogenic cells the 

opportunity to proliferate. 

 

There are 3 principal modalities for the administration of radiotherapy: external beam therapy, 

sealed source therapy (brachytherapy) and unsealed source therapy.  
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External beam therapy is the most common form of radiotherapy and it is the object of this 

work. Normally, it is performed with photon beams, high energy X-rays, usually produced by 

linear accelerators, but gamma (γ) ray beams from cobalt units (60Co)3 and even lower-energy 

X-rays in the energy range 50-300 kV (kilovolt) may still be used. In addition, megavoltage 

electron beams can be applied to treat superficial tumours.  

Figure 1.2.1. illustrates the isodose chart of dose distribution for 60Co γ-rays, 6 MV 

(megavolt) X-rays and 9 MeV (mega electron volt) electron beams. A proper choice of beam 

modality and irradiation geometry depend thus on the localisation of the target volume in the 

body.  

 

Figure 1.2.1.: Examples of isodose charts of dose distributions for 3 beam qualities: 
60

Co photons, 6 

MV X-rays and 9 MeV electrons (vertical axis represents depth in cm in water). Depending on the 

energy of the photon beams, a deeper penetration in water can be accomplished. Electron beams are 

applied to treat superficially located tumours. 
 

In figures 1.2.2., 1.2.3., 1.2.4. and 1.2.6., some clinical examples of conventional and 

conformal radiotherapy are given with increasing level of ballistic selectivity achieved 

through increasing complexity of the field set-up.  

 

Conformal radiotherapy is a mode of high precision radiation treatment delivery that 

incorporates rigid immobilisation, three-dimensional computer treatment planning systems4 

                                                           
3 Cobalt-60 sources emit two discrete energy levels of gamma rays. These beams, 1.17 and 1.33 MeV in energy, 
are emitted in approximately equal proportions, for an effective treatment beam energy of 1.25 MeV. During the 
radioactive decay process, a proton in the cobalt-60 nucleus is transformed into a neutron, leaving nickel-60 as 
the by-product. The half-life of cobalt-60 is 5.26 years. 
4 Treatment planning can be described as the radiotherapy preparation process in which treatment strategies are 
defined in terms of planning target volumes (PTV), dose distributions tailored to these volumes, and sets of 
treatment instructions to deliver the dose distributions. 
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and often also image-guidance radiotherapy (IGRT) techniques5, aiming at a high dose area of 

radiation that “conforms” as closely as possible to the shape of the well-defined target and/or 

a reduction of the dose to healthy tissue compared with conventional radiotherapy. An 

example of such a target volume is the prostate.  

Conformal therapy uses a number of different techniques to shape the beam and avoid normal 

tissues. The simplest technique is called multi-field, static co-planar irradiation (i.e. multiple 

converging beams of radiation lie in a single plane). An arc rotation technique, where the 

gantry of the treatment unit describes an arc of several degrees at fixed source-isocentre-

distance (i.e. isocentric), can also be applied, as illustrated in figure 1.2.4. 

 

Figure 1.2.2. : Dose distribution with lung correction from parallel opposing fields to the mediastinum 

(illustration from [22]). 

 

In figure 1.2.3., wedge filters6 are applied, which alter the dose distribution because of greater 

absorption of radiation through the thick end of the wedge, in order to produce a satisfactory 

distribution over the target volume. Wedges may also be used to compensate for obliquity of 

body contour (e.g. for breasts).  

 

 

                                                           
5 An IGRT technique is for instance the B-mode Acquisition and Targeting (BAT) system, an ultrasound-guided 
device used to have knowledge of the localisation of the target (e.g. most commonly used for efficient 
localisation of the prostate before radiation treatment delivery). Other examples of IGRT are given in section 2. 
6 Wedges fixed on a plate can be attached to the lower end of the treatment head. Such wedges are termed 
external wedges. Alternatively, wedge filters can be placed inside the treatment head upstream the secondary 
collimator and are called internal wedges. Since there is only space for one wedge which can be inserted in the 
photon beam, a wedge with a steep angle is generally used (60°). Shallower wedge angles (15°, 30°, 45°) can be 
achieved by mixing open and wedged beams in suitable proportions. Another technique to produce wedge 
shaped isodose distributions is to move one collimator progressively across the field while radiation is delivered, 
and is called dynamic wedges. 
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Figure 1.2.3.: Dose distribution for treatment of 

carcinoma of the paranasal sinus. A combination of 1 

anterior open and 2 lateral wedged beams. The beam 

weights and wedge angles are chosen so that a 

homogeneous beam distribution throughout the tumour 

volume is obtained (illustration from [72]). 
 

 

 

 

In addition to the efforts with respect to field 

combinations, shielding blocks have to be 

created to approximate the shape of the target 

in the particular beam orientation, as the 

conventional linear accelerators only allow square and rectangular fields. A low melting point 

alloy metal (called Cerrobend) is used to make a physical aperture which blocks the radiation 

except within the area of treatment.  

 
 
Figure 1.2.4. : Examples of isodose distribution for rotation 

therapy. A) arc angle 100° B) arc angle 180°  C) full 360° 

rotation (4 MV, field size 7×12 cm
2
) (illustration from [72]). 

 

 

When using a linear accelerator equipped with a 

computer controlled multileaf collimator (MLC), 

which exists of small tungsten leaves automatically 

placed in the beam to allow the delivery of more 

complex fields that conforms to the tumour shape, no 

shielding blocks have to be manufactured 

independently. The patient immobilisation time can 

then be decreased during treatment (which has a 

positive effect on accuracy of radiotherapy delivery) 

and more treatment fields can be performed during 

one session. Typical MLCs have 80 to 120 leaves 

arranged in opposing pairs (figure 1.2.5.). 
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(a)       (b) 

  

Figure 1.2.5.: (a) Multileaf collimator (MLC) and (b) linear accelerator equipped with MLC (Varian Medical 

Systems, Inc.). 

 

Moreover, MLC may be used to define the beam intensity independently in different regions 

of each incident treatment field. This radiation delivery technique, that allows precise delivery 

of higher doses to the target volume with a steep fall-off of the dose to adjacent regions, is 

called IMRT (Intensity Modulated Radiation Therapy).  The position of the leaves of the 

MLC can be varied in time with a fixed or 

moving gantry. MLCs accept 

segmentation of every single treatment 

field into several static shapes, where the 

radiation beam is switched on when the 

leaves are stopped at each prescribed 

position. This is the so-called “step and 

shoot method”. Alternatively, there may 

be automatic computer controlled 

movement of the leaves into beam 

segments without stopping irradiation, 

which is named “dynamic multileaf 

collimation”.  

Figure 1.2.6.(b) demonstrates an IMRT 

treatment of the prostate by means of 5 

intensity modulated fields.   

 

Figure 1.2.6. : Examples of multiple field plans. (a) 3-field isocentric conformal technique for treatment of 

prostate cancer, and (b) Intensity Modulated Radiotherapy Treatment (IMRT) treatment of the prostate with 5 

isocentric intensity modulated fields. 
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Finally, charged particle beams, like protons and light ions, may offer some clinical benefit 

owing to their specific pattern of energy deposition and radiobiological characteristics. 

However, they are associated with extremely expensive generating equipment as well as 

difficult clinical conditions. Consequently, these beams are presently only available in a few 

centres worldwide.    

 

2. The process of a radiotherapy treatment 

 

Before a radiation treatment can be delivered, preliminary work has to be performed. The 

process of a radiotherapy treatment can be divided in 4 main phases: treatment prescription, 

treatment preparation, treatment delivery and treatment follow-up.  

 

The treatment prescription is a medical decision based on diagnosis and staging, and is 

influenced by the individual context of the patient and the personal decision of the physician, 

which is determined by education, training and all aspects of newly acquired knowledge. A 

radiotherapy treatment is prescribed in terms of delivery of a certain dose to a particular 

volume in a number of fractions with a specified technique.  

 

In the course of treatment preparation, immobilisation devices, like head, knee and arm 

supports, masks, belly boards,…, are custom made for most treatment sites to fix the patient 

to the treatment couch. Paying attention to the fixation materials is advised as enhanced 

immobilisation techniques bring about an increasing reproducibility in positioning during 

treatment.  

Then, the patient undergoes a Computed Tomography (CT) scan in treatment position. A 

series of CT scan slices are produced and compiled to produce a virtual tumour volume in the 

treatment planning computer. The target volume7 is delineated based on clinical examination, 

                                                           
7 The process of determining the volumes for the treatment of a patient with malignant disease consists of 
sequentially specifying different tissues, organs and volumes three-dimensionally [60]. The Gross Tumour 
Volume (GTV) is the gross demonstrable extent and location of the malignant growth. The Clinical Target 
Volume (CTV) is a tissue volume that contains a demonstrable GTV and/or subclinical malignant disease that 
must be eliminated. This volume must be treated adequately in order to achieve the aim of radical therapy. The 
CTV is - like the GTV - a purely clinical-anatomical concept and can be described as including structures with 
clinical suspected but unproved involvement, in addition to any known tumour. To avoid significant deviation 
from the prescribed dose in any part of the CTV(s), one must add margins to the CTV(s) for variation in tissue 
position, size and shape, as well as for variations in patient position and beam position, both inter- and 
intrafractionally. This leads to the concept of Planning Target Volume (PTV). The PTV is thus a geometrical 
concept used for treatment planning, and it is defined to select appropriate beam sizes and beam arrangements, to 
ensure that the prescribed dose is actually delivered to the CTV. 
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diagnostic images and knowledge of the natural course of the disease. CT scans in treatment 

position are the classical diagnostic modality in oncology as they provide accurate details of 

the size and shape of lesions and they are essential for dose calculation using electron density. 

Other 3D displays of anatomical information, like Magnetic Resonance Imaging (MRI), may 

give better tissue differentiation for more accurate target volume delineation. Important 

information additional to that obtained from conventional CT scanning may be acquired from 

ultrasound. Moreover, Positron Emission Tomography (PET) is now an important tool for the 

diagnosis or (re)staging of cancer in some cases. Image registration methods must be used to 

transform the position of a point in the images to the corresponding physical point in the 

patient and to find the match between 2 image sets from different modalities8. Acquired 

images can be transferred to the treatment planning system by means of a Digital Imaging 

Communication In Medicine (DICOM) protocol for image communication and transfer 

between machines, or a Picture Archiving and Communication System (PACS), which can be 

applied for image viewing, transmission, archiving and retrieval. 

The radiation oncologist and physicist together choose the beam angles that will optimally 

conform to the target9. Shaping of the beams to fit the target volume can be achieved by 

shielding blocks or multileaf collimator (section 1.2).  

The following step in treatment preparation is the 3D dose calculations. The increasing 

improvements in powerful computer software and hardware allow the better processing of 

anatomical information and reliable fast dose calculation methods. By means of adapted 

computer algorithms, the dose distribution is calculated after choosing the best beam weights, 

wedge, beam energy, etc (section 1.2).  Subsequent to the approval of the treatment plan, 

Digitally Reconstructed Radiographs (DRR), 2D projections based on the CT image set, can 

be generated by the computer, and can be used in the treatment planning system in the same 

way as the conventional radiographic films.  

Further, all the parameters are transferred in the record and verification system10 of the 

treatment unit. Before the first fraction of each radiotherapy treatment, the treatment 

                                                           
8 For example, PET imaging of the distribution of 18F-FDG (a sugar analogous to glucose labelled with fluorine-
18, used as a radioactive tracer) is used to detect numerous cancers. The use of FDG reveals biochemical 
contrasts between healthy cells and malignant tumour cells characterised by an abnormally high energy 
consumption (i.e. of glucose). This imaging technique provides high sensitivity and specificity for the detection 
of primary and metastatic cancers not visualized by classical morphological acquisitions. However, it provides 
little information on the exact locations of the increased uptake. Combining PET with CT images can therefore 
be advantageous. 
9 This step can be performed during the treatment simulation of the patient, where fluoroscopic images and 
radiographs of the treatment fields are made by means of a simulator, or on the CT images in the treatment 
planning computer.  
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parameters require in-depth supervision in order to maximally exclude random or systematic 

errors in the patient treatment process.  

 

After that, the treatment delivery can start and can be repeated.  

On-line portal imaging helps to guarantee the quality of the delivered treatment concerning 

position accuracy of the patient11. In that case, DRRs generated in the TPS are used as a 

reference image to compare with the delivered treatment field obtained by portal images by 

radiographic film or EPID (electronic portal imaging detector)12. By drawing anatomical 

structures on the DRR (for instance bony structures), the 2 sets of images can be 

automatically matched so that the deviation in patient position can be computed and 

compared with acceptance criteria. With respect to the rapid evolution in radiation oncology, 

new techniques have been recently realised in the field of image-guided radiotherapy (IGRT) 

which can be an alternative to the clinically applied portal images (by radiographic film or 

EPID) to verify and control variations in patient and tumour positioning just before or during 

the actual treatment. For instance, an on-board imager incorporates an X-ray tube combined 

with an image detector mounted on the treatment machine via robotically controlled arms. 

These arms can operate along three axes of motion so that they can be positioned optimally 

for the best possible view of the tumour and surrounding anatomy.  In this system, high-

resolution images of the tumour can be acquired with a minimum of dose to the patient. The 

device can also track tumour motion (in fluoroscopic mode) to provide clinicians with a clear 

indication of how a tumour will move during treatment due to normal breathing and other 

physiological processes. Further, the respiratory gating technique incorporates the influence 

of breathing during the treatment by selecting a certain phase in the patient’s breathing cycle 

to image and treat a tumour. The purpose is to ensure better target coverage, smaller margins 

and consequently lower doses delivered to healthy tissues. 

                                                                                                                                                                                       
10 The record and verification system is a radiation treatment interface comprised of a computer network which 
can work with the simulator, TPS and linear accelerator to electronically link treatment parameters with the 
treatment for each patient. The record and verification system monitors, records, and verifies the patient's 
treatment. It supplies the dose to be delivered to each treatment field and verifies the dosage amount and 
delivery. The system inhibits a machine from being turned on if the settings do not agree with the prescribed 
values to within specified maximum permissible deviations. Because of the completely electronic transfer of 
data, the record and verification system has increased the treatment efficiencies and has decreased the time that 
the patients must lie still on the table for treatment. 
11 If the radiation beam would be incorrectly focussed on the tumour, this could lead to an adequate irradiation of 
the tumour cells and inaccurate shielding of the normal tissues.  Accuracy in target coverage and variations in 
tumour delineation have been studied elsewhere [134]. 
12 An EPID allows filmless imaging of the patient setup prior to treatment. 
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Further, at the first treatment fraction, the patients receive in vivo dosimetry measurements by 

semiconductor or thermoluminescence dosimeters in order to check if the delivered dose is 

within tolerance level. This subject will come up further in this thesis. 

 

Finally the results of the treatment are assessed through periodic follow-up of the patient. This 

final step is strongly recommended in order to identify patients in need of salvage surgery or 

palliative care and for early detection of local regional recurrence and prevention of 

potentially curable second primary tumours. The acutely responding tissues manifest their 

injury immediately, during the therapy (which emphasises the necessity of weekly follow-up 

during the treatment), or within a few months after the completion of the radiation treatment. 

The late responding tissue complications however are more serious as they occur after a long 

latent period and may even develop progressively throughout the rest of the patient’s life.  

During follow-up, (possible) side effects are verified. The long-term ultimate objective of 

follow-up investigation is to correlate the treatment outcome with a certain treatment delivery 

technique (and thus gain experience in the effectiveness of different treatment techniques). 

The measurement of treatment outcome is essential to evaluate the quality of treatment. In 

oncology, the important end points are survival, local control and quality of life. 

Unfortunately, it takes years before the final outcome of a cancer treatment can be assessed. 

 

3. Quality assurance in radiotherapy 

 

The administration of a course of radiotherapy requires a whole series of steps going from 

basic dosimetry over tumour localisation, treatment planning, dose calculation, to patient 

immobilisation and multiple daily irradiations (section 2). Each of the many steps in radiation 

therapy contributes to the total uncertainty in the absorbed dose delivered to the patients (e.g. 

[27,37]). Besides these inherent uncertainties, there are systematic or random errors, which 

can occur due to the necessity of the transfer of large amounts of information between the 

many steps in the radiotherapy treatment process as well as to difficulties in accurately 

determining or reproducing all physical and technical parameters related to the process. At the 

end of this section, more detailed examples of systematic and random errors are given.  

These errors and uncertainties can be the direct cause of complications or treatment failures, 

because of the marked steepness of the dose response curves of tumour and normal tissue 
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(figure 1.1.3., section 1.1.). The precision of a radiation treatment is therefore essentially 

related to a high degree of accuracy in dose delivery [58]. 

 

Accuracy requirements for the assessment of the absorbed dose in radiotherapy have been 

derived from the study of clinical dose response curves. Mijnheer et al [94] concluded that an 

increase in absorbed dose of, on average 7%, can result in unacceptable normal tissue 

complication probabilities. This value might therefore be considered as at least twice the 

standard deviation in absorbed dose, resulting in a standard requirement of the uncertainty in 

absorbed dose delivery of 3.5% (1 SD). Wambersie et al [133] concluded that, even for a 

simple treatment condition with 2 opposing beams, the accuracy requirement in the absorbed 

dose delivered of 3.5% cannot be fully achieved in photon therapy.  

These accuracy requirements can be formulated as rules for good clinical practice and should 

act as a stimulus to improve the accuracy in radiotherapy [94]: 

• absorbed dose at the specification point : 3.5% ( 1 SD) 

• absorbed dose at other points in the target volume : 5% (1 SD) 

If the slopes of the dose-response curves are shallow, the accuracy can be less than 3.5% (1 

SD). For steep dose-response curves, however, the accuracy needs to be higher than this 

criterion. For a successful conformal therapy, a high level of accuracy is aimed at13.  

Therefore, quality assurance (QA) procedures have to be set up, which is practically not 

straightforward due to the complexity of equipment and the many steps involved in the 

radiation therapy process. 

 
Quality assurance in radiotherapy, well defined by the World Health Organisation (WHO) 

[139], is a term which is often used to describe the procedures that ensure consistency of the 

medical prescription and the safe fulfilment of that prescription as regards dose to the target 

volume together with minimal dose to normal tissue, minimal exposure of personnel and 

adequate patient monitoring aimed at determining the end result of the treatment. 

 

In 1982, the EORTC14 Cooperative Group of Radiotherapy [50] undertook, in a pioneering 

effort, basic quality assurance studies for the first time in Europe. This group of experts in 

radiotherapy and radiation physics visited 17 institutions. The multicentric evaluation 

                                                           
13 One option of conformal therapy is to escalate the tumour dose in order to improve local tumour control, while 
the same dose is delivered to normal tissue as in a conventional treatment. Another option of conformal 
treatment is to decrease the dose to normal tissue while keeping the tumour dose constant.  
14 European Organisation for Research in the Treatment of Cancer 
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included 3 steps. The first step comprehends the medical profile of the participating 

radiotherapy centres, by a comparison of megavoltage units and other radiation equipment, an 

assessment of technical and radiotherapy staff environment, and an evaluation of data present 

in clinical and radiotherapy charts for each centre [50]. In the second step, the dosimetric part 

of the QA program is investigated by verifying the calibration of photon and electron beams 

and is reported in [67]. Step 3 involves an integrated clinical and dosimetric investigation in a 

Rando-Alderson anatomical phantom [68]. Dosimetric recommendations for institutions 

participating in EORTC clinical trials were reported by the EORTC Cooperative Group of 

Radiotherapy.  

One very significant contribution of physicists to radiotherapy from the beginning has been in 

their careful consistent scientific approach to developing and improving of the process and, as 

part of this, to developing and improving of QA. Indeed, there is evidence [50] that 

difficulties in maintaining QA in radiotherapy are correlated with low physics staffing levels. 

Clearly, there must be a seamless interface between the physics and medical QA program of a 

radiotherapy centre. 

 

The possible dramatic consequences of the absence of an adequate QA program in 

radiotherapy institutions is illustrated by a number of reported accidents listed below. 

� At the Zaragoza Clinical University in Spain, an error occurred in the maintenance and 

calibration of a linear accelerator used for clinical radiotherapy which resulted in 

overdosages of 200-700%. A total of 27 patients were overexposed during treatments for 

tumours. Signs of radiation injury were observed in December 1990, and the first death 

occurred possibly shortly thereafter. A total of 18 patients eventually died as a result of 

radiation overexposures. The remaining patients all suffered major disabilities as a result. 

This radiotherapy accident highlighted that there is a strong need for establishing general 

guidelines and requirements [117].  

� Another accident, however non-fatal, has been discovered in 1988 with a CGR-Sagittaire 

accelerator in a radiotherapy centre in the Netherlands [140]. In a period with frequently 

occurring technical problems, a patient who had a fractionated treatment at this accelerator 

for prostate cancer, developed severe skin reactions that suggested an irradiation with a 

dose of up to 10-20 Gy at the level of the skin. It was likely that a radiation accident had 

occurred caused by leakage radiation. A number of experiments were performed in 

attempting to explain the estimated large dose rates of leakage radiation. Under rather 

extreme malfunctioning conditions, a high leakage dose rate (4 Gy/min) could be obtained 
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during therapy. This condition might have occurred during this period of technical 

difficulty.   

� A further example of a radiotherapy accident can be found in the UK, where an error in 

the calibration of a new 60Co source in the treatment unit resulted in the overdosing of 207 

patients before the miscalibration was detected by a national audit [125]. Consequently, a 

working party was commissioned by the government Department of Health and 

recommended that QA should be formalised along the lines of the international quality 

standard ISO 9002 (1987) [62].  

� Overdosage accidents in radiotherapy have often had devastating and sometimes fatal 

consequences. Underdosage accidents causing inadequate tumour control can also take 

place, but they are difficult to detect clinically. A case of underdosage affecting a massive 

number of patients occurred in a hospital in the UK in the period from 1982 until 1990 

due to incomplete understanding and testing of a treatment planning system [61].  For 

treatments with source-skin-distance (SSD) different from the standard treatment distance 

(i.e. 100 cm), corrections for distance were usually done by the technologists. When a 

TPS was acquired, technologists continued to apply manual distance correction, without 

realising that the TPS algorithm already accounted for distance. As a result, distance 

correction was applied twice, leading to underdosage (up to 30%). The procedure was not 

written by the radiotherapy centre, and therefore, it was not modified when the new TPS 

came into use. The problem remained undiscovered during eight years and affected 1,045 

patients of which 492 patients developed local recurrence possibly due to the 

underexposure [61]. 

 

As radiotherapy treatments are expected to increase worldwide, accidents might increase in 

frequency unless preventive measures are taken. While a number of serious and fatal 

radiotherapy accidents have been reported (as illustrated in the previous paragraph), it is 

likely that many more have occurred but have not been recognised or reported. Because of the 

complex equipment and techniques, accident prevention requires constant vigilance of the 

staff, adequate resources, a functional implemented quality assurance program, good 

communication, and continuing education. Modern equipment and new technologies even 

require more quality assurance and highly qualified maintenance. 
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Consequently, the European Society for Therapeutic Radiology and Oncology (ESTRO) has 

developed a system that incorporates the requirements of ISO 900115, which are meant to 

apply to the clinicians, radiographers and physicists in a radiotherapy department [124]. The 

general philosophy is to indicate what should be regulated and not how it should be done.  

 

Yet, the occurrence of substantial critical radiation accidents is rather uncommon. More 

probable in daily clinical practice is the occurrence of systematic errors, which are by 

definition repeated errors, and errors which occur on a random basis. As systematic errors can 

have a large impact on the delivered treatment, these errors have to be traced and corrected. 

Random errors in dose delivery often have less clinical relevance and may counterbalance 

each other.   

The following paragraph indicates where errors can occur during the radiotherapy process: 

(1) The treatment prescription.  

Its quality belongs to the responsibilities of the radiation oncologist. 

(2) The treatment preparation.  

The treatment preparation involves the whole team (radiation oncologists, physicists, 

radiographers) and can actually be divided in 3 steps. If undetected, mistakes in these 

steps will unavoidably lead to systematic errors in individual patients, in a group of 

patients or in all patients. 

a) Acquisition of equipment related data. 

This step covers the acquisition and implementation of technical and dosimetric 

machine parameters and is part of the responsibilities of the physicists. Errors in 

these data (like wrong output factors, incorrect depth doses, inaccurate tray factor, 

etc.) will lead to systematic errors in all patients as these data serve as input for the 

TPS which is used to calculate the number of monitor units (or irradiation time) 

and dose distributions for each patient.  

b) Acquisition of patient related data. 

These data cover both data about tumour shape, location and extent, about the 

normal structures at risk and their position relative to the tumour, and, about the 

patient himself (diameter, contour, tissue densities). All patients for whom a 

contour is necessary for dose calculations will show an error when contouring 

                                                           
15 The standard ISO (International Organisation for Standardisation) 9001 is a set of requirements for QA of 
which the scope extends to design of the service or product. 
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devices are defective. For instance, an error in contour definition or in tumour 

delineation by the physician will introduce a systematic error in a given patient.  

c) Combination of equipment and patient related data in a treatment plan. 

In this step, first the machine data are applied to the patient data (during 

simulation), and second the dose distribution and the number of monitor units 

(MU) are calculated with the TPS. The final data set contains all parameters 

needed to define the actual treatment. All data are collected in the “treatment 

chart” which is used for daily practice and includes machine parameters (e.g. 

number of treatment fields, field sizes, collimator and gantry angles, etc.), table 

parameters, patient data (e.g. source-skin-distances, immobilisation devices, 

shielding blocks, etc), and dosimetry data (i.e. number of MU, dose distributions). 

Errors in this step can affect all patients or a group of patients, if for instance the 

dose calculation algorithm in the TPS is not correct.  

(3) The treatment delivery.  

Errors occurring during daily treatment delivery are predominantly random errors 

leading to a random error in 1 patient for 1 session (e.g. an incorrect patient 

positioning and immobilisation by the radiographers during the daily treatment 

session). 

(4) Treatment follow-up. 

 

To conclude this section, it has been repeatedly demonstrated that QA procedures do detect 

systematic and random errors which would have gone undetected otherwise [25,124]. 
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4. External quality audits 

 

Strongly recommended by national and international radiotherapy QA guidelines are the 

dosimetric intercomparisons16, or wider external audits17 of equipment dosimetry and 

performance, which have been demonstrated to be effective in highlighting problem areas and 

in improving quality [18,25,48,122].  Therefore, QA programs should not only include 

detailed internal checks performed by the local physicists in the radiotherapy centres (regular 

control of equipment, dosimetry of radiotherapy beams, treatment planning procedures and 

treatment delivery), but also external audits made by an independent external body, a national 

or international organisation, or a peer review by qualified medical radiation physicists. 

External quality audits are systematic and independent reviews (examination and evaluation) 

of the QA system, to determine whether the system is implemented effectively and whether 

the activities produce the required final results complying with the pre-determined standards. 

Genuine concern exists that some, or even many, facilities not involved in external quality 

audit programs deliver inferior radiotherapy treatment due to inadequate dosimetry practices 

[63]. 

 

Independent verification of the QA system can be done by on-site visits (e.g. [48,99,100]) or 

by postal audit systems (e.g. [18,25,32,39,63,65]). 

Typically, on-site visits provide a thorough review of hospital QA programs including checks 

of local dosimetry systems, tests of dosimetric18, electrical, mechanical and safety parameters 

of radiotherapy equipment, tests of TPSs and review of the clinical dosimetry records. On-site 

visits have the advantage of a better accuracy and allow flexibility of approach both in terms 

of what can be tested and in terms of the associated procedural audit. The drawback is that 

these visits are very expensive, time-consuming and mostly organised at a limited (national) 

scale. This makes this system more appropriate for centres, which can afford a detailed and 

                                                           
16 A dosimetric intercomparison is an intercomparison between peers, considered as equal, but everybody 
remains free to undertake some action related to the results of the intercomparison for his centre (for example: 
the on-site visits performed by the Belgian Hospital Physicists Association [48]). 
17 In a dosimetric audit there is a well-recognised authority which compares the local dose to its “golden” 
standard (for example, the audit by IAEA or EQUAL (see further this section)). Sometimes the centre is obliged 
to undertake some actions if an unacceptable deviation is detected or otherwise it will have to bear the 
consequences. For instance, for the EORTC, the condition to allow patients in a clinical trial is that the centre is 
within acceptability limits. Moreover, for the AFSSAPS (Agence Française de Sécurité Sanitaire des Produits de 
Santé) program in France, an inappropriate linear accelerator can be taken out of clinical use by the authorities. 
Further, in some countries, the introduction of the “Euratom 97/43” directive has led to obliged external audits. 
18 A basic tool for on-site dosimetry audits is an ionisation chamber (IC), coupled to an electrometer. 
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time-consuming audit and which are within an acceptable close distance for site visits to be 

manageable. 

Postal audit systems provide a more cost-effective check of the accuracy of treatments by the 

participating department and can control radiotherapy centres on a broader (international) 

scale. Regular audits aim to establish high precision of radiotherapy dosimetry in a given 

country or region.  There are international programs which make available dosimetric audits, 

based on mailed thermoluminescence dosimeters (TLDs), that they remit to any local 

radiotherapy centre on a regular basis. If a deviation has been detected, the audit organisation 

will, if necessary, assist the centre in tracing and correcting the origin. 

 

Three major TLD networks offer postal dose audits to over 2400 hospitals: 1) the 

IAEA/WHO TLD postal dose audit program operating worldwide, 2) the ESTRO system, 

EQUAL (ESTRO QUALity assurance network), set up for the European countries and 3) the 

Radiological Physics Center (RPC) in North America.  

 

Since 1967 the International Atomic Energy Agency (IAEA), together with the World Health 

Organization (WHO), has performed postal TLD audits to verify the calibration of 

radiotherapy beams in developing countries [63]. The main purpose of the IAEA program is 

to provide an independent quality audit of the dose delivered by radiotherapy treatment 

machines using TLDs as transfer dosimeters. Originally, the program was developed for 60Co 

therapy units and in 1991 it was extended to high energy photon beams produced by linear 

accelerators. The IAEA, which is assisted by the Bureau International de Poids et Mesures 

(BIPM) and the Primary Standard Dosimetry Laboratories (PSDL), has verified the 

calibration of more than 4500 clinical photon beams at approximately 1250 radiotherapy 

hospitals world-wide with 940 60Co units and 550 linear accelerators. Only 65% of those 

hospitals which get TLDs for the first time have results within the acceptance limits of +/- 

5%, while more than 80% of the users that have already benefited from a previous TLD audit 

are successful. External audit activities should be coordinated at national and international 

level to prevent unnecessary duplication of efforts. Therefore, the know-how of the IAEA in 

TLD audits has been transferred to the national level. The IAEA offers a standardised TLD 

methodology, provides guidelines and gives technical back-up to the national TLD networks 

in developing countries throughout the whole world.  
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The IAEA include activities conducted in co-operation with other international and national 

networks, such as EQUAL, an international network in Europe set up by the ESTRO at the 

end of 1997 [32]. The first projects were based on the IAEA/WHO experience on mailed 

thermoluminescence dosimetry and were devoted to the check of beam output and quality in 

reference conditions (figure 4.1). The ESTRO board then decided to extend the external 

audits to dosimetric checks of photon beams in non-reference conditions, but limited the 

measurements performed to on-axis points. Dosimetric problems in the beam calibration, 

errors in beam data used as input to the TPS, or uncertainties in the algorithms used in the 

TPS can be detected in the EQUAL audit. The EQUAL program involves mainly the 

European Union and Switzerland. More than 300 beams (photons and electrons) are checked 

each year. Although 97% of the beam dose calibrations in reference conditions are found to 

be within the tolerance of +/- 5%, a second check was required in 24% of the participating 

centres, because a deviation larger than +/- 5% was observed in at least one of the parameters 

in non-reference conditions for one of the beams checked [32]. The results of the EQUAL 

program therefore show the importance of external audits in radiotherapy, especially for dose 

checks in non-reference conditions.  

Moreover, the EQUAL program has been modified in parallel with changes in the 

radiotherapy techniques. Recently, checks were included for photon fields shaped with 

multileaf collimators (MLC). In the MLC dose audit, five fields were checked with shapes 

and dimensions defined by the MLC. Since launching the program in early 2002, the MLC 

dose checks were performed for 76 beams, showing the great interest of radiotherapy centres 

for this new service [66]. 

 

The EQUAL network has been inspired by the methodology developed in a European QA 

network, called the ‘EC-Network’ project (‘Europe Against Cancer DG V’) [19]. Another QA 

project named ‘EROPAQ’ (a pan European Radiation Oncology Program for Assurance of 

treatment Quality) has been funded by the Flemish Government for the transfer of the know-

how to a few countries in Central and Eastern Europe [65].  
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Figure 4.1.: IAEA holder for LiF powder TLDs [63] in order to perform dosimetric beam 

output checks of photon beams in a water phantom. 

 

The Radiological Physics Center (RPC) has been functioning continuously since 1968 [1,44] 

to monitor radiation therapy dose delivery at institutions participating in clinical trials 

sponsored by the US National Cancer Institute (NCI). The RPC also serves as a national 

resource in radiation dosimetry and physics for cooperative clinical trial groups and all 

radiotherapy facilities that deliver radiation treatments to patients entered into cooperative 

group protocols. To accomplish this, the RPC has implemented a QA program that monitors 

the basic machine output, the dosimetry data utilised by the institution, the calculation 

algorithms used during treatment planning and the institution’s QA procedures.  

The methods of monitoring comprehend amongst others various remote audit tools: 1) mailed 

thermoluminescence dosimeters (TLD) evaluated on a periodic basis to verify output 

calibration, and simple questionnaires to document changes in personnel, equipment, or 

dosimetry practices, 2) comparison of dosimetry data with RPC ‘standard’ data, 3) evaluation 

of reference and/or actual patient calculations to verify the validity of the treatment planning 

algorithms, 4) review of the institution’s written QA procedures and records, and 5) mailable 

anthropomorphic phantoms to verify tumour dose delivery for special treatment techniques. 

Any discrepancy identified by the RPC is pursued to help the institution find the origin of the 

discrepancy and identify and implement methods to resolve it. Thus the RPC’s QA review 

program impacts not only on the quality of treatment of patients in clinical trials, but on the 

quality of all patients treated at an institution. About 1300 radiotherapy centres throughout the 

USA and Canada are presently covered by the RPC. 
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External audits are an effective means of identifying possible discrepancies.  

For example, the distribution of the results for 1998–2001 by the IAEA is shown in figure 4.2. 

[63]. They include 791 60Co beams and 526 high-energy X-ray beams. The results correspond 

to ratios of the IAEA TLD measured dose to that stated by the user. The mean of the 

distribution is 1.010, its standard deviation 7.2%, and the outliers range between a minimum 

of 0.166 and a maximum of 1.995. In 84% of the cases, the results were within the IAEA 

acceptances limit of 5%, whereas 1.3% (17 beams) had discrepancies larger than 20%, 

pointing to major problems in the delivery of dose to the TLD. All results outside the 5% 

acceptance limit were followed up with a second, blind participation, where participants were 

not informed of the size of the discrepancy discovered in the first run. The majority of 

participants improved their results in the second irradiation so as, after the correction, the 

percentage of acceptable results increased to 93%. Unfortunately, the remaining 7% of poor 

audit results could not be resolved. This was due either to a persistent error or to failure in 

responding to the efforts by the IAEA to help resolve the problem.  

 

Figure 4.2. : Distribution of the results of the IAEA/WHO TLD postal dose  

audits of radiotherapy hospitals for the delivery of absorbed dose to water  

under reference conditions during 1998–2001 [63]. 

 

Meeting the audit criteria provides confidence to local personnel that their QA procedures are 

achieving the defined quality standards and that the performance is consistent with others in 

the field.  

Thanks to the recent developments in the external audit systems at the international and 

national levels, better access to an audit program is now available for many hospitals, 

although the number of hospitals that have not participated in any external audit is still 

significant. According to the IAEA database, there are approximately 5500 radiotherapy 
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centres in the world, of these not more than about 70% have participated in an audit program 

in the last 5 years [63]. 

Yet, it is fundamental for a hospital to participate regularly in dosimetry audits. The type of 

external audit system available to any given department depends on their location. 

 

5. Objectives and outline of current research 

 

5.1. Phantom measurements 

 

External dosimetry audits with a mailed TL dosimetry system have been proposed for many 

years by several organisations, as stated in the previous section.  Until now the present mailed 

dosimetry programs are generally limited to beam output checks on a regular basis by means 

of TLD measurements in a water (or water equivalent) phantom on the beam axis in reference 

and non-reference conditions in clinical photon beams [66]. 

As the purpose is not only restricted to check dosimetric data in reference and non-reference 

conditions on the central axis but also to test other single-beam characteristics off-axis, more 

complex mailable phantoms have been designed. Since these phantoms are constructed to 

meet multiple purposes, i.e. where several clinical conditions should be simulated, the name 

multipurpose phantom (MP) has been proposed. MPs can be created for on-site visits [121], 

but the associated workload complicates their application on a large scale. 

In Part 1 of the thesis, a multipurpose phantom (MP) for external audits by mailed dosimetry 

is considered and, therefore, a number of special precautions have to be taken. First, as much 

relevant information as possible must be gathered on the basis of a small number of easily 

performed set-ups, without application of too many dosimeters. Secondly, it is preferable to 

carry out external audits with an uncomplicated phantom, which allows amongst others dose 

measurements at the reference point (i.e. point of beam calibration) under reference 

conditions. Even with a relatively simple phantom, a number of non-reference conditions can 

be included. 

In a previous study [10], 3 different multipurpose phantoms were described and tested in 

detail19. One of the MPs (i.e. EC-MP) has been found to be suited for checking the largest 

number of dosimetric parameters per beam (since it uses radiographic film as well as TLDs), 

but has a very long set-up time as a consequence. It is essential to keep the time, that the staff 

                                                           
19 The water MP, the Umeå MP and the EC-MP were constructed for mailed dosimetry checks of photon beams 
in reference and non-reference conditions, both on-axis and off-axis. 
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needs to position and to irradiate the MP, within a reasonable interval. Therefore, the idea has 

arisen of simplifying the EC-MP, while gathering as much relevant dosimetric information as 

possible. As a result, Part 1 of the thesis concentrates on testing the functionality of the new 

phantom, called ‘OPERA’ (Operational Phantom for External Radiotherapy Audit), as a 

simplification of the existing EC-MP. Per photon beam energy, the final number of TLDs is 

reduced to 4 instead of the original 15 and the number of films is reduced from 7 to 5. 

Evaluation of the applicability of ‘OPERA’ in mailed dosimetry audits embraces the practical 

set-up, the verification of the efficiency of the new instruction and data documents and the 

dosimetric performance.   

 

5.2. Patient measurements 

 

Monitoring dose delivery in radiotherapy in the frame of mailed audit services should 

encompass phantom measurements and include patient measurements as well.  Considering 

simple phantom measurements to more complex phantom configurations, as explained above, 

is a good approach in trying to assess the overall accuracy of the treatment planning systems 

and the treatment units.  Nevertheless, these phantom measurements do not reflect by 

definition the total accuracy of patient treatment delivery since the patient is excluded from 

the process.  Although there is no consensus on including patient measurements in external 

audits, in vivo dose measurements should be a complementary part of the quality control 

methods to assess the overall accuracy of the radiotherapy process.  While port films are 

routinely used to assess the volumes which have been treated in the patient (and not the dose 

distributions), it is also important to check the absorbed dose delivered to the patient in 

practice. This can be done by placing dosimeters on the patient’s skin or in natural cavities. 

In vivo dosimetry is a relatively straightforward and accurate way of quality control of dose 

delivery and since it is the only check that is performed during patient treatment, it is the only 

approach to trace several errors occurring in the same session. A first possible aim of in vivo 

dosimetry is to compare the doses derived from the signal of the detectors placed on the skin 

with the theoretical values, as calculated by the treatment planning system (TPS). As the skin 

dose calculation is difficult, and often irrelevant, the detector signal is converted to the dose at 

a point which is still close to the skin, but a certain depth where the TPS accuracy is more 

satisfactory: entrance dose (figure 5.2.1). The TPS calculates the entrance dose from the 

prescribed target dose and if this calculation is correct, an error on the entrance dose – 

detected by in vivo dosimetry - means an error on the target dose. Target dose can be wrong 
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due to a incorrect number of monitor units, an error in irradiation parameters, an inaccurate 

patient set-up, an unexpected variation of the machine output,… 

 
 
 
 
 
Figure 5.2.1. : Schematic representation of the 

different doses involved in in vivo dosimetry for a 

single beam. Dsurface is defined at 0.05 cm below 

the entrance surface, Dentrance at depth of maximum 

build-up dmax, Dtarget at the depth of dose 

specification, Dexit at a distance dmax from the exit 

surface on the beam axis. 

 

 

 

 

 

Some studies have mentioned the use of TLDs for in vivo dosimetry of conformal treatments 

and have shown that in vivo dosimetry with TLDs resulted in a considerable improvement of 

the treatment accuracy in a department [23,41,88]. As TLDs can be simply transported, the 

application of TLD in mailed in vivo entrance dosimetry studies is investigated for the first 

time.  

The measurement of entrance dose must be carried out with material of thickness dmax (figure 

5.2.1.) around the detector placed at skin level in order to be reproducible. Moreover, when 

the bare detector is used it is subject to almost full headscatter contaminating electron 

spectrum20, which will lead to high uncertainties in dose determination. In order to limit as 

much as possible the influence of headscatter electrons on the entrance dose, it is necessary to 

use a build-up cap. Therefore, Part 2, chapter A of this thesis describes the physical design of 

build-up caps for TLDs, for use in 60Co beams and in a wide range of therapeutic photon 

beams with energies between 4 MV and 18 MV, in order to measure patient entrance doses at 

a certain depth. Testing of these build-up caps is performed at different levels. First, the dose 

perturbation under the detector is assessed by radiographic film. Secondly, the in vivo 

detectors (TLD and build-up cap) have to be calibrated to measure entrance dose. Clinical 

conditions, which are different from the calibration conditions, are also under investigation as 

                                                           
20 Photon fields are contaminated by electrons, and at higher energies, also by positrons. These leptons are 
produced by photon interactions in the treatment head of the linear accelerator, the air and in different 
accessories in the beam path. This contamination increases the surface dose and disrupts the build-up in the field, 
compared to when the field is clean from the leptons. 
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clinical treatment fields consist of various field sizes, source skin distances (SSD), beam 

modifiers,… Further, the energy dependence of the LiF powder in the build-up caps, using 

different beam energies, is determined. Previous findings are considered in the new 

methodology for absorbed dose determination by TLDs in build-up caps. 

 

After testing the new detectors (in chapter A), Part 2, chapter B of the thesis handles the 

clinical testing of TLDs and build-up caps for in vivo dosimetry. The TLDs and build-up 

caps are used for entrance dose measurements on a cohort of patients treated in the 

radiotherapy department of the University Hospital of Leuven and, subsequently within a 

mailed in vivo TLD study in European radiotherapy centres. Evaluating the feasibility of the 

in vivo detectors includes a comparison between predicted entrance dose, calculated by the 

TPS, and measured entrance dose, using TLD and build-up cap. 

 

In summary, though radiation techniques are simple or complex, an essential component for 

optimised clinical outcome in radiotherapy is careful and comprehensive QA in all aspects of 

the radiotherapy process. This is indispensable for progress to continue along the route of 

conformal techniques. Nevertheless, it is equally important for standard approaches where 

each individual patient expects to receive the best possible treatment achievable within the 

local healthcare infrastructure. Therefore, the implementation of appropriate systematic postal 

dosimetry audits with phantom measurements as well as with in vivo measurements is the 

main subject of this thesis, in order to investigate its impact on the overall quality of 

radiotherapy dosimetry in the local centres. 
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Part 1 : Assessment of the usefulness of multipurpose phantoms in 

radiotherapy as a quality assurance tool in external audits of 

clinical photon beams 

 
The results of Part 1 are partly published in “Swinnen, A., Verstraete, J., Huyskens, D.P. The use of a 
multipurpose phantom for mailed dosimetry checks of therapeutic photon beams. Radiother. Oncol. 2002; 
64(3):317-326” [119]. 

 

1. Introduction 

 

For practical reasons, typical postal dose audit systems have a limited scope and are capable 

of providing verification of a few selected dose points or beam parameters. Implementing 

postal dose audits for photon beams in reference conditions are necessary for any audit system 

before launching any subsequent audit level. From the audit networks, which have carried out 

audits in any conditions other than the reference situation [32,66], the results and experience 

show that good performance of a local radiotherapy centre delivering the dose in reference 

conditions does not imply that there are no problems in non-reference dose parameters. 

Significant numbers of deviations in non-reference conditions, i.e. a variety of clinically 

relevant irradiation geometries as used on patients, have been observed in the audit systems. 

Therefore, a main conclusion from the audit systems is that an external independent audit 

should be carried out not only for reference conditions but also for non-reference irradiation 

conditions [32]. Postal dose audits for photon beams in reference and non-reference 

conditions on the beam axis can include the checks of beam quality (depth dose), dose 

variation with field size and shape, and wedge transmission [32,66]. The subsequent step is to 

perform audits for photon beams in reference and non-reference conditions off-axis, which 

can contain the checks of beam profiles, with and without wedges, for symmetric and 

asymmetric fields. 

 

Hence, to test single-beam dosimetric characteristics off-axis, a new method has to be 

provided, which uses a water or water-equivalent phantom21 that can be mailed. The ideal 

might be to construct an anatomical phantom similar to a real patient with the possibility to 

introduce non-perturbing dosimeters at any location. Large anatomical phantoms, attempting 

                                                           
21 The International Commission on Radiation Units and Measurements (ICRU) defines a "tissue substitute" as 
any material that simulates a body of tissue in its interaction with ionising radiation and a "phantom" as any 
structure that contains one or more tissue substitutes and is used to simulate radiation interactions in the human 
body. 
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to fulfil these conditions are commercially available but they are not perfect and difficult to 

handle. Such a phantom, if CT scanned, dose planned and treated with a relevant number of 

fractions, should reveal a lot of the dosimetric uncertainties and errors that can be found in 

daily radiotherapy practice, although it is still not reflecting the set-up uncertainties found 

with a real patient. Apart from the technical, practical and economical problems in 

constructing and producing such a phantom, it would not give an unambiguous answer on the 

origin of the problems. A more feasible method, might be to construct a smaller phantom, for 

instance valid for one anatomical region: breast phantoms [43,47], head and neck phantoms 

and other site-specific anatomical phantoms [104] have often been used to study the accuracy 

of different specific treatment techniques or to investigate the result of computerised dose 

plans. Again, discrepancies found demand a thorough investigation to spot their origin. That 

is why it is preferable to begin with a simpler phantom, which is uncomplicated to handle, 

which can hold some dosimeters and include a number of easily performed set-ups, ergo 

which can meet multiple purposes.  If the phantom design is restricted to simple geometrical 

shapes, it is possible to include also a measurement of the dose at the reference point under 

reference condition. With such a design, the most fundamental dosimetric error, i.e. a 

miscalibrated treatment unit can be detected or excluded [10]. Even with a geometrically 

simply shaped phantom, a number of non-reference conditions can be included, related to 

field size, oblique field incidence, wedges, beam energy, beam flatness and symmetry and 

inhomogeneities. However, the more factors to verify, the more time consuming the 

irradiations will be, and if too many non-reference conditions are included in the same set-up, 

it will be impossible to find the reason for a deviation. 

As the goal is to construct a phantom for external audits, a compromise must be found 

between gathering as much relevant information as possible and limiting the number of set-

ups as well as dosimeters. It is critical to keep the time, necessary for the staff to set up and 

irradiate the phantom, as short as possible. If this criterion cannot be met, some radiotherapy 

centres may not take enough care in the set-up of the phantom, or may even hesitate to 

participate. 

 

Despite the fact that at the start of present work already 3 different MP types had been 

developed [10], it was yet necessary for our purpose to develop a 4th type. It was called 
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‘OPERA’ (Operational Phantom for External Radiotherapy Audit)22 and optimised for mailed 

dosimetry checks of photon beams in reference and non-reference conditions.  

The aim is to mail ‘OPERA’ to different radiotherapy centres in order to test the functionality 

of this phantom by comparing the results provided by the local treatment planning system 

(TPS) with the measurements in a number of clinical conditions with respect to field size, skin 

curvature, air and lung inhomogeneities and use of wedge compensator. Two standard 

dosimetric methods will be used: radiographic film and thermoluminescence dosimeters 

(TLD). Therefore, a more detailed explanation of the principles of TLD and film dosimetry is 

included in this chapter.  

 

Analysis of the feasibility of ‘OPERA’ and of the applicability when using the phantom in 

external audits includes the assessment of the practical set-up of the phantom, of the 

verification of the understandability and efficiency of the new instruction and data sheets, and 

of the dosimetric performance (i.e. evaluating the dosimetric parameters checked with films 

and TLDs, level of accuracy, reproducibility).  

 

2. Materials and methods  

  

2.1. The Operational Phantom for External Radiotherapy Audits (‘OPERA’) of photon 

beams in non-reference conditions 

 

2.1.1. Design of the multipurpose phantom 

 

In order to develop a MP useful for mailed dosimetric audits of therapeutic photon beams, 

important factors to consider are the choice of phantom material and the parameters that can 

be measured. 

 

                                                           
22 The name ‘OPERA’ was created by Prof. Dr. E. van der Schueren. 



 32

Since water represents the reference dosimetry material in radiotherapy23, water might be 

considered to be the most straightforward choice for phantom material. This type of phantom 

can be transported relatively easy as it can be filled with water at the centre and is thus very 

light. A water phantom does, however, also include some limitations. It is complicated to 

introduce film to measure dose distributions or to incorporate inhomogeneities to simulate 

anatomical features in a water phantom. Practical problems with air bubbles, water leakage 

and filling difficulties, may become significant with a more complex water phantom. 

When a solid phantom is constructed, accuracy in the determination of dose to the reference 

point under reference conditions might be decreased. Several solid water equivalent materials 

are manufactured to simulate the dosimetric behaviour of water as closely as possible over a 

wide range of energies [3]. A major drawback with these materials is that the cost is orders of 

magnitude higher than for more conventional plastic materials. 

If the phantom is designed to be scanned in order to make a CT-based dose planning, 

additional care in choice of material has to be taken. The plastic has to behave in a water (or 

soft tissue) equivalent way not only at the therapeutic photon energies, but also at the kV 

quality of the CT scanner [10]. Moreover, the way the Hounsfield values from the CT scanner 

are translated, or interpreted, in the treatment planning system (TPS), has to be considered. 

 

There are a large number of parameters that may influence the outcome of a radiation 

treatment and which could be measured with MPs. A list of all possible parameters will, 

however, neither be complete, nor possible to obtain with one phantom design. The most 

essential parameters are listed below: 

• Dose at reference point on-axis : In a dosimetry audit the most fundamental parameter 

is the dose to water at the reference point under reference conditions, because it 

reflects the basic dosimetry of the radiotherapy centre [26]. The reference depths may 

be dissimilar in different radiotherapy centres and for various photon energies.   

• Doses at non-reference points on-axis : The phantom design should also permit dose 

measurements at different depths along the central axis of the beam. The 

measurements can then be used to also determine the quality index of the beam 

                                                           
23 For dosimetrical purposes, the human body has been considered water equivalent because differences in 
atomic composition and density between water and soft tissues are small and the accuracy in absorbed dose 
determination is not high enough to determine these differences. Determination of size and composition of 
various internal structures is complicated and to assume that the whole body is water equivalent is believed to be 
a safer basis for dosimetry. In addition, water is a well-defined medium, easy available and all modern dosimetry 
protocols specify water as the reference medium for absorbed dose measurement, both for photon as electron 
beams [57,58]. 
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(addendum 2), or at least a dose ratio closely related to the quality index. This is a 

necessity if a completely independent check of the beam calibration has to be 

performed. 

• Off-axis points : Points outside the central beam axis should be included, preferably at 

different depths. If entire areas can be monitored, a full mapping of field flatness and 

field symmetry would be given. 

• Beam profiles with oblique incidence : As the patient body contour is curved, it is 

important to check the oblique surface correction by measurements of beam profiles. 

Moreover, oblique field incidence is closely related to wedges. 

• Beam profile with wedge compensator and wedge factor on-axis : Wedge 

compensators may thus be applied to compensate for obliquity of body contour and 

may also be used to produce an acceptable dose distribution where beams intersect as 

greater absorption of radiation is obtained through the thick end of the wedge. The 

influence of a wedge compensator on a radiation beam can be verified by 

measurements of beam profiles. The wedge transmission factor is defined as the dose 

on-axis with wedge versus the dose on-axis without wedge. 

• Doses under inhomogeneities : It is well known that some treatment planning systems 

have problems in calculating precisely the dose inside or behind inhomogeneities like 

lung, bone or air cavities24. By introducing well defined cavities of different density in 

the solid MP, the impact of low density inhomogeneities on the calculated doses can 

be verified. 

 

In previous work, 3 MPs have been compared for different aspects going from their 

dosimetric performance (number of dosimetric parameters that can be checked) to some 

economical concerns and practical consideration (set-up time, stability, instruction sheets, 

etc.) [10]. The water MP (W-MP) uses only thermoluminescence dosimeters (TLDs) for 

dosimetry checks and verifies the smallest number of parameters, but is the fastest in set-up 

time, the easiest for mailing, and is obviously water equivalent (which is advantageous for the 

TPS checks). The disadvantage of this MP is the inability to check complete dose distribution 

(by film) or inhomogeneities. The Umeå phantom, made of Perspex (which is a solid water 

                                                           
24 Already in the 80s, several papers studied the effect of low density heterogeneities in dose distributions and 
dose calculations. However, the matter continues to concern medical physicists as can be seen from many 
publications dealing with this topic (e.g. [11,30,73,77,87,104,131]). On the basis that any heterogeneity 
correction is better than none at all [104], TPSs have been using calculation algorithms that might not 
accuractely predict the dose in heterogeneous media.  
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substitute that is reasonable in price), uses film and TLD, and offers in addition the possibility 

for ionisation chamber measurements. The major drawback of the Umeå-MP is considered to 

be its high density (1.15 g/cm3) which may cause problems in the interpretation in the 

computerised dose planning system if the phantom is CT scanned and the images are directly 

transferred to the system25. The EC-MP, made of polystyrene, uses film and TLD and is able 

to check the largest number of dosimetric parameters per beam, but has the longest set-up 

time (~ 2 h) per beam energy according to the users [10].  

 

The idea has arisen to start from the experiences found in [10], and to simplify the EC-MP in 

order to make it more feasible for external audits by mailed dosimetry on a broad scale26.  

‘OPERA’ (Operational Phantom for External Radiotherapy Audit) consists of detachable 

homogeneous polystyrene pieces (density 1.05 g/cm3) (figure 2.1.1.1.(a), 2.1.1.1.(b)). 

Manufacturing of ‘OPERA’ was performed in Leuven.  

 

(a)               (b) 

Legend 

A - polystyrene plate 200 x 200 x 20 mm 

B - polystyrene block complementary to block C 

C - polystyrene block for oblique phantom 

D - polystyrene plate 200 x 200 x 30 mm 

E - polystyrene block 200 x 200 x 100 mm with two holes F and G 

F - cork block 40 x 200 x 40 mm 

G - air hole 20 x 200 x 20 mm 
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Figure 2.1.1.1. : (a) Schematic drawing of ‘OPERA’ with correct dimensions (b) ‘OPERA’ consists of 

detachable polystyrene blocks, extended with an oblique surface and inhomogeneities (air, cork) and it 

has the ability to insert detectors (film, TLD). 

 

                                                           
25 This can be solved if the TPS can allow an assignment of the density to a certain volume, irrespective of the 
Hounsfield units in that volume. 
26 The simplification of the testing program as well as the design of the EC-MP towards ‘OPERA’ was 
performed under supervision of Dr. D. Huyskens, within the EC-Network group. 
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It is constructed to check on- and off-axis the following 5 irradiation conditions in a vertical 

beam set-up (figure 2.1.1.2.):  

1) Square fields (10 × 10 cm2, reference depth of 5 or 10 cm regarding the beam energy 

used) 

2) Asymmetrical fields (2 cm/5 cm × 10 cm, with a block or asymmetric collimators, 

reference depth of 5 or 10 cm) 

3) Wedged beams (9(W) × 15 cm2, most frequently used wedge, reference depth of 5 or 

10 cm) 

4) Oblique incidence (15 × 15 cm2, depth of 8.3 cm, block B is removed)  

5) Influence of inhomogeneities in the field (15 × 15 cm2, 10 cm depth, block E on top).  

 

Figure 2.1.1.2.: Five irradiation conditions in a vertical beam set-up: square field, asymmetrical field, wedged 

field, field with oblique incidence and inhomogeneities of air and cork. 

 

The small square cavity simulates a natural body air cavity and the large one is filled with a 

piece of cork (ρ = 0.25 g/cm3), simulating the average density of a lung (figure 2.1.1.1.). The 

treatment distance of the phantom should be adapted either at a fixed source-detector-distance 

(SDD) or at a fixed source-skin-distance (SSD), following the clinical conditions locally 

applied. The reference depth of 5 or 10 cm for the first 3 irradiation conditions is obtained by 

putting respectively blocks A,D or blocks B,C,D (see figure 2.1.1.1.(a)) on top of the 

phantom. 

 

In total, 10 ‘OPERA’ phantoms have been manufactured. Each phantom has been investigated 

with CT analysis in order to have a quick check of the intra-phantom homogeneity in the 

density of the polystyrene. Further, by means of ionisation chamber measurements (Nuclear 

Enterprise (NE) 2571, 0.6 cm3) at depth 10 cm, the inter-phantom reproducibility has been 

verified (18 MV X-rays, SDD of 100 cm, field size 10 × 10 cm2
, 100 MU). The IC 

measurements in the 10 ‘OPERA’ MP are assessed relative to the “reference” ‘OPERA’, 

which stays in the measurement centre UH Leuven. 
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2.1.2. Application of ‘OPERA’ in external audits 

 

In order to apply ‘OPERA’ in external audits27, a set of instruction and data forms has to be 

written. A copy of the instruction and data documents can be found in addendum 1. 

The phantom ‘OPERA’, the dosimeters (films and TLDs) and the corresponding instruction 

and data sheets are mailed directly to the participating radiotherapy centres.  

Radiotherapy centres of 12 different countries have participated to this study (table 2.1.2.). 

According to the instruction sheets, the centres were asked to check photon beams of 2 

different energies per centre (60Co (1 centre), 5 MV (2 centres), 6 MV (9 centres), 8 MV (1 

centre), 10 MV (2 centres), 15 MV (3 centres), 16 MV (1 centre), 18 MV (5 centres)). The 

treatment planning systems used in these centres are Cadplan (5 centres), Helax (4 centres), 

Multidata DSS (1 centre), Plato (1 centre) and Target-2 (2 centres).  The purpose is to get 

the MP through their standard clinical chain, just as for a real patient. This policy has to be 

applied at the level of the TPS as well as at the execution of the irradiation.  

 

Participating 
centre 

Type of treatment unit 
(manufacturer) 

Beam 
energy 

TPS 
Beam calculation 

algorithm 

Denmark Clinac 2300 C/D (Varian) 6 MV Cadplan 3.1.1 Pencil beam 
 Clinac 2300 C/D (Varian) 18 MV Cadplan 3.1.1 Pencil beam 

Germany SL-25 (Elekta) 6 MV Helax TMS Pencil beam 
 SL-25 (Elekta) 16 MV Helax TMS Pencil beam 

Hungary SL-18 (Elekta) 6 MV Helax TMS 5.1 Collapsed cone 
 SL-18 (Elekta) 10 MV Helax TMS 5.1 Collapsed cone 

Ireland SL-15 (Elekta) 6 MV Helax TMS Pencil beam 
 SL-15 (Elekta) 10 MV Helax TMS Pencil beam 

Italy Orion CFR (Nucletron) 5 MV Plato RTS 1.7 Pencil beam 
 Clinac 2100 C (Varian) 18 MV Cadplan 2.7.9 Pencil beam 

Lithuania Saturne-43 (GE) 8 MV Target S-2 2D 
 Saturne-43 (GE) 15 MV Target S-2 2D 

Poland Clinac 2300 C/D 6 MV Cadplan 3.1.1 Pencil beam 
 Clinac 2300 C/D 15 MV Cadplan 3.1.1 Pencil beam 

Rumania Saturne-41 (GE) 6 MV Target S-2 2D 
 Saturne-41 (GE) 15 MV Target S-2 2D 

Slovak Republic Clinac 2100 C (Varian) 6 MV Helax TMS Pencil beam 
 Clinac 2100 C (Varian) 18 MV Helax TMS Pencil beam 

Slovenia SL-75/5 (Elekta) 5 MV Multidata DSS 2D 
 Theratron 780 (Theratronics)

 60
Co Multidata DSS 2D 

Spain Clinac 1800 (Varian) 6 MV Cadplan 3.1.1 Pencil beam 
 Clinac 1800 (Varian) 18 MV Cadplan 3.1.1 Pencil beam 

Switzerland Clinac 2100 C (Varian) 6 MV Cadplan 3.1.1 Pencil beam 
 Clinac 2100 C (Varian) 18 MV Cadplan 3.1.1 Pencil beam 

 
Table 2.1.2. : List of the countries of participating radiotherapy centres, the beam energies and TPS 

applied in this study. 

 
 

                                                           
27 The lay-out of the instruction and data forms, the evaluation of mailing procedures, the verification of the 
functionality of ‘OPERA’ for external audits and the analysis of the results by film, TLD and TPS has been done 
by A. Swinnen. 
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According to the instruction sheet, it is indicated that for the first 3 set-ups TLDs have to be 

irradiated at the reference depth with a dose as close as possible to 2 Gy. The first phantom 

set-up (square field) requires a second TLD irradiation. Hence, each centre has to irradiate a 

total of 4 TLDs per energy to check the absorbed dose at the reference point of the beam. For 

set-up 3, the TLDs have to be placed in such a way that their longitudinal directions are 

perpendicular to the slope of the wedge in order to obtain a homogeneous irradiation of the 

entire volume of the TLD powder in the capsule. 

After changing the appropriate inserts, films have to be irradiated at the reference depth with a 

dose of 1/6 of 2 Gy (~ 0.33 Gy) for all set-ups (figure 2.1.1.1.(b)). The upper of the 2 film 

inserts, between which a film can be sandwiched, includes 4 little lead pins. These markers 

are touching the film surface in order to achieve proper orientation of the film during 

evaluation procedure.  

Regarding the TPS calculation, the centres have the following guidelines. The phantom has to 

be digitised with correct dimensions as mentioned in the instruction sheet or CT scanned. 

During CT scanning, an additional polystyrene insert has to be placed in the MP which 

contains neither a hole for TLDs nor lead markers for film orientation.  

It is important to notice that the accuracy of calculated dose distributions in the MP by the 

local TPS is influenced by the geometrical accuracy of the input of the phantom by the 

digitiser or by the correctness of the translation of the Hounsfield units from CT scanner to 

TPS.  The phantom has to be considered as water-equivalent for the TPS, in case the phantom 

is digitised into the TPS. 

Further, the centres are asked to provide the standard clinical isodose output and the monitor 

units to give 2 Gy on the central beam axis at reference depth. For the analysis of the results, 

it is advisable to have numerical TPS data instead of isodose plots or relative dose profiles for 

each set-up.  Four centres were able to give a numerical TPS output for all irradiation 

conditions, 3 centres provided us with the calculated relative dose profiles and 5 centres gave 

us a hard copy of their isodose plots from which the relative doses in function of distance had 

to be extracted manually at reference depth. 
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2.2. Measurement procedures 

 

For this study, the purpose is to measure doses (in gray (Gy)) on the beam axis as well as 

beam profiles. As these measurements have to be adopted for mailed dosimetry, integrating 

systems are required. The choice fell on 2 well-established dosimetric methods: 

thermoluminescence dosimeters (TLDs) for the doses on the beam axis and radiographic film 

for the dose profiles. These methods have already been used for the 3 other types of 

multipurpose phantoms [10].  

Sections 2.2.1. and 2.2.2. describe the characteristics, the procedure to obtain dosimetric data 

and the feasibility in an external dosimetry audit for film and TLD respectively. 

 

2.2.1. Film dosimetry 

 

2.2.1.1. Physical background 

 

Radiographic films have been a valuable tool in dosimetry since the introduction of 60Co and 

betatrons, especially for 2D dosimetry [28,40,46]. They offer several advantages, such as high 

spatial resolution, 2D information with one single irradiation, a permanent record of the 

integrated dose distribution, suitability for use in inhomogeneous phantoms, flexibility at 

curved interfaces, short immobilisation time, negligible distortion of dose distributions, and 

cost effectiveness. Disadvantages of radiographic films are the energy dependent response 

due to the high atomic number of silver, the off-line evaluation due to the film processing and 

film reading, and the criticality of the processing conditions. However, films are widely used 

for acceptance testing, commissioning and periodic QA as well as for pre-clinical studies of 

radiotherapy equipment. 

 

In dosimetry, film is useful for different field checks: coincidence between optical and 

radiation field, field flatness and field symmetry (addendum 2), and for obtaining permanent 

qualitative patterns of radiation distribution. Film can gather rather quickly information on the 

characteristics of the beam. For instance, films can be applied to validate the required dose 

homogeneity through the target volume and to inspect the dose falling-off area (i.e. penumbra, 

addendum 2) as this parameter can be of importance in situations where the organs at risk are 

in close proximity of the target. In the megavoltage range of photon energies, film has been 

used to measure isodose curves with acceptable accuracy (+/- 3%) [141]. 
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A radiographic film consists of a transparent film base (cellulose acetate or polyester resin) 

coated on both sides with an emulsion containing microscopic grains of silver halide 

(typically 95% silver bromide and 5% silver iodide). The emulsion is covered with a thin 

layer of gelatine to protect it against mechanical damage. When the film is exposed to 

ionising radiation or visible light, a change takes place in the physical structure of the grains 

to form what is referred to as the latent image. When the film is processed with a chemical 

solution (i.e. developer), a reaction takes place causing formation of small grains of metallic 

silver. The film is then fixed. The unexposed granules are removed by the fixing solution, 

leaving a clear film in their place. The metallic silver, which is not affected by the fixer, 

causes darkening of the film. Thus the degree of blackening of an area of the film depends on 

the amount of free silver deposited and, consequently, on the radiation energy absorbed. 

 

The dose can thus be related to the blackening of the film, which is expressed by the optical 

density (OD), defined as: 

OD = log10(I0/It),  

where I0 is the intensity of light incident on a region of the film and It is the intensity of light 

transmitted through that region. 

 

To use film for dosimetry, it is necessary to know the relationship between dose and optical 

density (OD). This can be determined by irradiating multiple films from the same batch to 

known graded doses of radiation (covering the range of interest), followed by automatic 

processing on the same day. The OD can then be plotted against dose to yield a sensitometric 

curve (figure 2.2.1.1.). The relation between OD and dose for silver halide films (Df) is non-

linear in a radiotherapeutic dose-range. Therefore, the interpolation was done by a third order 

polynomial function described by: 

3

f3

2

f2f10f )(Da)(DaDaa)f(DOD ×+×+×+==  

with a0, a1, a2 and a3 the polynomial coefficients. After processing even un-irradiated films 

attenuate some incident light owing to the emulsion supporting layer. This value is referred as 

the fog and corresponds to the value a0. It has to be subtracted from the OD in the irradiated 

areas to yield the net OD. The fog can be determined from an unirradiated film from the same 

batch of films and processed at the same time. 

3

f3

2
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Chemical changes during processing and reproducibility in the thickness of emulsion coating 

of films have a significant effect on the absolute values of the sensitometric curve. Therefore, 

film dosimetry is intended to obtain only relative doses Dr and the doses Df are thus 

normalised to the dose corresponding to a net OD equal to 1.  

The normalised sensitometric curve can be described by: 

3

3

2

21r (netOD)b(netOD)b(netOD)bD ×+×+×=  

and the coefficients b1, b2 and b3 are introduced into the film dosimetry software in order to 

convert net optical density into relative dose Dr.  

 

Figure 2.2.1.1 shows an example of sensitometric curves for 2 types of film: Kodak X-Omat 

V and EDR film28. Film speed29 and linearity of the sensitometric curve are the two main 

characteristics which are considered in selecting a film for dosimetry. Moreover, X-Omat V 

film has known a long tradition in radiotherapy and a large experience has been gained with 

this film type. 

 

Figure 2.2.1.1. Sensitometric curves for Kodak XV and EDR films, obtained  for a 10 × 10 cm
2
 

field size at 10 cm depth in a polystyrene phantom in 6 MV and 18 MV photons. 

 

 

                                                           
28 Intended also for direct exposure applications, the Extended Dose Range (EDR) film (25.4 x 30.5 cm2) 
extends the current line of Kodak ready-pack products. It is relatively insensitive to X-ray energies and, hence, 
has a response which extends to very high exposures. Further, the film is linear over a whole range of dose levels 
(0-600 cGy). The EDR film is therefore rather a convenient means for, in particular, IMRT, stereotactic and 
advanced MLC applications. 
29 Film speed is a parameter that indicates a film's sensitivity to light or ionising radiation. The lower the film 
speed, the less sensitive it is to radiation, so more radiation is required to achieve good results. Higher speed 
films allow thus the use of short irradiation times. 
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2.2.1.2. Film material 

 

The Kodak (Eastman Kodak Company, New York) X-Omat V films are ready-pack paper 

envelop films (25.4 × 30.5 cm2) with low speed. The X-Omat V type is probably the most 

commonly applied film type used in radiotherapy. The emulsion is coated on both sides of the 

plastic base. The electron micrographs of the Kodak film, presented by [12] (figure 2.2.1.2), 

shows the non-uniformity of the silver halide crystals which are of tubular grain type. The 

advantage of such a tubular type emulsion is its rapid processing, while for a cubic type of 

emulsion a longer processing time is required as described by [45].  

 

Figure 2.2.1.2. Electron micrograph of the Kodak X-Omat V film [12]. 

 

The Kodak X-Omat V film has a linear response in the range of OD up to 1. At higher optical 

densities the variation of OD versus dose is sub-linear. In this study, doses of about 0.33 Gy 

are delivered to the film, so that the limited dose range is not a problem (figure 2.2.1.1).  

 

2.2.1.3. Film reading system 

 

After irradiation, the films are developed with a microprocessor controlled processing 

machine (e.g. AGFA Curix 260) in order to provide stable processing conditions. When the 

film is inserted into the processor, it is automatically transported into the development bath, 

with a temperature of 35º regulated within ± 0.3°. Further, the film is moved to the fixer 

solution. Next, the film is washed in water, dried with hot air and released from the processor 

unit. The processing time for 1 film is about 90 seconds. 

 

The OD is measured with a densitometer. This instrument consists of a light source, a tiny 

aperture through which the light is directed, a light detector (photocell) to measure the light 

transmitted through the film and an electronic circuit to convert the electronic signal from the 

light detector into OD.  A densitometer gives a direct reading of OD if it has been calibrated 
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by a standard strip of film having regions of known OD. For present work, the films were 

digitised using a Vidar VXR-12 densitometer (Vidar Systems Corporation, Herndon, 

Virginia, USA). The characteristics of this commercially available film digitiser have been 

studied in [93]30.  

This densitometer transfers X-ray images from film into a digital image with a 5000-element 

charge coupled device (CCD) array. It has a maximum pixel resolution of 300 dots per inch.  

Film densitometry software WP700 and Omnipro (Wellhöfer, Germany) running on a 

computer are used for evaluation of the film images. 

 

2.2.1.4. Dose measurement procedure 

 

There are several factors affecting the sensitivity of radiographic film (i.e. the relationship 

between optical density (OD) and delivered dose). These factors include amongst others (a) 

photon beam energy, (b) emulsion difference amongst films of different batches, (c) 

processing conditions and (d) type of densitometer. 

(a) Energy dependence - The most problematic variable is the photon energy spectrum, which 

– for a given beam quality – may change with both depth in phantom and field size due to the 

variation in beam hardening and phantom scatter. This has been studied by [17]31.  

In this work, the dependence of sensitometric curves on beam quality has been investigated. 

Films from the same batch have been irradiated at 5 cm depth in polystyrene in 2 different 

beam energies (6 MV and 18 MV X-rays) for a field size of 10 × 10 cm2 and a source-surface-

distance (SSD) of 95 cm. The result is given in section 3.2.1.1.  

(b) Emulsion dependence - The effect of different film batches on the sensitometric curves has 

been checked. Films from 2 batches have been irradiated in 6 MV X-rays at 5 cm depth in 

polystyrene with a field size of 10 × 10 cm2 and a SSD of 95 cm (section 3.2.1.1.). Anyway, 

all film experiments with ‘OPERA’ have been performed with Kodak X-Omat V ready-pack 

                                                           
30 A digitising resolution of 75 dpi and speed of 20 ms/line result in an optimal signal-noise ratio. At ODs above 
2.0, the reading accuracy of the digitiser is limited by noise [93]. In addition, we have performed a test where the 

same film, irradiated with a square field of 10×10 cm2 at depth 5 cm in a polystyrene phantom, has been 
digitised twice, front and back, and subtracted. The deviation has been found smaller than 0.5%. 
31 The sensitometric curve variation with field size and depth in phantom is due to the over-response of the film 
emulsion by photoelectric absorption (by the silver atoms (Z=45) in the emulsion) of low energy photons 
(energy less than 300 keV) arising from scattering of the primary photons in the phantom. For small field sizes 
and for photon beam qualities above 4 MV, this dependence is not so strong. On the other hand, for large field 
sizes and low photon beam energies, the film sensitivity increases with depth due to the increase of low energy 
photons contribution [17]. 
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paper envelop films withdrawn from a single batch to minimise film sensitivity variation due 

to emulsion ageing. 

(c-d) Other factors – Factors (c-d) can be minimised or eliminated entirely with appropriate 

calibration (e.g. specific to the film batch, processing conditions and densitometer). 

Furthermore, all films in this study are analysed by the same densitometer after being 

processed together.  

 

In this work only relative film dosimetry is applied, because of the renormalisation of doses 

(section 2.2.1.1.). If films are used to estimate the absorbed dose in grays, film sensitivity 

should be checked at regular intervals as part of the QA program.  

 

2.2.1.5. Reproducibility 

 

It is necessary to verify the reproducibility of the whole film dosimetry procedure. The 

procedure includes film irradiation, film processing and optical density reading.  

Uncertainties in film dosimetry are amongst others related to the reproducibility of fog 

density, the precision of OD reading with densitometer, and the dependence of OD on film 

processing. Moreover, there are uncertainties in emulsion sensitivity. It is well-known that 

emulsion manufacturing may change from time to time32, and in order to decrease this 

uncertainty, the Kodak X-Omat V ready-pack paper envelop films are taken from a single 

batch. 

• The reproducibility of fog density reading is investigated by the reading of 20 

unirradiated films from the same batch. 

• The reproducibility of the densitometer and of the film emulsion can be checked for 

films of the same batch by irradiating them on a linear accelerator (6 MV or 18 MV 

X-ray beam) between polystyrene plates to the same dose (0.33 Gy) with a 10 x 10 

cm2 field size, SSD of 90 cm, and a depth of 10 cm, and processing them the same day 

(i.e. check of the intrafilm sensitivity variation).  

Stability of the Vidar VXR-12 reader depends on the stability of the electronic circuits 

and light source33. With the Vidar densitometer is found that the higher the OD, the 

higher the observed standard deviation (SD): the observed SD varies from 0.3% to 1% 

                                                           
32 Inter-batch variation of film sensitivity of up to 30% was observed for films with age difference of 2 years 
[38].  
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for OD from 0.5 to 2.5 [103]. For ODs above 2.0, noise on the measured film 

transmission becomes important [93]. 

• According to several references (e.g. [17,103]), major part of the uncertainty is 

connected with the stability of the processor (temperature of the development bath and 

development time). The influence of processor quality is verified by checking the 

reproducibility in optical densities. For that purpose, films are irradiated in 

polystyrene in the following irradiation conditions (60Co γ-rays (Alcyon), field size 15 

× 15 cm2, depth of 5 cm, SSD of 75 cm, 0.33 Gy, or 6 MV X-rays (Saturne 42), field 

size 15 × 15 cm2, depth of 5 cm, SSD of 95 cm, 0.33 Gy). The absorbed dose in grays 

is determined at the film depth with a 0.6 cm3 NE 2571 ionisation chamber before the 

first irradiation of each series of these “reference” films. The reference films are 

processed in the automatic processing unit together with the films irradiated in 

‘OPERA’ in the participating centres. The distribution of OD of these reference films 

is determined to confirm the stability of the processor. 

• The long-time reproducibility of the global procedure is studied by irradiating films to 

a dose of 0.45 Gy at regular intervals for a period of more than two months and 

processing them all after the last irradiation using the automatic processor. This test 

reflects the influence of fading of the latent image before processing. The fading rate 

is determined by the ratio of OD of the faded film to the OD of the reference film in 

function of time between irradiation and processing. 

Contributions of the individual procedures to the global uncertainty are given in section 

3.2.1.1. 

 

2.2.1.6. Film in external audits 

 

Regarding the film mailing procedure, the package of films which is sent to the participating 

centres includes 1 film irradiated in reference conditions (section 2.2.1.5.), 1 un-irradiated 

film to determine the fog and 10 films for the 5 different irradiation conditions for 2 different 

beam energies of the local centres. Two additional films are enclosed in case a film has been 

wrongly irradiated by the local centre so that the set-up could be repeated. One extra reference 

film and 1 extra un-irradiated film stay in normal laboratory conditions in the measuring 

centre UH Leuven in order to trace unexpected irradiation during mailing. It is also important 

                                                                                                                                                                                       
33 After the normal warm-up time (about 2 min) , an increased sensitivity of up to 12% during a period of 15-20 
min has been noted [93]. Therefore, an extra stabilisation time of 20 min is respected. 
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to pay attention to the fact that no mechanical artefacts can occur during film mailing. The 

latter can be accomplished by putting the ready-pack paper envelop films in special envelopes 

with air bubbles. 

The weight of the complete set (‘OPERA’, TLDs, films, documents) is about 13 kg. In 

present study, the delay between preparation of the set and evaluation is 8 weeks at most. 

 

2.2.2. Thermoluminescence dosimetry 

 

2.2.2.1. Physical background 

 

Many crystalline materials exhibit the phenomenon of thermoluminescence. When such a 

crystal is irradiated, a very minute fraction of the absorbed energy is stored in the crystal 

lattice. Some of this energy can be recovered later as visible light if the material is heated.  

This phenomenon of the release of visible photons by thermal stimulation is known as 

thermoluminescence (TL). 

 

Figure 2.2.2.1.a: Energy-level diagram of an insulating crystal exhibiting TL by ionising radiation. 

 

In an individual atom, electrons occupy discrete energy levels. In a crystal lattice, on the other 

hand, electronic energy levels are perturbed by mutual interactions between atoms and give 

rise to energy bands: the “allowed” energy bands and the “forbidden” energy bands (figure 

2.2.2.1.a). In addition, the presence of impurities in the crystal creates electron traps in the 

forbidden region, providing metastable states for electrons. When the material is irradiated, 

some of the electrons in the valence band (ground state) receive sufficient energy to be raised 

to the conduction band. The vacancy thus created in the valence band is called a positive hole. 

The electron and the hole move independently through their respective bands until they 

recombine (electron returning to ground state) or until they fall into a trap (metastable state). 
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If there is an instantaneous emission of light owing to these transitions, the phenomenon is 

called fluorescence. If an electron in the trap requires energy to get out of the trap and falls to 

the valence band, the emission of light in this case is called phosphorescence (delayed 

fluorescence). If phosphorescence at room temperature is very slow, but can be speeded up 

significantly with a moderated amount of heating (~300°C), the phenomenon is called 

thermoluminescence. The probability of the thermal release of an electron from a trapping 

centre is governed by the Boltzman equation: p = s × e(-E/kT), with s a constant (called the 

frequency factor), E the activation energy, k the Boltzman constant and T the absolute 

temperature [92]. The thermoluminescence signal is measured in function of temperature. The 

result is called a glow curve. As the temperature increases in a linear way in function of time, 

the temperature scale is replaced by a time scale (figure 2.2.2.1.b.). While the temperature of 

the TL material exposed to radiation increases, the probability of releasing trapped electrons 

grows. The light emitted (TL) first increases, reaches a maximum value and falls again to 

zero. Since most phosphors contain a number of traps at various energy levels in the 

forbidden band, the glow curve may consist of a number of glow peaks as shown in figure 

2.2.2.1.b. The different peaks correspond to different “trapped” energy levels. The area and 

peak height of each glow peak depends on the number of associated electron traps present. 

This in turn depends on the type and amount of impurity or “dopant” atoms. 

 

 

Figure 2.2.2.1.b : Glow curve for lithium fluoride 

obtained with a linear heating profile. The peaks 1 

and 2 decay rapidly at low temperatures. Peak 3 is 

very weak and is difficult to separate. Peaks 4 and 5 

with longer half-life are stable and potentially the 

most suitable for radiation dosimetry.  

 

 

 

It is necessary to assess whether the charges trapped during the irradiation have not been lost 

before the readout by unwanted exposure to heat (thermal fading), light (optical fading) or 

any other factor (anomalous fading). This is expressed by a decrease of the TLD reading 

depending on the delay between irradiation and readout. An appropriate pre-heating, which is 

part of the readout cycle (section 2.2.2.3), allows the elimination of low temperature peaks in 

the glow curve which represent an important thermal fading. The fading rate depends on the 

type and manufacturer of the TL material and on experimental parameters like storage 
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temperature and period or its previous annealing34. For present purpose, it should be 1% per 

month, or less. Correction may be needed when long time intervals between irradiation and 

reading exist. The fading correction is further explained in detail in section 2.2.2.6. 

 

The dose-response curve for a TLD material (e.g. lithium fluoride (section 2.2.2.2)) is 

generally linear up to 1 Gy but beyond this it becomes supralinear (figure 2.2.2.1.c). This is 

due to additional lattice defects produced by the irradiation in TL crystals, which results in an 

increase of detector response as these defects may act as electron traps and so take part in the 

TL process. At 103 Gy, saturation in response is reached and the sublinear region starts.  

The TLD response is defined as TL reading per unit absorbed dose in the phosphor. 

    

  Figure 2.2.2.1.c: Schematic representation of dose-response curve for LiF. 

 

2.2.2.2. TLD material 

 

There are several TL phosphors available but the most noteworthy are lithium fluoride (LiF), 

lithium borate (Li2B4O7), calcium sulphate (CaSO4).  

TLD can be manufactured in 3 different physical shapes: polycrystalline powder, extruded 

(i.e. solidified powder by heating under high pressure) chips or rods, or powder embedded in 

a teflon matrix. The latter shape however gives serious problems because teflon does not 

stand the high temperatures needed for read-out or annealing. 

 

 
 
Figure 2.2.2.2 : Polyethylene capsules  of 3 mm inner diameter, 25 mm length 

and with 1 mm thick walls. 

 

                                                           
34 Annealing is the process of heating a TL material to a given temperature followed by rapid cooling in order to 
restore the material to its original energy state. Heating parameters (temperature and time) have to be adjusted 
for a given type of TL material to maintain optimum dosimetrical properties (e.g. the background (TL response 
at zero dose), the sensitivity (TL response per unit of radiation dose) and the fading). 
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The most commonly applied material in radiotherapy is LiF, which can be supplied in 3 

forms35 and is the chosen TL material in this thesis (enriched 7Li (99.95%), DTL 937 powder 

doped with Na, Mg and Ti (ρ = 2.64 g cm–3) from Philtech company, France). The LiF 

powder is contained in opaque cylindrical polyethylene capsules of 3 mm inner diameter, 25 

mm length and with 1 mm thick walls (figure 2.2.2.2), identical to those used by the IAEA 

[118]. The reason why for this work powder has been chosen is – besides its historical use in 

external audits – that in order to obtain the same accuracy with chips, independent calibration 

factors for every chip must be achieved. If a batch of powder is well mixed and sifted after 

each thermal annealing process, the homogeneity of the powder allows the calibration to be 

carried out with only a small sample of the batch.  

 

This type of TL material has an effective atomic number (Zeff,LiF) of 8.2 compared to 7.4 for 

soft tissue. This makes the material very suitable for clinical dosimetry. Another important 

characteristic of LiF powder is its low fading, namely less than 5% per year at room 

temperature, associated with a favourable distribution of the dosimetric information in the 

glow curve [21]. The latter characteristic means that there is an easy separation of the unstable 

low-temperature peaks (1 and 2) from the dosimetric peaks (4 and 5) (figure 2.2.2.1.b) during 

the heating procedure, which improves the repeatability of the readings. 

 

The annealing of a uniform large batch of powder occurs in an oven at a temperature of 

500°C for 2 hours, followed by a quickly cooling by placing on a heat conductive surface on 

room temperature. Temperature of the oven has been controlled by a thermocouple 

thermometer and is kept constant within +/- 4°C. As the dosimetric characteristics of the 

powder depend on grain size, a systematic sieving is carried out after annealing in order to 

eliminate the smallest grains (diameters below 75µm).  

 

                                                           
35 The first contains Li in natural abundance (92.5% 7Li and 7.5% 6Li). The other 2 forms represent its isotopic 
variants: 95.6% 6Li to be used for dosimetry of thermal neutrons or almost pure 7Li to be used for photon 
dosimetry.  
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2.2.2.3. TLD reading system 

 

The arrangement for measuring the TL output is shown schematically in figure 2.2.2.3.a. 

 
 

Figure 2.2.2.3.a: Schematic representation of the TL measuring process. 

 

A ‘PCL3’ reader, manufactured by Fimel (Vélizy, France), is used for the automatical reading 

of the TLDs [90] (figure 2.2.2.3.b).  

(1)     (2) 

  

Figure 2.2.2.3.b : PCL3 automatic TLD reader: (1) Rotating plate which moves the cupels from the loading over 

oven 1 and 2 to the unloading. The light protective plate is up. (2) PM tube which reads the TL signal. The light 

protective plate is down. Loader and unloader are placed in position.  

 

 

Each TLD capsule contains about 160 mg of powder (figure 2.2.2.2). It is assumed that the 

whole amount of powder contained in the polyethylene capsule is uniformly irradiated. The 

irradiated powder is put manually into small stainless steal containers (~ 30 mg)36 by means 

of the Teledyne dispenser (figure 2.2.2.3.c), allowing 5 readings per point of measurement. 

                                                           
36 Readings are made with samples of masses around 30 mg. In this range, the quantity of powder is sufficient to 
cover the whole area of the heating oven and the thickness of the sample is small enough to avoid significant 
self-absorption. 

Cupel 
feeder 

PM tube 

Cupel 
remover 

Preheating 
(oven 1) 

Heating 
(oven 2) 

Loader 

 Unloader 

PM  
tube 



 50

Optimum accuracy in TLD reading is obtained if the quantity of powder remains within 

certain limits and the readout conditions have been optimised and maintained as a function of 

time. Response variations with mass of TL material have been investigated within EQUAL’s 

quality control procedures (by A. Roué). The response is found to be practically independent 

of mass in the range from about 15 to 35 mg. 

 

   

Figure 2.2.2.3.c : Teledyne dispenser (left) and a set of stainless steel containers 

(each container can contain ~30 mg) (right). 

 

Subsequently, the small containers are placed in a loader, which can contain the powder from 

15 dosimeters. Through automatic movement of a rotating plate in the ‘PCL3’, the containers 

are removed successively from the loader and are allowed to stay, one by one, for about 10 

seconds on the preheating (+/- 130 ºC) and heating (+/- 400 ºC) oven with an intermediate 

position of 5 seconds at room temperature. The reading parameters (time and temperature) are 

optimised to reach the best reproducibility of the TL readouts. The temperature of the oven is 

controlled by a thermocouple in close contact with it. The isothermal heating process is 

characterised with a fast heating rate (up to 100°C/s) of the TL powder in the metal containers 

followed by a plateau at the given temperature. The reading cycle requires this 2 step heating 

procedure for extracting the useful dosimetric information: pre-heating temperature is used to 

clear unstable peaks in the glow curve, while the readout temperature is used to collect the 

dosimetric information (figure 2.2.2.3.d).  
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Figure 2.2.2.3.d : Schematic glow curve of the TLD powder obtained with the ‘PCL3’  

reader (grey line). Solid black line presents the isothermal heating process. 

 

The readout chamber is flushed with nitrogen gas at a flow rate of 2 l/min to reduce spurious 

phenomena due to the presence of oxygen or the burning of dust particles and thus decrease 

the background [92]. The photons liberated from the heated TL material passes through one 

or more optical filters before being detected by a photomultiplier tube (Hamamatsu R268). 

Those filters allow the reader to have a large spectral transmission and to be adapted to the 

wavelength of the TLD used. The (amplified) output current is proportional to the light 

emission and therefore to the absorbed dose previously received by the TLD.  

The electronic background signal is smaller than 0.1 % of the TL signal. 

The reader system is controlled by a PC, where all operating parameters can be defined 

through multiple window menu software. 

  

Intrinsic precision is the reproducibility of a given TL material associated with a given 

readout system. It depends on quality of TL material, reader characteristics, definition of pre- 

and heating cycle, the purity of the nitrogen gas, … It can be evaluated by randomly taking 15 

samples of TLDs out of the same batch and irradiating them to the same dose. After readout 

of the loader, a SD of +/- 2% or less must be obtained, in order to have TL material of good 

quality and to be sure of correct handling and readout procedures [126].  

 

Further, it turned out that the repeatability of the readings depends on the heat transfer 

between the containers and the heating ovens of the ‘PCL3’, and on the reflectivity of the 

containers. The better the heat transfer and the lower the reflectivity, the better is the 

repeatability [21]. For that reason, all stainless steel containers are darkened (figure 2.2.2.3.c) 

by a heat treatment. 
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2.2.2.4. Dose measurement procedure  

 

Like for film dosimetry, for TLD the reading is not in gray (Gy), but in nano-coulomb (nC). 

Because for this study the TLD method is used for determination of the doses in gray, some 

calibration procedure is required. For that purpose every series of TL dosimeters to be readout 

in the same run contains a number of “calibration” TLDs, which have been irradiated to a 

known dose. In this way the “calibration factor” Fcal [Gy/nC] is determined.  The 

methodology about absorbed dose determination is analogous to the one described in [21]. 

The dose at which the calibration dosimeters are irradiated (namely 2 Gy) is measured with 

the local standard ionisation chamber of the radiotherapy centre, duly calibrated in a 

“Secondary Standard Dosimetry Laboratory” or SSDL (in Belgium the “Laboratory for 

Standard Dosimetry” of the State University of Gent). 

The reference material for dosimetry being water, the calibration step just described should 

theoretically be performed in that medium. However, for practical reasons, a solid plexiglass 

(PMMA) phantom is preferred for quick set-up. The calibration dosimeters have been 

irradiated in a 10 × 10 cm2 field at 2 Gy in a 60Co beam (source-detector-distance (SDD) = 80 

cm), using a specially designed homogeneous PMMA phantom, which can be rigidly fixed to 

the accessory tray holder of the cobalt unit (an Alcyon commercial therapeutic unit) in order 

to achieve a reproducible geometrical set-up. The PMMA phantom is equipped with 2 inserts: 

one for an ionisation chamber (IC) (NE 2571, graphite, 0.6 cm3) and one for TLD. These 

inserts are easy to exchange and can be put in the phantom precisely at the same position. 

This allows a direct substitution to be made between the TLD and the IC. The dose rate in the 

PMMA is always checked by an IC prior to the TLD irradiation. As the dose given to the 

TLDs in the PMMA has to be referred to water, a dose in water to PMMA conversion factor 

has to be applied due to difference in attenuation of the photon beam between water and 

polystyrene. For a 60Co γ-ray beam the dose behind 5 cm polystyrene is about 1.5% lower 

than behind 5 cm water. This factor has been derived from measurements with the reference 

IC (NE 2571) in water (60Co, field size 10 × 10 cm2, SSD 75 cm, 2 Gy) compared to the same 

set-up in PMMA (figure 2.2.2.4). The irradiation time, required for giving 2 Gy in water, is 

then increased by that amount. 
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Figure 2.2.2.4 : Schematic illustration of the irradiation set-up used for the determination  

of conversion factor water-PMMA. In step 2-3 the calibration of TLDs is demonstrated. 

 

If a TL dosimeter, to be used for the measurement of an unknown dose, is irradiated in 

conditions different from those in which the reference dosimeters are calibrated, several 

correction factors should be applied. These factors are used to correct the TL response for 

beam energy, non-linearity in dose response and fading. Other factors are for instance water 

to polystyrene conversion factors, which are necessary when solid phantoms, like ‘OPERA’, 

are applied for dose measurements instead of the reference medium water. The absorbed dose 

to water at the point corresponding to the geometrical centre of a TLD, Dm, is obtained from 

the average reading of 5 samples, M, using the following expression (which has been 

developed in previous work [21] and adapated to the current situation): 

pwlinearitynonenergyfading

w

m

pwlinearitynonenergyfadingcalm

CCCC
R

D
AMD

CCCCFAMD

−−

−−

×××××−=⇒

×××××−=

)(

)(

  

A is the average response of the unirradiated dosimeters which have been mailed with the MP, 

in order to detect any unintended irradiation. M is corrected for drift in the sensitivity of the 

reader over the reading run (section 2.2.2.5.). Fcal is the calibration factor of the TLD system. 

R is the mean reading for the reference dosimeter. Dw is the absorbed dose to water, at the 

centre of the TLD capsule calculated from ionisation chamber measurements (figure 2.2.2.4.). 

Cfading is the correction for the fading, Cenergy the correction for the variation of the dosimeter 

response as a function of beam energy, Cnon-linearity the correction for non-linearity of the 

response as a function of the absorbed doses in water, and Cw-p the factor to correct for 

differences in attenuation between water and polystyrene. 
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As the way in which some of the correction factors are determined or calculated depends on 

the methodology applied in present mailed multipurpose phantom study, this methodology is 

first explained in the subsequent section (section 2.2.2.5.), followed by the presentation of the 

determination of those factors (section 2.2.2.6.). 

 

2.2.2.5. Methodology applied in present study 

 

When TLDs are applied in postal dosimetry audits, like in ‘OPERA’, the following mailing 

structure is applied (based on [21]). The delay between dosimeter preparation and reading is, 

as a mean, one and a half months, and can reach 2 months (figure 2.2.2.5.). Unpredictable 

events can occur during the travel of the dosimeters. Therefore, five supplementary 

dosimeters, named A, B, C1, C2 and D, are used to monitor the history of the field dosimeters 

Mi, which are sent to the participating centres.  

 
Figure 2.2.2.5. : ‘Time span’ of the mailed TLDs. The role of B, C (i.e. C1,C2),  

D and Reff are explained in the text. 

 

The dosimeters B, C1, C2 and D are used to estimate the fading correction factor (section 

2.2.2.6). They are irradiated in the measuring centre in the UH Leuven in calibration 

irradiation condition (section 2.2.2.4.). The capsules marked as B and C1, C2 are irradiated on 

the day of the TLD capsules’ mailing. Capsule B is mailed together with the capsules Mi and 

allows the estimation of any unexpected fading due to a long exposure to excessive heat 

during transport. The capsules C1, C2 stay at the measuring centre under laboratory 

conditions. The TLD capsule D is irradiated at least 4 days before the reading of the TLDs.  

The dosimeter A is not irradiated and joins the TLDs mailed to the centre, in order to verify 

accidental exposure during the transportation (e.g. X-ray exposure at the airport) and storage 
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in the participating centre (e.g. placed in the vicinity of a radioactive source or unintentionally 

taken into the treatment room during irradiation of the field dosimeters).  

 

At the TLD reading phase with the ‘PCL3’, the capsules C1, C2 are placed in the second and 

last position in a loader containing 15 TLDs (whereas TLD A is in the first position), in order 

to assess the reader instability, i.e. drift. The drift correction is determined by the mean 

responses of TLDs C1 and C2, calculated from the reading of 5 of its samples, and the 3rd 

position l3 of sample readings for C1, C2 and the background A37. A drift of 1-2 % is generally 

observed on the ‘PCL3’ readers when a long series of TLD readings is performed and is 

corrected for.  

 

TLD Irradiation History Aim 

A No 
Mailed to the participating 
centre 

Measuring of background 
exposure during transport or 
storage in the participating 
centre 

B 
In the measuring centre 
before mailing 

Mailed to the participating 
centre 

Measurement of fading in 
mailing conditions 

C1,C2 
In the measuring centre 
before mailing 

Remains at the measuring 
centre 

Measurement of fading in 
laboratory conditions 

D 
At least 4 days before reading 
in the measuring centre 

Remains at the measuring 
centre 

Reference TLD capsule 

Mi In the participating centre 
Mailed to the participating 
centre 

Measurement of the doses 
stated by the participating 
centre 

 
Table 2.2.2.5 : List of the dosimeters applied in postal dosimetry audits. 

 

In table 2.2.2.5, a list of the dosimeters applied in our postal dosimetry audits is represented. 

All dosimeters contain TL powder from the same batch of powder (i.e. the powder used for a 

given centre is homogeneous). The reason is that the powder sensitivity can change in time as 

a function of number of irradiations and annealing cycles and of the time elapsed after the last 

annealing. 

The postal TLD methodology is regularly checked by internal quality controls and external 

checks. The first include the reproducibility of the reference dosimeters (to verify whether the 

reader parameters, powder quality and handling procedures are optimal), while the latter are 
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participations to postal audit services (like IAEA, EQUAL) and intercomparisons. The latter 

is further described in section 3.2.2.4.2. 

 

Additionally, absolute doses determined with TLDs have been compared to absolute doses 

measured by calibrated IC. For this purpose, TLDs from 4 different batches of TLD powder 

are irradiated in water at the depth of 10 cm by means of the IAEA holder [63,66] in beam 

energies 6 MV and 18 MV X-rays (field size 10 × 10 cm2, SSD 90 cm, 2 Gy). Two TLDs per 

beam energy per batch have been applied. Calibration of the reference TLDs has been 

performed in 60Co γ-rays, as described by 2.2.2.4. Results are presented in section 3.2.2.4.1. 

 

2.2.2.6. Correction factors 

 

Cfading 

 

A fading correction factor Cfading is used to correct for variations in TL signal as a function of 

time (i.e. for unintentional release of trapped electrons in time before read-out). For that 

purpose, the centres have to specify at what date the TLDs are irradiated, in order to estimate 

a correction. The fading function may be approximated by a linear function of time over the 

considered period of at least 4 days38 and maximum 2 months between irradiation and reading 

of the dosimeters.  

The fading correction factor is incorporated in the ‘effective reference’ TLD, i.e. a dosimeter 

which would be irradiated in reference conditions at the same time as the dosimeters Mi are 

irradiated in the participating centre.  

It is defined as:  

Reff = R/Cfading 
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38 The TL signal is not stable during the hours/days following the irradiation, because trapping centres in the LiF 
material are not stable and give rise to rapid TL signal changes within 2 to 3 days after the irradiation. Therefore, 
TLDs are preferably not read before 4 days after irradiation, in order to obtain an improved repeatability of the 
TLD readings. 
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with R the mean reading for the reference dosimeter, C1,2 the mean reading of capsules C1 and 

C2, t1 the time (in days) between irradiation of capsules B, C1 and C2 and irradiation of field 

dosimeters in participating centre, and t2 the time (in days) between irradiation of field 

dosimeters in the participating centre and irradiation of capsule D at the measuring centre UH 

Leuven. The limit of this method is that an extrapolation is performed from the monitoring 

dosimeters B, C1, C2, D to what actually occurs to the mailed dosimeters, making the 

hypothesis that fading is a linear function of time and that the slope of the variation is equal 

before and after the irradiation39. 

In the current practice, the TLDs are mailed to the centres in Styrofoam boxes, in order to 

preserve the TLDs from variations in ambient temperatures and thus minimise fading during 

travel. 

 

Cenergy 

 

When the beam quality used for the irradiation of the TLDs differs from the one used for the 

calibration TLDs, an energy correction factor Cenergy should be applied. An energy correction 

factor is determined from the readings of TLDs irradiated in different beam qualities (from 

60Co γ-ray to 25 MV X-ray beam)40 compared to the readings corresponding to the reference 

dosimeters, irradiated in the 60Co γ-ray beam [21,32]. At EQUAL, dosimeters have been 

irradiated at 2 Gy in a polystyrene phantom in reference isocentric set-up.  An IC 

measurement, besides the TLD measurement, has been used to monitor the dose. By 

displaying the reading of the dosimeters, normalised to the response for the 60Co photon 

beam, as a function of beam quality (TPR20/10), the distribution of the data can be fitted as a 

straight line in order to find Cenergy [21,32]. 

 

                                                           
39 According to Delgado et al [19], who used Harshaw TLD-100 chips in the radioprotection dose range (about 1 
mGy), the observed instability of the response is not due to the lack of stability of trapped charges (Randall-
Wilkins fading), but to changes in the trapped structure that occur during storage before and after the irradiation 
of the dosimeters. This trap structure alteration is more intense before than after the irradiation (empty traps are 
less stable than filled traps), depends on the time of storage, increases with increasing temperature, and leads to 
an increase or a decrease of the response. 
The estimation of fading takes into account that the alteration can be positive or negative, and that it can occur 
before or after the irradiation. 
40 As we are using the same powder type, data from EQUAL are applied for this estimation, which have 5 beam 
qualities available on 4 treatment units (60Co γ-beam from a Theratron 780 unit, 4 MV, 10 MV and 18 MV, and 
25 MV X-rays from respectively Orion, Saturne III and Sagittaire units). 



 58

Cnon-linearity 

 

The sensitivity of the LiF powder is generally constant for dose up to 1 Gy and above this 

range the effect of supralinearity (figure 2.2.2.1.c) occurs. In order to determine the dose-

response non-linearity correction factor, Cnon-linearity, TLDs are irradiated in a certain dose 

range (for instance doses D from 0.5 to 5 Gy) in a number of steps in a 60Co photon beam. For 

each dose, 3 TLDs are irradiated in the specially designed homogeneous PMMA phantom 

(section 2.2.2.4).  

The following step is to fit a curve through the TL responses (R(D)) in function of the doses 

D in the format :  

R(D) = K1 × D + K2 × D2,  

with K1 and K2 polynomial constants, which are used to calculate the response for 2 Gy :  

R(2) = K1 × 2 + K2 × 22. 

Further, the graph displaying 
2

R(2)

D

R(D)
 in function of (D-2) has to be generated (figure 

2.2.2.6.). The linear least-squares fit through these data points is given by: 

D)2(12)(D
2

R(2)

D

R(D)
2221 ×+−=−×+= kkkk ,  

with parameter k2 derived from the linear fit to the experimental data.  

The non-linearity correction is then given by [ ] 1

22 D)21(
−

− ×+−= kkC linearitynon  (section 

2.2.2.4.).   

 

Figure 2.2.2.6. : An example of the determination of the non-linearity correction factor. 
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Cw-p 

 

The correction factor for differences in attenuation between water and polystyrene has been 

determined by performing ionisation chamber (IC) measurements in water and in ‘OPERA’ at 

the depths of 5 and 10 cm in 6 MV and 18 MV X-ray beams respectively. In an isocentric set-

up of SSD 95 cm, depth 5 cm, field size 10 x 10 cm2, beam energy 6 MV and 200 MU, the 

absolute dose in water has been compared with the absolute dose in ‘OPERA’ times Cw-p.  

Analogously, the set-up for 18 MV X-rays consists of a SSD of 90 cm, depth 10 cm and field 

size 10 x 10 cm2.  

These measurements have been repeated on different days in order to verify the reliability of 

Cw-p for both energies. 

 

2.2.2.7. Uncertainty in the absorbed dose determination with TLD 

 

The total uncertainty uc of the absorbed dose Dm of the TLD system41 is estimated by the 

square root of the quadratic sum of individual uncertainties42 of the TLD calibration with 

ionisation chamber and of the uncertainty in the TLD procedure itself. The latter includes the 

uncertainty in the TLD reading process and the uncertainties in the TLD correction factors 

(fading, non-linearity, energy correction, attenuation correction).  
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41 By treating the equation for Dm in section 2.2.2.4. as the combination of independent variables, this allows an 
expression for the sample variance sD

2 to be derived for a dose calculation from a single sample, in terms of the 
individual variances and partial differentials of the dose [75]. For a single TLD reading, the standard deviation sD 
represents the uncertainty of the dose calculation, uc(Dm). 
42 Uncertainties of measurements are expressed as relative standard uncertainties and these are classified into 
type A and type B uncertainties, according to the way in which their numerical value is estimated. In the 
traditional categorisation of uncertainties it was usual to distinguish between random and systematic 
contributions. This is undesirable because classifying the components instead of the method of evaluation is 
prone to ambiguities. Type A uncertainties can be estimated from repeated independent observations and are 
given as a SD and the number of degrees of freedom. Type B uncertainties can be given as an effective SD, e.g. 
defined as the estimate of the interval which should contain the “true” value in about 70% of the cases [94]. 
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The uncertainty u(Dw) in the calibration of the TLD system arises mainly from the uncertainty 

of the determination of absorbed dose in water under reference conditions based on IC 

measurements, using a certain dosimetry protocol (e.g. NCS Dutch code of practice). 

 

The uncertainty of individual TLD readings u(M) can be estimated from the standard 

deviation of a large sample of TLD capsules, n, irradiated to the same dose and readout in the 

same reading session. The reading of five samples (m=5) of powder from one TLD capsule 

involves a standard deviation of the mean value: 
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The uncertainty of individual correction factors u(Cfading), u(Cnon-linearity), u(Cenergy) and u(Cw-p) 

was estimated from repeated experimental measurements. 
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3. Results and discussion 

 

3.1. Evaluation of ‘OPERA’ 

 

3.1.1. Verification of the phantoms 

 

Each of the ‘OPERA’ phantoms has been verified with CT analysis to check the intra-

phantom homogeneity in the density of the polystyrene. The variation in relative electronic 

density was smaller than 4% and thus acceptable for all phantoms.  

Further, the inter-phantom reproducibility has been verified by means of ionisation chamber 

measurements in all ‘OPERA’ MP, relative to the “reference” ‘OPERA’ (number 1). The 

relative IC measurements did not vary more than ± 0.15% between the different phantoms 

(figure 3.1.1.)43. 

   

Figure 3.1.1. : Inter-phantom reproducibility measured with IC (field size  

10 × 10 cm
2
, SDD 100 cm, 18 MV, 100 MU) (Courtesy by I. Gomola). 

 

3.1.2. Practical considerations of the application of ‘OPERA’ and corresponding 

instruction and data documents 

 

3.1.2.1. Participating centres 

 

The participating centres were asked to CT scan or digitise the phantom into their TPS. 

Together with the calculation of monitor units (MU) for the different irradiation conditions by 

the responsible physicists, this process lasts about 1 hour.  

                                                           
43 The intra-phantom reproducibility of the “reference” ‘OPERA’ has been determined by two consecutive IC 
measurements performed at 3 different times. The second IC signal is divided by the first one in order to know 
the variation. A mean variation of 0.14% has been found. 
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Moreover, the first set-up (square field) reflects the basic dosimetry of a radiotherapy centre 

provided that a water to polystyrene correction factor is used. In the instruction sheets is 

mentioned that the number of MU to deliver 2 Gy on the central beam axis has to be 

calculated at reference depth with the same calculation procedures as for patients. Since there 

is no requirement that the local centres’ physicist measures the absorbed dose with a 

calibrated ionisation chamber before the TLD irradiation, this saves time compared to the 

external dosimetry checks of photon beams under reference conditions in water [63,118].  

 

Furthermore, the time for set-up and irradiation of the ‘OPERA’ MP takes less than an hour.  

Compared to the time for set-up and irradiation of the EC-MP (~ 2 h) [10], this time is halved. 

Reducing the time for the staff to perform the phantom measurements is an important 

criterion.  

 

Regarding the instruction and data forms, no problems appeared with respect to the 

interpretation of the phantom set-up nor concerning the completing of the data sheets 

(addendum 1). All forms were adequately filled in, which is an important issue with respect to 

the analysis by the measuring centre.  

 

3.1.2.2. Measuring centre 

 

An additional practical fact to notice is the time spent in analysing the TLDs and the films by 

the measuring centre. For the TLDs, the total analysis time includes the irradiation of the 

reference dosimeters at a point where the dose is precisely known (~ 1 min per dosimeter), the 

time for manipulation of the TLDs and readout time of the powder with the ‘PCL3’ reader (~ 

1 h 15 per loader), as well as the evaluating of the measured TLD doses with calculated TPS 

data (~ 30 min per loader). Since the number of TLDs, with respect to the EC-MP, is reduced 

from 15 to 4 TLDs, there is a significant difference in workload. Regarding the films, the time 

for processing and scanning has to be taken into account (~ 10 min per film). Since the 

number of films is lowered from 7 to 5, also the time necessary for matching the experimental 

results, namely relative dose profiles measured with film and calculated by the TPS, is 

decreased.  
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3.1.3. Dosimetric data obtained from the participating centres 

 

3.1.3.1. Beam profiles 

 

3.1.3.1.1. Off-axis points 

 

Investigation of matching of entire film distributions with computed dose distributions by the 

TPS is too time consuming, due to the various formats of the TPS data. Therefore, relative 

dose profiles are taken at 3 mm from the centre of the field in order to avoid influence of the 

lead markers for film orientation in the upper film insert (figure 3.1.3.1.2.). The dose value at 

the height of the central axis is set to 100 %.  An example of relative dose profiles for film 

and TPS for the 5 irradiation conditions is shown in figure 3.1.3.1.1.  

 

  

  

Figure 3.1.3.1.1. : Illustration of relative dose profiles for film and TPS data for the 5 irradiation conditions 

obtained in one participating centre. 
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Figure 3.1.3.1.2.: Illustration of the film dose distribution of 

set-up 1. At 3mm from the centre of the field, dose profiles 

are assessed (indicated by the white line) in order to avoid 

influence of the 4 lead orientation markers in the upper film 

insert. 

 

 

At regular distances off-axis (table 3.1.3.1.1.), the 

deviation between film and TPS data is calculated 

for all set-ups for all centres by means of the 

following relative variation coefficient: 
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with respectively Rfilm and RTPS the relative dose of film and TPS at distance x. The difference 

between calculated and measured dose values are thus expressed as a percentage of the dose 

calculated locally. 

Set-up 

 
Data points (x) 

[cm] 
N 

Mean relative 
variation coefficient 

( )(x∂ ) [%] 

SD [%] for the 
pooled data for all 

centres 

1) Square field  -3.5 24 -0.76 1.97 

  -1.5 24 -0.92 1.27 

  1.5 24 -0.44 0.85 

  3.5 24 -0.51 1.34 

2) Asymmetrical field short side -1.5 24 4.12 5.79 

  -1.0 24 0.41 1.35 

  1.5 24 0.13 1.17 

  3.5 24 -0.63 1.20 

3) Wedged field thick part -3.5 24 0.40 3.23 

 thick part -1.5 24 -0.57 1.27 

 thin part 1.5 24 -1.17 1.46 

 thin part 3.5 24 -0.37 2.28 

4) Oblique incidence depth < 8.3 cm -6.0 23 -0.89 1.36 

 depth < 8.3 cm -3.5 23 -1.17 1.46 

 depth > 8.3 cm 3.5 23 -0.52 1.16 

 depth > 8.3 cm 6.0 23 -0.42 2.50 

5) Inhomogeneities behind cork -3.5 21 -0.17 1.86 

 behind air 2.5 21 0.31 2.01 

 

Table 3.1.3.1.1 : Film dosimetry results of the feasibility study with ‘OPERA’ in 12 different radiotherapy 

centres, using various commercially available TPS. The position of off-axis points, the mean, the standard 

deviations (SD) and N (number of photon beams analysed for the set-up) are given. (Remark: not all centres 

provided us with all TPS data) 
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The mean relative variation coefficient for the 5 irradiation conditions (2 energies) for 12 

reference centres is ranging between –1.17 % and 0.41 % with standard deviations smaller 

than 2.50 %, except for the second irradiation condition where a mean relative variation 

coefficient of 4.12 % and a standard deviation of 5.79 % is found at the short side of the 

asymmetrical field. For the wedged field, a larger standard deviation is found at the heel of 

the wedge (3.23 %) for a mean relative variation coefficient of 0.40 % (table 3.1.3.1.1).   

From figure 3.1.3.1.3., it is clear that the standard deviations, indicated by the bars (mean ± 

SD), generally increase as a function of the distance from the field centre. 

 

    

    

   
Figure 3.1.3.1.3. : The mean relative variation coefficient between film and TPS data at regular distances from 

the central axis and the corresponding standard deviations for the 5 irradiation conditions. 

 

The field size is defined as the difference of the x-coordinates at the 50 % dose values of the 

normalised profile (addendum 2). The mean deviation between the field size deduced from 

the relative dose profiles of TPS data on the one hand and of film on the other hand is 0.02 ± 

0.12 cm (1 SD). The largest deviations, which extend to 3 mm, are coming from the short side 

of the asymmetrical field (figure 3.1.3.1.4.). 
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Figure 3.1.3.1.4. : Deviations between field size calculated from profiles of  

TPS data and from film profiles. Total number of deviations is 116. 

 
 

 3.1.3.1.2. Field flatness and symmetry 

 

Field flatness F and symmetry S (addendum 2) are expressed by the following equations: 

100
D

D
F

min

max ×=  and 100
)x(D

)x(D
S

max

×
−

=  

with Dmax and Dmin respectively  the maximum and minimum dose within the 80% field size 

region (flattened region) and with D(x) and D(-x) the dose at discrete off-axis points 

symmetrical to the central axis within a flattened region of the beam profile at reference depth 

(5 or 10 cm).  

The results of the dosimetry checks of the field flatness are expressed as the ratio Ffilm/ FTPS, 

where Ffilm and FTPS are the flatness determined from the beam profile measured by film and 

by TPS respectively. For the square field (set-up 1), the mean ratio Ffilm/FTPS is 1.028 +/- 

0.013 (1 SD) (N=24). 

The results of beam symmetry comparisons are stated as the ratio Sfilm/STPS where Sfilm and 

STPS are the beam symmetry determined from the beam profile measured by film and by TPS 

respectively. The mean ratio Sfilm/ STPS is 1.001 +/- 0.016 (1 SD) (N=24). 
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3.1.3.2. Influence of inhomogeneities 

 

In table 3.1.3.1.1, the comparison of film measurements and TPS calculations behind 

inhomogeneities is expressed as a mean relative variation coefficient at off-axis points -3.5 

cm (cork) and 2.5 cm (air). 

 

In figure 3.1.3.2.1, the distribution of the relative variation coefficients at the 2 off-axis points 

is given per type of heterogeneity. The histogram of data behind the air inhomogeneity is 

more or less symmetrically distributed, with a median value of 0.00. The median of the 

relative variation coefficients for the cork inhomogeneity is -0.23. This indicates that, behind 

the cork inhomogeneity, the relative doses from TPS calculations are in general somewhat 

higher than those from the film measurements.   

 
 
Figure 3.1.3.2.1.: Histograms of relative variation coefficients from TPS and film relative doses behind 

inhomogeneities of cork (left) and air (right) for 21 beams. 

 
 
In figure 3.1.3.2.2., a comparison of beam profiles measured with film (a) and calculated with 

TPS (b) is performed for 8 centres, which applied various commercial TPS (using 2D 

calculations as well as calculations based on Pencil Beam (PB) and Collapsed Cone (CC) 

algorithm (addendum 2)) concentrating on lower energy beams in the range of 5 MV to 8 MV 

X-rays. Figure 3.1.3.2.3. shows a similar comparison but for different centres using higher 

energy beams ranging between 10 MV and 18 MV X-rays.  

The relative dose values calculated with different TPS at certain off-axis positions below the 

inhomogeneities have a SD of 1.8% and 2.0% (cork) and of 0.8% and 1.6% (air) (respectively 

figure 3.1.3.2.2. and figure 3.1.3.2.3.), while the variability between the relative dose values 

measured behind the inhomogeneities with film is smaller with a SD of 1.4% and 1.8% (cork) 

and of 0.7% and 1.3% (air) (respectively figure 3.1.3.2.2. and figure 3.1.3.2.3.).  
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Figure  3.1.3.2.2. : Beam profiles (a) measured by film and (b) calculated by various TPS, behind cork and air 

inhomogeneities. Data are taken from 8 centres, using lower energy X-rays. 

  

  
Figure  3.1.3.2.3. : Beam profiles (a) measured by film and (b) calculated by various TPS, behind cork and air 

inhomogeneities. Data are taken from 8 centres, using higher energy X-rays. 
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The discrepancies observed between calculations and measurements could be explained by 

the lack of accuracy of the applied algorithms regarding heterogeneity corrections. 

Heterogeneity correction for photon dose calculation is often based on scaling operations 

along beam rays or 1D convolutions along beam paths (as applied in Pencil Beam (PB) based 

systems of which the limitations are well-known44 (e.g. [11,77,138])).  

The following physical effect takes place. Because of the low densities of the heterogeneities, 

the range of electrons produced at the primary interaction site increases with increasing 

energy, resulting in a lower degree of charged particle equilibrium. Therefore, inside the low 

density inhomogeneities, the dose decreases. Current treatment planning systems generally 

tend to overestimate the dose in the heterogeneities due to their lack of scaling of the electron 

transport (i.e. the implemented beam calculation algorithm assumes charged particle 

equilibrium).  

In this work, beam profiles are measured by film at the depth of 10 cm (inside the polystyrene 

and beyond the cork and air heterogeneities) and normalised to 100% in the central beam axis. 

Carrasco et al [11] evaluated 4 different correction-based algorithms and 1 algorithm based 

on convolution-superposition for various field sizes in heterogeneous layer phantoms with a 

lung equivalent heterogeneity and compared the calculations with different detectors and 

Monte Carlo (MC) simulations. They have found that if the analysis region of interest is the 

increased downstream transmission due to the presence of the heterogeneity, all algorithms 

behaved correctly in water-equivalent materials (with the exception of the interfaces 

heterogeneity-water)45.  

In this work, most of the centres used correction-based algorithms. In figure 3.1.3.2.4., the 

relative variation coefficients of the 21 beams (of set-up 5) are considered per beam 

calculation algorithm at -3.5 cm (behind cork) and 2.5 cm (behind air) and expressed as mean 

+/- SD for the PB and 2D calculation algorithm (correction-based algorithms).  

The CC algorithm (convolution-superposition algorithm) has been used for the calculation of 

only 2 beams (with mean = 0.29 (cork) and mean = -0.25 (air)).  

                                                           
44 Calculation algorithms implemented in TPSs that convolute invariant kernels derived from measurements in 
water overpredict the dose inside the low density materials for high energy X-ray beams. This overprediction is 
due to the fact that the TPSs only account for the increased transmission caused by the lower density material 
(and do not model the decrease of the interaction coefficient inside the lower density material) [11]. 
45 For dose determinations inside the lower density materials, convolution-superposition algorithms are 
recommended [11]. 
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Figure 3.1.3.2.4.: Mean relative variation coefficients of 

set-up 5 (total number of beams is 21), presented per dose 

calculation algorithm (Pencil Beam, Collapsed Cone, 2D). 

 

 
 

To conclude this section, the discrepancies observed between the centres’ TPS computations 

and film measurements presented in this section and also in section 3.1.3.1. (table 3.1.3.1.1.) 

have to be considered against the results obtained from the evaluation of our film dosimetry 

performance, which will be handled in section 3.2.1.3.  

If we apply a tolerance level of ± 5% [94], all mean relative variation coefficients between 

film and TPS are acceptable. This subject as well as the criteria for acceptability of a TPS will 

be further discussed in the Conclusion of Part 1. 

 

3.1.3.3. Dose at on-axis points 

 

3.1.3.3.1. Beam output for the square field irradiation condition 

 

The beam output is checked in polystyrene in the conditions used as reference conditions in 

water by the participating centres. Two TLDs (M1, M2) are irradiated at reference depth (5 or 

10 cm) at a dose as close as possible to 2 Gy. The irradiation is performed at the usual SDD or 

SSD with a 10 × 10 cm2  beam.  

The mean measured dose, Dm, is compared to the dose stated by the participating centre, Ds. 

For the square field irradiation condition (figure 3.1.3.3.1.), the mean Dm/Ds is 0.995 ± 0.014 

(1 SD). This agrees well with TLD checks of the reference beam output in water by EQUAL 
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[32]. Moreover, all Dm/Ds values fall inside the ± 5 % tolerance level, which corresponds 

approximately to the expanded uncertainty46 of the TLD system for photon beams. 

 

Figure 3.1.3.3.1.: Ratio of measured (TLD) versus stated (TPS) dose  

values for the first set-up for all centres. 

 

3.1.3.3.2. Beam output variation with field size  

 

The second irradiation condition, an asymmetric field, is verified by irradiating a TLD (M3) at 

reference depth for field size 7 x 10 cm2 at the clinically applied SDD or SSD. The delivered 

dose has to be as close as possible to 2 Gy. In figure 3.1.3.3.2, the mean Dm/Ds is 0.988 ± 

0.019 (1 SD).  No Dm/Ds values are found outside the ± 5 % limits. 

The variation of the beam output with collimator opening (i.e. output factor) can be checked 

by the following expression: ])D/D/()D/D[( 22 cm1010smcm107sm ××
 with a mean value of 0.993 

and a standard deviation of 1.6%. 

 

Figure 3.1.3.3.2. : Ratio of measured (TLD) versus stated (TPS) dose  

values for the second set-up for all centres. 

 

                                                           
46 It is often required to have a measure of uncertainty that defines an interval around the measurement result 
within which the value of the output quantity can be confidently asserted to lie. The measure of uncertainty 
intended to meet this requirement is termed expanded uncertainty, defined by U=kuc, with coverage factor k. We 
apply this expanded uncertainty to determine the tolerance level for TLD dose measurements, namely k=2, as 
uc=2.3% (section 3.2.2.3.), U=4.6%. 
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3.1.3.3.3. Wedged beams  

 

One TLD (M4) is irradiated in ‘OPERA’ with the wedge filter most often used in clinical 

practice for field size 9 x 15 cm2 at the usual SDD or SSD . 

In [32] is stated that concerning all dosimetric data checked, the wedged beams are 

responsible for the largest number of deviations, which can also be found in our results (figure 

3.1.3.3.3.). For the wedged field set-up, the mean Dm/Ds is 0.981 ± 0.024 (1 SD). Further, the 

deviations outside the ± 5 % tolerance level are coming from TLD measurements performed 

in SL-75/5 Elekta and Clinac 2100 C machines, of which is known that problems could occur 

in respectively the modelling of the Elekta motorwedge in planning systems [109] and the use 

of the original version of the dynamic wedge software for Varian machines [8]. 

Remark that the wedge transmission factor, defined as ])D/D/()D/D[( dgewithout wesmwedge withsm , 

cannot be verified because of the different field sizes for open and wedged beams. 

 

Figure 3.1.3.3.3. : Ratio of measured (TLD) versus stated (TPS) dose  

values for the third set-up for all centres. 

 

3.2. Evaluation of the measurement methods applied 

 

3.2.1. Film dosimetry 

 

3.2.1.1. Normalised sensitometric curves 

 

When the sensitometric curves are normalised to an OD of 1 (section 2.2.1.1.), no significant 

variation with beam quality or with film batch is observed in the shape of the curve in the OD 

range of interest (figure 3.2.1.1.a. and 3.2.1.1.b.). This result is in agreement with [103] where 

the variation of normalised sensitometric curves between films taken from 3 batches is 

reported to be within 1%. Furthermore, in [17], the energy dependence of sensitometric 
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curves is shown to be minimal if moderate field sizes (up to about 15 × 15 cm2) at moderate 

depths (up to about 15 cm) are considered for Kodak X-Omat V films. 

Hence, for relative dosimetry, only one sensitometric curve needs to be imported in the film 

dosimetry software to convert OD into relative absorbed doses. 

 
Figure 3.2.1.1.a : Dependence of normalised sensitometric curves on beam quality. 

 
Figure 3.2.1.1.b : Dependence of normalised sensitometric curves on film  batch. 

 

3.2.1.2. Reproducibility of the whole procedure 

 

Regarding reproducibility in fog density reading, a mean OD of 0.131 ± 0.002 (1 SD) is 

obtained from 20 unirradiated films (same box). 

 

Intra-film sensitivity variation is investigated using 20 films, irradiated between polystyrene 

plates at 10 cm depth in 6 and 18 MV X-rays, and processed on the same day (section 

2.2.1.5.). Relative dose profiles, normalised at the beam axis, are compared (figure 3.2.1.2.). 

For fixed off-axis positions, the smallest observed difference between minimum and 

maximum value of the relative dose is 0.9 % and the largest is 1.9 %. In average, the 

deviation between minimum and maximum values of relative doses is 1.4 % for the 20 
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investigated films. The standard deviation varies from 0.27 % to 0.40 % and includes 

uncertainties on emulsion sensitivity, the processor and reader stability as well as the phantom 

set-up.  

 
Figure 3.2.1.2. : Verifying intra-film sensitivity variation with 20 films, in a 6 MV and 18 MV X-ray 

beam and processed together on the same day. The measured profiles are normalised at the beam axis. 

At 4 off-axis positions (±1cm, ±2cm), the deviations between the profiles are calculated. 

 

Our modern automatic processing unit controlled by a microprocessor allows us to obtain a 

good reproducibility of the optical densities (0.6 % (1 SD)). This value has been derived from 

the standard deviation of ODs of the reference films irradiated in UH Leuven before mailing 

(section 2.2.1.5.) and processed together with the films irradiated in the local centres47. 

Reproducibility of the ODs is specifically strongly dependent on either the temperature of the 

development bath or the development time [103].  All films in this external audit are therefore 

processed together and the processing unit is regularly subjected to comprehensive QA. 

 

Concerning the fading rate, defined as the ratio of OD of the faded film versus OD of the 

reference film as a function of time between irradiation (0.45 Gy) and processing, a low value 

of less than 3 % per month delay between irradiation and processing has been found, which 

corresponds to [103]. Since the centres have to perform the irradiation of TLDs and films in 

‘OPERA’ within a certain time interval, all packages are sent back to the measuring centre 

UH Leuven in approximately the same week. Moreover, it takes only 1 to 2 weeks for all 

centres to mail the package with irradiated films and TLDs to the measuring centre.  

 

                                                           
47 If processing is performed on different days, the reproducibility of ODs is reduced, resulting in a lower 
dosimetric accuracy. This was shown by Danciu et al [17], where 7 Kodak films of the same batch were 
irradiated on the same day with a dose of 1 Gy in 6 MV X-rays.  Four films were processed at equal intervals in 
1 day yielding a reproducibility in OD values better than 1% (1 SD). The 3 other films were processed every 2 
days and a SD of 5% was observed. 
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The combined uncertainty of the uncertainties connected with the individual procedures for 

relative film dosimetry measured by a VXR-12 film densitometer is 1.7%48 (for OD up to 

2.0). 

 

3.2.1.3. Film compared to ionisation chamber measurements  

 

By means of an extra insert for an ionisation chamber (IC) (NE 2571, 0.6 cm3), which has 

similar dimensions as the other inserts for film and TLD (figure 2.1.1.1.(b)) (and which has 

not been sent to the participating centres together with the multipurpose phantom), a 

comparison between film and IC in the polystyrene phantom ‘OPERA’ is performed for an 

open field set-up, for the irradiation condition with wedge filter, with oblique incidence and 

with inhomogeneities of air and cork in the radiation beam (6 MV X-rays).  

 

Figure 3.2.1.3.1. illustrates the comparison between IC and film measurements in ‘OPERA’ 

for an open square field irradiation condition with field size 20×20 cm2. The IC 

measurements are performed at positions ±8, ±5, ±2.5, ±1.5 cm and normalised to the IC dose 

at position 0 (i.e. central beam axis). 

The deviation ∆ between film and IC is calculated by following expression: 

100
R

RR

IC

ICfilm ×
−

=∆ ,  with Rfilm and RIC the relative doses for film and IC respectively. 

A good agreement between film and IC for an open field configuration is obtained (with 

∆mean= -0.42% and SD = 0.75%)).   

 
Figure  3.2.1.3.1. : Profiles measured either with IC or film in ‘OPERA’  

(square field) and compared to TPS data.  

                                                           
48 The combined uncertainty equals the square root of the quadratic sum of individual uncertainties, associated 
with densitometer reading (0.7%), fog density (0.2%), sensitometric curve (1.0%), fading (<1%), film processing 
(0.6%), phantom set-up (0.4%). 
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Figure 3.2.1.3.2. illustrates the influence of the largest wedge filter (60°) with IC and film 

measurements in a 6 MV photon beam. IC measurements are performed every centimeter in 

‘OPERA’ and normalised to the value at central axis. 

A mean deviation (∆mean) of -1.67% with SD of 3.20% is found. Remark that the film is 

generally lower than IC at the thickest part of the wedge, where the beam hardening effect is 

larger49.  The IC results agree well with the TPS data (a mean [((RIC-RTPS)/RTPS)×100] of 0.62 

% has been found (SD = 1.53%)).   

 
Figure 3.2.1.3.2. : Profiles measured either with IC or film in ‘OPERA’ (wedge 60°).  

The penumbra region has not been considered for the comparison. 

 

Film, TPS and IC measurements are compared for the oblique incidence set-up as well. The 

IC measurements are performed at positions ±5, ±2.5, ±1.5 cm and normalised to the IC dose 

at position 0 (i.e. central beam axis). A mean deviation between film and IC (∆mean) of -1.12% 

with SD of 0.92% is obtained. Film seems to underestimate the relative doses at the thinnest 

part of the oblique incidence surface (far right part of figure 3.2.1.3.3.), where less low energy 

photons arise from the phantom scattering of the primary photons. 

 
Figure 3.2.1.3.3. : Profiles measured either with IC or film in ‘OPERA’ and compared to  

TPS data (oblique field incidence). 

                                                           
49 Radiographic film is dependent from the photon beam energy spectrum, which may change due to variation in 
beam hardening and phantom scatter (see section 2.2.1.4.) [17]. 
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Film results are in general lower than TPS for this irradiation condition (in the non-penumbra 

region), which was also found in the postal audit and demonstrated in table 3.1.3.1.1.  

However, a good agreement between the IC measurements and TPS is shown in figure 

3.2.1.3.3. (mean [((RIC-RTPS)/RTPS)×100] = -0.01 % (SD = 0.50%)).  

 

For the irradiation condition with inhomogeneities of air and cork in the 15×15 cm2 radiation 

beam, the IC at 10 cm depth50 is shifted about every 0.5 cm underneath the inhomogeneities 

in order to have enough discrete relative dose values to compare with the film measurements. 

The central axis dose is set to 100 %. 

 

Figure 3.2.1.3.4. : Measurements by film and IC in 6 MV X-rays delivered by a Varian Clinac 2100C/D 

together with the computed data (PB based TPS equipped with 3 different inhomogeneity corrections) 

to study the influence of inhomogeneities of cork and air.  

 

Figure 3.2.1.3.4. illustrates the comparison between IC, film and TPS data in ‘OPERA’ for 

set-up 5, as well as the variation in TPS computations when applying the same beam data, the 

same system (i.e. Eclipse, Varian Medical Systems, Inc), the same calculation algorithm (i.e. 

PB), but different inhomogeneity correction methods (i.e. Batho Power Law, Modified Batho 

Power Law, Equivalent Tissue Air Ratio (EqTAR) (which are widely described in literature 

[5,115,137])).   

Regarding the cork and air inhomogeneity, a good agreement can be found between IC and 

TPS (applying the Modified Batho Power law correction) (mean [((RIC-RTPS)/RTPS)×100] ± 

SD are respectively -1.38% ± 1.58% (cork) and -0.69% ± 0.73% (air)) (in figure 3.2.1.3.5.). 

The largest deviations can be seen in the transitional zones between polystyrene and the lower 

density heterogeneities. 
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Figure 3.2.1.3.5. : Relative variation coefficients between IC and TPS in function of distance 

for the irradiation condition with inhomogeneities of cork and air. 

 

Comparing film to IC measurements performed at 10 cm depth and behind the 

heterogeneities, a rather large over-response of the film can be seen : below the air gap as well 

as farther away from the beam axis towards the field boundaries (where the scatter 

contribution of the polystyrene medium increases). The film emulsion is more sensitive to low 

energy photons from scattered primary photons (section 2.2.1.4.))51.  Moreover, air has a 

lower density than cork and the air gap has smaller dimensions (figure 2.1.1.1.(a), section 

2.1.1.). 

The mean deviation, ∆mean, between film and IC is 1.53% (SD = 1.36%).  Below the cork 

inhomogeneity, ∆mean is 0.58% with a SD of 0.46%, while below air, ∆mean is 3.33% with a SD 

of 0.38% (figure 3.2.1.3.6.). The IC measurements are generally lower than those for film.  

 

Figure 3.2.1.3.6. : Relative variation coefficients between film and IC in function of distance 

for the irradiation condition with inhomogeneities of cork and air. 

 

                                                                                                                                                                                       
50 As IC is applied in the water-equivalent region of the phantom, IC can be taken as a reference detector (since 
all dosimetry protocols provide a set of correction factors for converting ionisation into dose but only for water-
equivalent media). 
51 Danciu et al [17] has found that the sensitivity of film increases with depth in a solid phantom for larger field 
sizes due to the low energy scattered photons, e.g. for a set-up that can be compared to ours, namely a 15×15 cm2 
field at 10 cm depth in 6 MV X-rays, an increase in sensitivity of about 2% has been observed.  
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3.2.2. Thermoluminescence dosimetry 

 

3.2.2.1. TLD correction factors 

 

Cfading 

Following the procedure explained in section 2.2.2.6., a fading correction factor Cfading is 

determined by a linear function of time over the considered period of at least 4 days and 

maximum 2 months between irradiation and reading of every dosimeter. Experimentally 

deduced values for fading are less than 0.5% for a period of 40 days.  

 

Cenergy 

An energy correction factor is applied to compensate for the decrease of the TL response with 

increasing X-ray energy. By means of a linear regression curve fitting all the measurements 

done by EQUAL, the energy correction factor varies from 1.00 to 1.03 using 60Co γ-ray to 25 

MV X-ray beams (TPR20/10=0.783) [21,32]: 

1

10,20 )( −×+= TPRbaCenergy  (with a = 1.08115 and b = -0.1399).  

 

Cnon-linearity 

As the dose-response curve becomes supralinear above a dose of 1 Gy, it is necessary to 

correct for non-linearity by means of the procedure explained in section 2.2.2.6., where the 

non-linearity correction is given by [ ] 1

22linearitynon Dk)k21(C
−

− ×+−= .  

After each annealing, it is required to check whether the constant k2 is still valid (for example 

in figure 2.2.2.6., k2 = 0.015).   

The uncertainty is estimated from the standard deviation of the possible slopes determined by 

the linear regression curve through the experimental data (0.5 % (1 SD))52.  

 

Cw-p  

By comparing the absolute dose in water with the dose in ‘OPERA’ by means of IC 

measurements, the correction factor Cw-p is 1.008 for 6 MV X-rays and 1.013 for 18 MV X-

rays. The calculated Cw-p are reproducible within 0.4 %. The correction factors Cw-p have been 

applied to all TLD readings. 

                                                           
52 The goodness-of-fit is given by R2 which equals 0.967 for figure 2.2.2.6., with standard error of regression of 

0.0046 (SPSS). Latter quantity is the SD of the possible slopes determined by the linear regression. 
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3.2.2.2. Type A uncertainties in the TLD readings 

 

Regarding the reproducibility in TLD readings (i.e. intrinsic precision), a coefficient of 

variation of less than 1.5% has been found (N=15). For five readings per dosimeter, a 

standard error of the mean of less than 1% can be retrieved. 

 

3.2.2.3. Combined uncertainty in TLD measurements with ‘OPERA’ 

 

The total uncertainty of the TLD system is estimated by the square root of the quadratic sum 

of individual uncertainties of the TLD calibration with ionisation chamber and of the 

uncertainty in the TLD reading process and TLD correction factors (non-linearity, fading, 

attenuation correction, energy correction (section 2.2.2.6.)). This leads to a global uncertainty 

of 2.3 % for photon beams (table 3.2.2.3). 

 

Coefficient 
Uncertainty 

[%] 

TLD calibration in 
60

Co beam 1.6 

TLD reading  1.0 

Non-linearity 0.5 

Fading <0.5 

Attenuation 0.4 

Energy 1.0 

Combined 2.3 

 

Table 3.2.2.3. : Combined uncertainty of the individual coefficients contributing to determination of the 

absorbed dose to water from TLD readings in ‘OPERA’  

(Remark: the uncertainty for TLD calibration in 
60

Co photon beam is the combined uncertainty of the 

individual uncertainties for determination of 
60

Co dose from calibrated IC, for TLD positioning in 

calibration set-up, and TLD readout). 

 

3.2.2.4. Evaluation of TLD measurements 

 

3.2.2.4.1. TLD compared to IC measurements 

 

Table 3.2.2.4.1. gives the measured TLD doses (DTLD), the IC doses (DIC) and the doses stated 

by the TPS (DTPS) for 4 different TLD batches in 2 beam energies (6 MV and 18 MV X-rays) 

at the depth of 10 cm water. The mean of the 2 TLDs per beam set-up is used for calculating 

the absorbed dose by TLD in grays (DTLD). These 2 TLD measurements are all reproducible 
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within 1 %. A very good agreement between TLD and IC doses is found, with smallest 

relative variation of 0.1% and largest of 1.3%. 

 

 DTLD [Gy] DIC [Gy] DTPS [Gy] 100×
−

IC

ICTLD

D

DD  [%] 100
D

DD

TPS

TPSTLD ×
−  [%] 

Batch 1      

6 MV 1.976 1.984 2.000 -0.1 -1.2 

18 MV 1.981 1.978 2.000 0.1 -1.0 

Batch 2      

6 MV 1.984 1.984 2.000 0.3 -0.8 

18 MV 1.960 1.978 2.000 -0.9 -2.0 

Batch 3      

6 MV 1.989 1.984 2.000 0.6 -0.6 

18 MV 1.991 1.978 2.000 0.7 -0.4 

Batch 4      

6 MV 2.003 1.984 2.000 1.3 0.2 

18 MV 1.970 1.978 2.000 -0.4 -1.5 

 
Table 3.2.2.4.1. : Absolute doses measured by TLD and IC and calculated by the TPS. TLD doses DTLD  

are determined following the procedure in section 2.2.2.4. in 2 beam energies with 4 different batches 

of powder. 

 

 

3.2.2.4.2. Dose intercomparisons 

 

The postal TLD methodology, described in section 2.2.2.5., is verified by dose 

intercomparisons with other postal audit services.  

 

Firstly, we have to validate whether the reference dosimetry by IC measurements in the 

radiotherapy department of Leuven is accurate (i.e. calibration factor, procedure)53. For this 

validation, dosimeters are prepared by the IAEA or EQUAL and mailed to the measuring 

centre Leuven, where the irradiations are performed in a water phantom, in geometrical 

reference conditions, after a check of the beam calibration with the local reference IC. Then, 

the irradiated dosimeters are read out by the IAEA or EQUAL, which compare the measured 

doses with the doses stated by us. Between 2000 and 2003, three postal audits were organised 

by the IAEA and two by EQUAL (for 60Co γ-rays, 6 MV and 18 MV X-rays, electron beams). 

                                                           
53 The reproducibility of the therapeutic radiation beams of our centre is as a matter of fact regularly checked by 
beam output measurements in internal quality controls by means of this reference IC, calibrated every 2 to 3 
years at the SSDL in Belgium.  
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They found deviations between the measured dose and the stated dose by the measuring 

centre ranging between -2.5 % and 2.2 % for all beams. 

 

Secondly, the whole postal TLD procedure of the measuring centre UH Leuven is verified by 

sending TLDs to EQUAL for irradiation in reference conditions, and compared by the value 

of dose stated by EQUAL to the dose measured at the measuring centre. The agreement was 

better than 1.1% (electron beams, 60Co γ-rays). 

Further, during participation to a postal TLD audit organised by the IAEA, a verification of 

our dose measurement procedures is done by simultaneously irradiating a set of our TLDs in 

the same condition and photon beam as described in the instruction documents of the IAEA. 

Afterwards, the result of the IAEA postal audit is compared with our result and agreed within 

1.5 %.  

These 2 types of dose intercomparison prove that our procedures are confirming those applied 

by EQUAL and IAEA. 

 

In addition, we had the opportunity to participate to a postal dosimetry audit with the Japan 

Clinical Oncology Group (JCOG), which is a cooperative oncology group with the aims of 

conducting, developing, coordinating and stimulating clinical research in Japan on the 

treatment of cancer and related problems. Their dosimetric material consists of glass 

dosimeters (Dose Ace, small element system), which are irradiated in UH Leuven in two 

photon beams in a stack of polystyrene plates in several vertical beam set-ups and can be read 

by their FDG-1000 reader. The different field set-ups, indicated by the JCOG, were also 

carried out by means of our dosimetric material (namely LiF powder TLDs in IAEA holder). 

Two different types of dosimetry systems have thus been compared. Comparing their reading 

results with ours, leads to an agreement better than 3 %. 
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4. Conclusion of Part 1 

 

Current postal dosimetry audit systems are generally restricted to TLD measurements in water 

(or water-equivalent material) on the central beam axis. Consequently, the next step after the 

basic beam calibration checks is measuring dosimetric characteristics off-axis.  

Very recently, an IAEA co-ordinated research project has been set up [64], in order to extent 

the beam output verifications in reference and non-reference conditions on the beam axis to 

off-axis measurements for high-energy photon beams. Enabling off-axis measurements in this 

project involves an extension of the standard IAEA holder with a horizontal arm so that 3 

TLDs can be irradiated in one time (namely, one TLD on the central axis and 2 TLDs placed 

at ± 5 cm from the central TLD). This methodology has been tested last year in a few 

irradiation runs in some participating centres. 

In order to test single-beam dosimetric characteristics off-axis, this work proposes an 

alternative method which relies on mailable multipurpose phantoms allowing a combination 

of TLDs and radiographic films, so that the absolute dose (in grays) as well as beam profiles 

can be determined, for symmetric and asymmetric fields, with and without wedges, oblique 

incidence or inhomogeneities. The objective of this study was to investigate whether the 

polystyrene multipurpose phantom ‘OPERA’ is well adapted for external audits, but also to 

verify its operation when it is actually used in mailed dosimetric audits. 

 

To begin with, from the comparison between IC and TLD doses in water, TLD has proven to 

be an accurate detector for dosimetry purposes, provided the calibration procedure is alright. 

From the dose intercomparisons with EQUAL and IAEA, our postal TLD procedure has been 

found reliable. Subsequently, regarding the dose measurements at on-axis points with TLDs at 

reference depth in ‘OPERA’, results were found consistent with EQUAL [32]. Using a 

tolerance level of ± 5% derived from the expanded uncertainty in the TLD system, all 

measured to calculated doses for the first 2 irradiation conditions fall within tolerance, while 

the wedged beams are responsible for the largest deviations (probably due to inaccurate 

phantom positioning in relation to the wedge filter and/or problems reported in [8,109]). The 

requirement that the absolute dose should be delivered within 7% (i.e. the SD in the absolute 

dose delivered to the dose specification point must be as low as 3.5%) [94] is fulfilled for all 3 

set-ups.  
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What about the absorbed dose in other points in the target volume not along the beam axis? 

Firstly, the good reproducibility of optical densities, the low fading and the absence of 

artefacts during film mailing shows that mailed films are a suitable tool in external audits with 

‘OPERA’.  In addition, the appropriateness of film for dosimetry has been demonstrated by 

the comparison of relative beam profiles measured with film and IC for several irradiation 

conditions54. Further, deviations between actual delivered (analysed by film) and planned 

doses (by TPS) in off-axis points at reference depths within the irradiated volume, given in 

table 3.1.3.1.1. (section 3.1.3.1.1.), fulfil the requirement of ± 5% [94]. Moreover, from the 

film results can be seen that the standard deviations in mean relative variation coefficients 

generally increase off-axis, hence the necessity of off-axis verifications in addition to on-axis 

checks.  Regarding position of the field edge in relation to the planning target volume, the 

largest deviation in field size deduced from film and TPS relative dose profile data is 3 mm, 

which is lower than the required accuracy of ± 4 mm55 [91,94]. 

At this moment, we should ascertain that these results are obtained from phantom 

measurements, which are performed by physicists and do not take movements or set-up errors 

into account. The tolerance levels could thus be tighter than the ± 5% value used for patients. 

Without appropriate tolerance levels, any kind of QA would loose a lot of its impact. 

Therefore, in order to determine adjusted tolerance levels for measurements with film in 

‘OPERA’ based on the findings in this work, we first discuss the accuracy that can be 

obtained with a commercial TPS in the next paragraphs. 

 

The accuracy of calculated dose distributions by the different TPS is affected by various 

parameters, like accuracy of the applied algorithm (i.e. the accuracy of currently available 

dose computation models for planning of radiation treatments is limited by the physics 

assumptions used by the models), correctness of basic beam data (which are obtained during 

commissioning of the treatment unit and transferred into the TPS), the calibration of the CT 

imager, the exact use of the TPS, etc. For a long time, there has been a lack of systematic QC 

at the level of the TPS, although it is one of the main steps in the radiotherapy process. 

Systematisation of the QC for this area at national or international level has gained increasing 

interest in recent years due to the efforts of some motivated individuals or organisations [95].  

                                                           
54 For the irradiation condition with inhomogeneities, the agreement between film and IC was  highest below the 
air gap (about 3%) due to the increased low energy photon scatter resulting in a higher film response. 
55 This number seems rather large with respect to current attempts to reduce margins around target volumes. A 
better approach might therefore be to compare the geometric accuracy requirements of a TPS with those of a 
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Several task groups are in the process of designing [55,97] or have recently finalised 

recommendations [33,112,129] and tools to test a TPS [2,131]. Many studies have been 

performed in which specific treatment planning problems were analysed and the 

accompanying dose calculation procedures were tested56. These types of tests will remain 

important due to the ongoing development of treatment techniques and increasing complexity 

of equipment and algorithms, like in the domain of conformal radiotherapy. While these 

reported tests describe several aspects of the QA of the treatment planning process, only a 

limited number of reports (e.g. [54,129]) discuss the background of the criteria for 

acceptability of dose calculations, which were applied.  

Although it was acknowledged in the past that the general aim must be to have good 

agreement between dose calculation and the actual dose value, e.g. within 2% in the dose 

value or 2 mm in the position of an isodose line [59], current day algorithms and their 

implementation into commercial TPSs result often in larger deviations. A high accuracy can 

at present only be achieved in relatively simple cases. These recommendations have thus been 

refined and adapted to the accuracy that can be achieved in clinical practice. When results of 

studies of the performance of a TPS are analysed, or when criteria for acceptability of dose 

calculations are compared, an important aspect is how to handle deviations between 

calculations and measurements. 

A new set of tolerances, published by Venselaar et al [132], have proven to be useful tools for 

the acceptance of photon beam dose calculation algorithms of TPSs. The feasibility of the 

proposed tolerances has been established in the intercomparison of several clinically used 

TPSs in [110] where the set of tolerances are applied in combination with a test package used 

for quantitative evaluation of a TPS, such as the one proposed by the AAPM (American 

Association of Physicists in Medicine) Task Group 2357.  

The criteria of acceptability of TPS, suggested in [132], apply to dose calculation models as 

used clinically and partly reflect the status of the present day algorithms and their 

                                                                                                                                                                                       
linear accelerator, which are of the order of 1-2 mm. Note that the actual geometrical accuracy achievable with a 
TPS depends on image resolution, grid size, dose matrix geometry. 
56 Studies are concentrated on for instance the use of CT information in the treatment planning process [14,16] 
and the influence of grid size on the accuracy of dose estimation [111]. Also the accuracy of dose calculations of 
specific treatment techniques, e.g. for chest wall and breast treatment, has been investigated [13]. Some studies 
were related to the general performance of a specific TPS, while others reported results of intercomparisons of 
different TPSs (e.g. [131]). 
57 Task Group 23 of the AAPM Radiation Therapy Committee has produced a test package for verification of the 
accuracy of treatment planning for photon external beam therapy [2]. The package includes measured beam data 
for 4 and 18 MV X-rays, and 13 test cases with measured dose values at selected points, which serve as the 
reference for determination of calculated dose accuracy. Test cases include a variation in beam geometries. It 
was decided to re-measure the AAPM data set on more modern radiotherapy equipment, to extend the test 
geometries, and to evaluate the use of a new package in seven commercially available TPSs [131].  
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implementation into commercially available TPS. As they are based on what is realistically 

achievable by modern systems, it is interesting to refer our results (table 3.1.3.1.1., section 

3.1.3.1.1.)  against some of the findings in [131].  

 

If a study is performed in which many data points of comparable situations are evaluated, 

some of these may exceed the accuracy criteria but still the overall result may be quite 

satisfactory. A single point which exceeds the criterion does not necessarily lead to a negative 

overall result if other comparable points are well within the criterion. 

The confidence limit58, defined by ∆ and suggested by [131] in situations in which many data 

points are evaluated, is based on the determination of the mean deviation between calculation 

and measurement for a number of data points of comparable situations and the standard 

deviation (1 SD) of the difference: SD5.1deviationmean ×+=∆  

Care should be taken to choose an adequate number of data points to obtain statistically 

relevant conclusions. Therefore, it may be required to combine data of different beam 

qualities. The confidence limit can be used for all points within the beam at low dose gradient 

region (i.e. not in penumbra region).  

If applied to the confidence limit, tolerances can be exceeded in two ways (table 4.1): either 

because the mean deviation59 of all points is too large (set-up 2), or because a few data points 

show extreme deviations and therefore the SD is too large.  

 Mean deviation [%] SD [%]  Confidence limit ∆ [%] Tolerance [%]  

Set-up 1 -0.66 1.40 2.76 3 

Set-up 2 1.01 3.55 6.34 3 

Set-up 3 -0.43 2.23 3.78 3 

Set-up 4 -0.76 1.69 3.30 3 

Set-up 5 0.07 1.91 2.94 3 

Table 4.1. : Application of the confidence limit on the results obtained with ‘OPERA’. Tolerance values 

from [132] are applied. 

 

For the second irradiation condition (asymmetrical field), the deviations between film and 

TPS relative doses at off-axis points within the beam are in agreement with [131], in the sense 

                                                           
58 If we assume a Gaussian distribution of the differences between calculated and measured dose values, the 
confidence limit can be used to judge if there is a real difference. Often a 95% interval is used, corresponding 
with a confidence probability P=0.05, and a multiplication factor of the standard deviation of 1.96. Here it is 
recommended to use a factor 1.5 instead [132], which corresponds with a one-sided confidence probability 
P=0.065.  
59 The mean deviation equals the mean ∂(x), with ∂(x) defined in section 3.1.3.1.1., which is calculated by 
grouping all off-axis data per set-up. 
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that the results with asymmetrically collimated beams show a much larger discrepancy. 

Furthermore, the largest deviations between the field size deduced from the relative dose 

profiles of TPS data on the one hand and of film on the other hand extend to 3 mm and 

originate from the short side of the asymmetrical field, while a tolerance value of 2 mm is 

recommended in [132] (which is smaller than 4 mm, reported in [94]).  

Regarding wedged rectangular fields (set-up 3), the mean relative variation coefficient 

between measured and calculated doses is satisfactory, but the standard deviation is high. 

Increasing complexity in beam geometry translates into more complexity in the applied 

algorithms, thus adding to a larger uncertainty [131].  

 

‘OPERA’ has thus proven its functionality in testing the TPS in different institutions. An 

intercomparison of different TPS by means of ‘OPERA’ is yet not possible as the set of basic 

beam data, which serve as input into the planning system, are different in each participating 

radiotherapy centre. In addition, the number of identical TPSs is not sufficient to get a 

statistically significant result.  Therefore, it is too difficult to judge over the accuracy of dose 

calculation procedures with ‘OPERA’ alone. However, without excluding other possible TPS 

verification methods, the fact that some results of this work can be compared to those 

published in [132] leads to the similar conclusion that software developers should put more 

effort into improvements of their calculation models. It is important to remember that 

discrepancies in TPS calculation procedures, even when really small in magnitude, can 

constitute systematic errors in patient treatments and require thus proper attention.  

 

Consequently, the tolerance levels on the film measurements performed with ‘OPERA’ 

should be looser for set-ups 2 and 3, because of the limitations or larger uncertainty in the 

TPS dose calculation algorithms. The tolerance levels for the asymmetrical and wedged 

beams on one hand, and for the square field, for the field with oblique incidence and 

inhomogeneities on the other hand, can be set on respectively ± 5% and ± 3% for the 

evaluation of the percent difference between measurements and calculations at off-axis points. 

 

This work relies on comparing TPS and film results by means of beam profiles, where point-

based dosimetric tests are performed. This approach is suitable in low dose gradient regions. 

In high dose gradient areas, e.g. penumbra, the spatial deviation must also be considered.  

There can be discussion about the question if it is interesting to not only check several off-

axis points in the beam profiles but to verify global beam distributions. A useful tool that 
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handles this situation (by combining dosimetric and spatial deviations into one single figure 

of merit) is the gamma evaluation, based on the dose/distance-to-agreement check (e.g. [20]). 

In that case, it is obligatory that the centres give us the TPS output in a certain data format, in 

order to reduce problems at the level of analysis by the measuring centre. For many centres, 

this could be a problem. Not only because of the extra time they have to put in the dosimetry 

audit, but also because of the possible restrictions of their TPS.  

 

With regard to practical issues, the participants had no problems with placing and irradiating 

the phantom or with filling in the forms. The time spent by the participating radiotherapy 

centres in handling ‘OPERA’ and consumed by the measuring centre in evaluating procedures 

has found to be reasonable and much less than for the EC-MP [10]. 

Additionally, in the framework of the EROPAQ project, the ‘OPERA’ MP has been handed 

over to the oncology department of the Czech Republic, in order to extend their TLD quality 

assurance network established in 1997. Recently, the results of their pilot postal dosimetry 

study, which has been performed by means of ‘OPERA’, have been published [79]. It helps 

the regulatory authority to monitor effectively and regularly radiotherapy centres and 

contributes to the improvement of clinical dosimetry in the Czech Republic. 

 

To conclude this section, the application of ‘OPERA’ in external audits by mailed dosimetry 

is found to be realistic and useful in trying to assess the accuracy of the treatment delivery as 

well as in checking the TPSs through dosimetric testing of clinical photon beams by TLD and 

film in reference and non-reference conditions, along and off the beam axis.  

Further, in the view of recent changes in radiation treatment strategies, the use of ‘OPERA’ in 

IGRT applications is trivial and can also be justified for IMRT, on condition that the delivered 

set-up fields are adjusted to this technique (e.g. intensity modulated fields which consist of 

several gradient zones60, or intensity modulated set-up fields concentrating on the critical 

organ sparing). Consequently, ‘OPERA’ can be applied on a regular basis on a broader scale 

and could thus be transferred to external dosimetry laboratories, which initially check the on-

axis parameters in reference and non-reference conditions, as stated in their program. 

                                                           
60 Intensity modulated  set-up fields with steps are clinically relevant in for instance the radiation treatment of the 
prostate with a concomitant boost. 
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Part 2 : Assessment of patient dosimetry in radiotherapy with 

thermoluminescence dosimeters (TLDs) in external audits 

 
The results of Part 2 are partly published in “Swinnen A., Verstraete J., Huyskens D.P. “Feasibility study of 
entrance in vivo dose measurements with mailed thermoluminescence detectors”, Radiotherapy and Oncology 
2004;73:89-96” [120]. 

 

Chapter A :  Physical design of build-up caps for TLD 

 

1. Introduction 

 

As proposed in Part 1 of this thesis, beam output checks on the beam axis as well as dose 

distributions off-axis can be measured using multipurpose phantoms. The degree of 

complexity that can be addressed with ‘OPERA’ gets already quite close to a real patient 

situation. Nevertheless, ‘OPERA’ is still far from every-day clinical reality. 

 

Despite all efforts, it is very difficult to simulate on a phantom – albeit multipurpose – the real 

clinical approach. For instance, ‘OPERA’ will very often be irradiated by physicists, while 

patients are treated by radiographers. Moreover, in a solid phantom set-up, typical patient-

linked parameters, like breathing movements or organ motions, can not be taken into 

consideration. Further on, ‘OPERA’ addresses only a limited number of set-ups, which are to 

be considered as only a sampling of the overwhelming bulk in clinical practice.  

 

Although application of ‘OPERA’ is a good procedure for quality control of dose calculations 

by treatment planning systems and of the treatment machine calibration, measurements with 

‘OPERA’ remain a very partial check of the complex radiotherapy process, which involves 

several steps from prescription, preparation, dose calculations to patient set-up for delivery of 

the daily treatment. The end result of radiotherapy treatments depends therefore on the 

accuracy of each step in that process.  

There are essentially 2 types of errors relating to the accuracy achievable in radiotherapy: 

systematic and random errors. Systematic errors in patient treatments can be for instance 

misinterpretation of protocol guidelines or transcription error in field size or faulty use of a 

telemeter which leads to errors in source-skin-distance (SSD).  A random error involves for 

example the non-reproducibility in daily patient set-up and fluctuations in beam output.  
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Whatever their origin, errors can increase the risk of either treatment failure or complication, 

as the dose-effect relationship is narrow in the range of doses required to cure solid tumours. 

Accuracy in each part of the whole treatment process must be significantly high for the 

overall achievement of good results. Each step needs thus to be routinely subject to quality 

control.  

 

A complete quality control of the radiotherapy process can be achieved in 2 ways. 

Firstly, an entire QC program for every step can be setup. This is however very time 

consuming and moreover – even with a perfect QC of each individual step -  the probability 

of “transfer errors” from one step to the other can not be neglected [84]. 

Secondly, an important QA method to assess the overall end-product is in vivo dosimetry, 

which offers the unique possibility of measuring the dose delivered to the patient during 

treatment. In case a deviation from the prescribed dose is measured, the origin of this 

deviation has to be traced back.  

Although the first option must be the goal, from a realistic point of view (manpower, cost, 

time, etc.), it is still not possible to reach that goal. Therefore, in vivo dosimetry is an 

interesting and realistic approach (although the associated burden for a radiotherapy 

department may also not be underestimated)61.  

 

Patient entrance dose verification should be considered as an essential and complementary 

part of a quality control program in a radiotherapy department. Therefore, it is recommended 

by various national and international organisations (AAPM [80], ICRU [58], NACP [102]) 

that in vivo dose measurements should be made [31]. There are large institutional variations 

in philosophy with respect to the application of in vivo dosimetry, which are for example 

reported in [53]. In general, entrance dose measurements serve to check the output and 

performance of the treatment device, the accuracy of patient set-up, and the calculation of the 

number of monitor units.  

 

                                                           
61 A check of the accuracy of the whole treatment chain can be performed in clinical practice by combining in 
vivo dosimetry with portal images that confirm the accuracy of tumour localisation in order to deliver the right 
dose at the right location (see section 2, General introduction). This work concentrates on accurate dose delivery 
while the investigation of accurate target coverage can be found in [134]. 
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The main detector types in use for in vivo dosimetry are silicon diodes and 

thermoluminescence dosimeters. Several papers have been published dealing with 

measurements of entrance and exit62 doses performed with TLDs (e.g. [23,41,88]). 

The objective of Part 2 of this thesis is to combine the postal dosimetry methodology with in 

vivo dosimetry procedures using TLDs. The application of TLDs in mailed in vivo entrance 

dosimetry studies on a large variety of radiotherapy patients is a new issue and is set up to 

assess the overall accuracy of patient treatment delivery in various radiotherapy centres in the 

framework of trials and quality control studies. The basic idea of mailed in vivo dosimetry by 

means of TLDs is to measure the dose given by positioning the TLD on the patient, and 

comparing the measurement with an expected value calculated by the treatment planning 

system of the participating radiotherapy centre.  

Up to now, no mailed in vivo entrance dosimetry has been performed on large scale63.  

The question we want to answer in Part 2 of this work is: “Is this type of mailed in vivo 

dosimetry feasible and what is the yield?” 

 

For entrance dose measurements, the TLDs are covered with a build-up cap to enable 

measurements at a certain depth, close to the build-up depth of the photon beam quality in 

use.  

Therefore, Part 2, chapter A deals with the development of the build-up caps to be applied in 

a wide range of clinical photon beams (60Co γ-rays and 4-18 MV X-rays). Next, the 

perturbation of the treatment field by the detector is examined. Furthermore, the precision of 

the new detectors (TLD and build-up cap) by phantom measurements and the application of a 

new calibration methodology are investigated. In vivo dosimetry requires thus not only 

convenient dosimeters but also a good methodology to accurately determine the dose.  

The following evident step is to mail the new in vivo detectors to several radiotherapy 

institutions in order to investigate the efficacy of the detectors as a possible additional quality 

control tool in external audits at the patient level (Part 2, chapter B).  

 

                                                           
62 Exit doses serve, in addition to the entrance doses, to verify the relative dose calculation algorithm and to 
determine the influence of shape size density variations of the patient on the dose calculation procedure.  
63 In [41], 2 antropomorphic breast phantoms and 6 patients with breast carcinoma were irradiated according the 
prescriptions of the EORTC trial 22881 protocol. TLD measurements of entrance and exit dose were performed 
in 6 MV tangential X-ray beams, with 5 mm bolus material over the dosimeters. As the phantoms and patients 
were irradiated in Tilburg (Dr.B.Verbeeten Institute) and the dosimeters were prepared in Göteborg (Sahlgren 
Hospital), this is the first and only case of a mailed in vivo dosimetry study carried out on a limited number of 
breast patients.   
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2. Materials and methods 

 

2.1. Relevance of TLDs for mailed in vivo dosimetry 

 

The main detector types used for in vivo dose measurements are diodes and TLDs64 [31,126]. 

Both methods have their advocates, although the use of diodes is maybe more popular for this 

type of application. However, for present work, TLD is the only realistic option. Indeed in a 

mailed dosimetry scenario this method offers a number of attracting features: absence of 

cables and electrometers, and thus ease of transport, and possibility to store the dose 

information over a long period of time. Moreover, for the participating centres, the overall 

clinical procedure in a radiotherapy institution is less disturbed with TLDs than with diodes 

(as TLD evaluation is performed after patient treatment). The principal workload with TLDs 

is at the readout and analysis of doses, but these procedures are decreased by the use of 

computerised automatic TLD readers.  

The TLD material, the reading of TLDs and its characteristics have been described in detail in 

Part 1, section 2.2.2.  

 

2.2. Development of build-up caps for TLD 

 

2.2.1. Treatment head design of a linear accelerator 

 

In this section the phenomenon of “headscatter” electrons is described, i.e. the electrons 

which originate in the head of a treatment unit and influence the dose to superficial tissues. 

These contaminating electrons can thus disturb the entrance dose determination. In order to 

minimise this influence, build-up caps have to be built (see section 2.2.3.).  

The contribution of headscatter electrons varies substantially with treatment geometry and 

presence of beam modifiers (section 2.2.2.). With the intention of clarifying the origin of 

                                                           
64 Other detectors, such as plastic scintillators, alanine and diamond detectors have also been studied for in vivo 
dosimetry purposes. Diamond detectors and plastic scintillators have the advantages of good stability, a high 
spatial resolution, nearly water equivalence, and linear response versus dose rate. They are much less energy and 
dose rate dependent than diodes, show less radiation damage and are not affected by temperature variations. 
Alanine detectors offer the possibility of measuring the integrated dose during the overall treatment series. 
However, these detectors require expensive and complicated reading equipment and have therefore mainly been 
used under laboratory conditions and not on a routine base in clinic. Metal oxide semiconductor field effect 
transistors (MOSFET) are also suitable for in vivo dosimetry purposes, because of minimal high-voltage and 
very small size. 
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headscatter electrons, the principle of X-ray production in a linear accelerator and the design 

of a treatment head are firstly explained. 

 

In a medical linear accelerator providing high energy photon beams, the radiation is produced 

when a pulsed flow of high energy electron “bunches” hit the target. This target, consisting of 

high atomic number material (e.g. tungsten), is placed at the end of the vacuum wave guide 

along which the electrons are accelerated. When the electrons are suddenly stopped in the 

target, bremsstrahlung photons (X-rays) are produced. The X-ray fluence varies with both 

distance and angle. The distance dependence is primarily determined by the inverse square 

law. The angle dependence is very non-isotropic, at high electron energies the bremsstrahlung 

is preferably emitted in the direction of the incident electrons. X-rays are emitted with a 

continuous energy distribution, and the maximum photon energy corresponds to the 

maximum energy of the incident electrons which is determined by the accelerating system. 

The bremsstrahlung photons, which are having different energies (photon spectrum) and 

emission angles, need to be modified and collimated in order to get a therapeutic photon 

beam. 

 

The following gives a brief overview of all structures located in the treatment head, which are 

necessary to achieve a photon beam suitable for radiation therapy (figure 2.2.1). High energy 

photons produced in the target can be scattered in these structures65. The un-scattered plus 

scattered primary photon fluence is considered as the primary or incident photon beam 

(consisting of true and false primaries). 

 

Flattening filter - The photon fluence profile from the target of a linear accelerator is peaked 

at the centre of the beam due to the predominantly forward production of bremsstrahlung in 

the target.  A so called beam flattening filter is used to attenuate the photons in the middle of 

the narrow beam to produce a uniform dose at depth. Flattening filters are roughly conical in 

shape, with the thickest part aligned with the centre of the beam. They affect the X-ray 

spectrum by selectively absorbing low energy X-rays and creating headscatter electrons, and 

by adding scattered photons incident upon the patient together with the un-scattered photons. 

For highest energy machines, beam hardening (i.e. removal of low energy photons) is best 

                                                           
65 The different interactions between photons and matter are : photo-electric effect, Compton effect, pair 
production. 
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achieved with low or medium atomic number material, for low energy machines high atomic 

number materials are used. 

The scattered photons may contribute up to 10% of the total dose to the patient [35]. Since 

these photons are scattered through small angles and have only small variations in energy, 

they have similar penetration characteristics as the un-scattered component. 

 

Figure 2.2.1 :  Schematic illustration of  treatment head designs of some commercially available medical linear 

accelerators. The manufacturers and linear accelerator types are mentioned with the respective drawing 

((a),(b),(c),(d)). The treatment head designs from different manufacturers have difference in geometry, in 

distances of the treatment head structures from the source, in material properties, which cause different head 

scatter variation with field size.  

 

 

Collimator systems - The first collimator used to define the beam is located close to the 

radiation source and is called the primary collimator. This block is made of high atomic 

number material and has a conical aperture. It restricts the beam size to a size slightly greater 

than the maximum size used for treatments. At the lower end of the treatment head the 

secondary collimators are located, one pair is in upper position, the other pair perpendicular to 

the first one in lower position. They can be adjusted to produce rectangular field shapes. The 

distance from the source to the secondary collimators and their design affect the beam 

penumbra. Secondary collimators in lower and upper position can be coupled in movements, 

so that opposing blocks are at the same distance from the central axis (i.e. the axis of rotation 

from the collimator system, it coincides with the line from the isocentre to the centre of the 
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radiation source). Independent collimator jaws are nowadays common on all commercially 

available treatment machines and allow rectangular field adjustments.  

Multileaf collimators (MLC), which consists of arrays of thin collimator elements, are also 

available and allow the generation of irregular asymmetrical field shapes, as already 

mentioned in the General introduction.  

 

Monitor chamber - A flat ionisation chamber covering the opening of the primary collimator 

monitors the photon fluence. It is positioned between the flattening filter and the secondary 

collimator. The monitor chamber consists of several elements controlling a number of beam 

parameters such as radiation dose, beam symmetry, and beam flatness. Linear accelerators 

have two independent chamber systems, a primary and a secondary back up channel, to 

monitor the delivered radiation66.  

 

Beam modifier: wedge filters, blocks and trays, compensators - Beam modifiers, such as 

wedges and shielding blocks on a tray attached to the head, are used to individually modify 

the dose distribution. 

The purpose of a wedge is to incline the isodose lines relative to their open beam position, e.g. 

for missing tissue compensation. The use of a physical wedge67 produces additional scatter, 

which will increase with wedge thickness.  

For many treatments, especially in conformal radiotherapy, shielding blocks of metal alloy or 

high density material as well as multileaf collimators are used to shape the irradiated field 

conform to the target volume and/or to protect organs at risk. Trays produce additional photon 

and electron scatter which increase the dose at the surface. This effect is strongly dependent 

on the distance between tray and patient surface. Blocks can influence both head and volume 

scatter by partly shielding the head scatter, and by modifying the irradiated volume in the 

patient from which volume scatter is generated. 

                                                           
66 The signal from the monitor chamber can be influenced by backscattered radiation (photons and electrons) 
from the collimators, which can considerably vary with collimator opening. This can lead to an increased 
variation in the dose per monitor unit with changes in the collimator setting. To minimize these effects, the 
monitor chamber may be protected from backscattered radiation by a metal plate located between the monitor 
chamber and the flattening filter, and by an increased distance between the monitor chamber and the secondary 
collimators. 
67 Physical wedges can be fixed on a plate attached to the lower end of the treatment head, (i.e. external wedges), 
or they can be placed inside the treatment head upstream the secondary collimator (i.e. internal wedges). A 
wedge with a steep angle is in general used (60°), so that shallower wedge angles (15°, 30°, 45°) can be obtained 
by mixing open and wedged beams in suitable proportions. Alternatively, the technique of the dynamic wedge 
achieves wedge-shaped dose distributions by computer-controlled movement of one of the collimator jaws under 
simultaneous adjustment of dose rate. 
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2.2.2. Dose build-up region 

 

One way of characterising the central axis dose distribution is to normalise the dose at depth 

with respect to dose at reference depth. The quantity percent depth dose may be defined as the 

quotient, expressed as a percentage, of the absorbed dose at any depth d to the absorbed dose 

at a fixed reference depth d0 (usually the depth of maximum dose, dmax), along the central axis 

of the beam. 

 

The percentage depth dose (P) is thus: 

100
D

D
P

0d

d ×=  

A number of parameters affect the central axis depth dose distribution. These include amongst 

others beam quality or energy and depth.  

The percentage depth dose (beyond the depth of maximum dose) increases with beam energy. 

Higher energy beams have greater penetrating power and thus deliver a higher percentage 

depth dose (figure 2.2.2.1.). If the effects of inverse square law and scattering are not 

considered, the percentage depth dose variation with depth is governed approximately by 

exponential attenuation.  

As seen in figure 2.2.2.1, the percentage depth dose decreases with depth beyond the depth of 

maximum dose. However, at energies of 60Co and higher, there is an initial build-up of dose 

which becomes more and more pronounced as the energy is increased. The higher the beam 

energy, the more the point of maximum dose lies deeper into the tissue or phantom. The 

region between the surface and the point of maximum dose is called the dose build-up region. 

For megavoltage beams, the surface dose is much smaller than the peak absorbed dose on the 

central axis, i.e. Dmax.  The dose build-up may be explained as follows. As the high-energy 

photon beam enters the patient or the phantom, high-speed electrons are ejected from the 

surface and the subsequent layers. At higher energies, these electrons deposit their energy a 

significant distance away from their site of origin and their path has more or less the same 

orientation as the incident photons. Because of these events, the electron fluence - and hence 

the absorbed dose - increase with depth until they reach a maximum. However, the photon 

energy fluence continuously decreases with depth and, as a result, the production of electrons 

also decreases with depth. The net effect is that beyond a certain depth the dose eventually 

begins to decrease with depth. 
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Figure 2.2.2.1.: Central axis depth dose distribution for different photon beam energies. Field size is 10 × 10 

cm
2
, SSD is 100 cm for all beams except for 3.0 mm Cu HVL, the SSD is 50 cm. (Data are from Hospital 

Physicists’ Association. Central axis depth dose data for use in radiotherapy. Br. J. Radiol. 1996;(suppl 25)) 

 

One big advantage with high energy photon therapy is this dose build-up effect, which gives 

rise to what is clinically known as the skin sparing effect. This means that larger doses can be 

given to tumours located deep inside the body without injuring the skin.  

However, the photon fields are contaminated by headscatter electrons (see section 2.2.1.).  

 

Headscatter electrons are produced by interactions of the primary X-rays prior to their 

entering the patient or phantom, as explained in section 2.2.1. The magnitude of electron 

contamination increases when the field size is increased, the SSD is decreased or when a tray 

is placed in the field. The secondary electrons arise mainly from the Compton interaction or – 

at energies above 1.022 MeV - the pair production of primary X-rays at the field flattening 

filter, the primary and secondary collimator jaws in the treatment head of the linear 

accelerator, and the air column between the source and the patient or phantom surface 

[71,114,142]. According to Georg et al [34], the dose contribution of contaminating electrons 

decreases almost exponentially with depth. At lower energies, the dose due to contaminating 

electrons decreases more rapidly with increasing depth due to the smaller electron energy. At 

higher beam energies, the flattening filter is the main source of contaminating electrons and 

the dose variation in the build-up region with field size and/or treatment geometry (trays, 

blocks, wedges) is larger as compared to lower energies [67]. As the presence of headscatter 

electrons is the cause of the dmax shift toward shallower depths when the field size is 
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increased68, the position of dmax varies more with treatment geometry at higher than at lower 

energies. 

 

2.2.3. Build-up cap design 

 

In order to avoid the initial steep dose gradient in the depth dose curve for radiotherapy 

beams, the measurement of entrance dose must thus be carried out near the depth of dose 

maximum dmax. The depth of dose maximum according to [70] in a 10 cm square field 

increases from 0.5 cm for 60Co photons, to more than 3 cm for a 18 MV beam (table 2.2.3.).

    

MV (Nominal) TPR20/10 (QI) dmax  [cm] 

4 0.626 1.0 

5 0.646 1.25 

6 0.677 1.5 

8 0.713 2.0 

10 0.731 2.3 

12 0.748 2.6 

15 0.763 2.9 

18 0.775 3.2 

 
Table 2.2.3 : Depth of dose maximum for a 10×10 cm

2
 field and a range of X-ray energies 

from 4 MV to 18 MV [70]. 

 

Therefore, the TLD (figure 2.2.3.1.(a)) placed at skin level has to be surrounded with enough 

material in front and around in order to avoid the initial steep gradient in the depth dose curve 

and thus to be reproducible, i.e. with a suitable build-up cap of thickness close to dmax of the 

photon beam quality in use.  

 

The problem is that with the higher photon energies the thickness of the build-up cap can be 

several centimetres of water equivalent material (table 2.2.3.) so that it compromises patient 

comfort and leads to an underdosage of a broad part of the treatment volume, combined with 

loss of skin sparing in a large area. Moreover, the perturbation of the primary photons by the 

build-up cap (section 2.3.1.1.) takes also place over a large area. Therefore, it is necessary to 

                                                           
68 For a given energy, dmax increases with increasing field size at very small fields between 1×1cm2 and 5×5cm2, 
reaches a maximum at 5×5cm2 and than gradually decreases with increasing field size for large fields. The effect 
at small field size is caused by in-phantom scatter, while at large field size the effect is due to scatter 
contamination of the primary beam from the treatment head of the linear accelerator. The dmax decrease at large 
fields for flattened beams is caused mainly by contaminating electrons which are produced in the flattening filter 
and further scattered by collimator jaws and air [113]. 
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reduce build-up cap dimensions by using high density material, but in this case the build-up 

cap can change the energy response of the detector. To avoid errors and uncertainties, 

calibration should be performed by the TLD in its build-up cap (section 2.3.2.).  

 

Ideally, for a given material to be water equivalent for photons, it must have the same 

effective atomic number (Zeff), number of electrons per gram and mass density.  

If it is assumed that the energy of the beam is in the region where the Compton effect is by far 

the most important mode of interaction, approximately the same attenuation of the beam will 

occur in any material m of equal density thickness (g/cm2) [72]. For example, in 60Co γ-rays, 

which interact by Compton effect, the attenuation per g/cm2 for bone is nearly the same as that 

for soft tissue. However, 1 cm of bone attenuate more than 1 cm of soft tissue, because bone 

has a higher electron density ρe (number of electrons per cm3).  

The electron density ρe is given by the mass density times the number of electrons per gram: 









××=

A

Z
N Ame ρρ  

with ρm : the mass density (g/cm3) of material m 

NA : Avogadro’s number (6.022 × 1023) (atoms/mole)69 

Z : the atomic number70 

A : the mass number71 

Based on latter argumentation, the following calculations are used to determine the water 

equivalent thickness OHd
2

 of the build-up cap of material m and thickness dm : 
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69 The mole is the amount of substance of a system which contains as many elementary entities as there are 
atoms in 0.012 kilogram of carbon-12. The number of atoms in 0.012 kg of carbon-12 is 6.0221367 x 1023, 
named Avogadro's number. Historically, carbon-12 (12

6C) was chosen as the reference substance because its 
atomic mass could be measured particularly accurately. A mole is defined as Avogadro's number of particles of 
any kind of substance (atoms, molecules or ions). 
70 The atomic number (Z) is a term used in chemistry and physics to represent the number of protons found in the 
nucleus of an atom. In an atom of neutral charge, the number of electrons typically equals the atomic number. 
71 The mass number (A), also called atomic mass number or nucleon number, is the number of protons and 
neutrons in an atomic nucleus. In physics, the proton is a subatomic particle with a positive fundamental electric 
charge of 1.6 × 10−19 coulomb and a mass of 1.6726 × 10−27 kg, or about 1800 times the mass of an electron, and 
the neutron is a subatomic particle with no net electric charge and a mass of 1.6749 × 10-27 kg, slightly more than 
a proton. 
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In order to obtain reasonable build-up cap dimensions, the choice for material fell on 

aluminium (Al) for 60Co photons, copper (Cu) for 4 to 10 MV X-rays, and tantalum (Ta) for 

10 to 18 MV X-rays72. 

 

2.2.3.1. Build-up caps for TLDs in 60Co units 

 

For measurements in 60Co photon beams, build-up caps have to be constructed to enable 

measurements at a depth OHd
2

of about 0.5 cm.  

The high density material chosen for build-up cap is aluminium (Al). Using the values in table 

2.2.3.1. and application of equation (1) lead to an aluminium build-up cap of 1.3 mm 

thickness, which corresponds to 3.0 mm water (H2O): 

mmd OH 0.3
55508.01

48181.0699.23.1
2

=
×

××
=  

which means that a water equivalent thickness of 4.0 (=1.3×2.34+0.96) mm is realised around 

the LiF powder, when the 1 mm thick polyethylene capsule is taken into account, because: 

96.0
55508.01

57033.093.0
2 =

×

×
=

nepolyethyle

OH

d

d
 

The aluminium cylindrical build-up cap for 60Co photon beams has a length of 26.3 mm and 

an outside diameter of 7.6 mm. The build-up cap for TLDs in 60Co photons is shown in figure 

2.2.3.1.(b).  The bottom side is flattened in order to guarantee good contact with the skin or 

phantom surface. 

 

Z Material Z/A Density ρm   [g/cm
3
] 

13 Aluminium (Al) 0.48181 2.699 × 10
0
 

29 Copper (Cu) 0.45636 8.960 × 10
0
 

74 Tantalum (Ta) 0.40343 1.665 × 10
1
 

- Polyethylene 0.57033 0.930 × 10
0
 

- Water 0.55508 1.000 × 10
0
 

 

Table 2.2.3.1.: Material constants for elemental media (Al, Cu, Ta), and compounds ( polyethylene and water) . 

Values are given for the ratio of atomic number-to-mass Z/A (mean ratio of atomic number-to-mass Z/A for 

compounds) and the density ρm (data from [51]).  

                                                           
72 10 MV is used very often as ‘cut-off energy’ between the lower and higher megavoltage X-ray beams in 
radiotherapy. 
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Figure 2.2.3.1.: (a) The LiF TLD powder is encapsulated in opaque polyethylene capsules (IAEA type [118]) of 

3 mm inner diameter, 25 mm length and with 1 mm thick walls. (b) For 
60

Co beams, an Al build-up cap with a 

thickness of 1.3 mm, a length of 26.3 mm and an outside diameter of 7.6 mm has been designed.  (c) A 2 mm 

thick Cu build-up cap with a length of 27 mm and an outside diameter of 9 mm is applied for encapsulating the 

TLD in 4-10 MV x-rays. (d) The dimensions of the Ta cylindrical build-up cap for 10-18 MV photon beams are: 

a thickness of 2.2 mm, a length of  27.2 mm and an outside diameter of 9.4 mm.  

(Note: Picture has been enlarged) 

 

 

2.2.3.2. Build-up caps for TLDs in 4-10 MV linear accelerators 

 

The goal is to obtain a water equivalent thickness around the TL powder between 1.5 and 2.0 

cm, which is a good compromise for dmax for the considered range of beam energies between 

4 and 10 MV (table 2.2.3).  

Regarding build-up cap material, the choice fell on copper (Cu). The copper cylindrical build-

up cap has a thickness of 2 mm, which corresponds to a water equivalent thickness of 1.5 cm 

using similar considerations and equations as for 60Co. 

The water equivalent thickness of this cap is then 16 mm with an outside diameter of 9 mm 

(figure 2.2.3.1.(c)).   

 

2.2.3.3. Build-up caps for TLDs in 10-18 MV linear accelerators 

 

For the beam energies between 10 MV and 18 MV, a water equivalent thickness around the 

TL powder between 2.6 and 3.0 cm is a good middle course for dmax (table 2.2.3).  

Although the contribution of pair production can not be ignored in this range of radiation 

beam energies, the previous calculation procedure (equation (1)), which assumes 

predominance of the Compton effect [72], still yields acceptable results for this kind of 

calculations and is then applied for determining the water equivalent thickness of the build-up 

cap. 

(a)          (b)                   (c)               (d) 
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The tantalum (Ta) build-up cap has a thickness of 2.2 mm, so that the attenuation corresponds 

to that by 27 mm water. 

The Ta build-up cap has an outside diameter of 9.4 mm and is shown in figure 2.2.3.1.(d).  

 

2.3. Testing of the build-up cap 

  

2.3.1. Measurements performed before TLD calibration 

 

2.3.1.1. Investigation of field perturbation by the detector 

 

An examination of the attenuation caused by the detector in the treatment field is carried out 

by sandwiching a Kodak X-Omat V radiographic film between plates of a polystyrene 

phantom (figure 2.3.1.1.). TLDs in 3 different build-up caps (Al, Cu, Ta) are subsequently 

fixed at the beam centre on the phantom’s surface and irradiated in 60Co γ-rays, 6 MV and 18 

MV X-rays, respectively. The source-surface-distance is 80 cm and 100 cm for 60Co photons 

and for 6 MV and 18 MV X-rays, respectively. The film experiments are performed at the 

depth of 5 cm. In order to evaluate the difference in attenuation in function of depth, 

additional radiographic films are placed at 3 cm and 10 cm depth with the TLD in build-up 

cap positioned on the phantom (figure 2.3.1.1.). 

  

Figure 2.3.1.1. : Schematic illustration of phantom set-up for estimation of perturbation of the radiation 

beam  by the detectors (i.e. TLD in Al, Cu, Ta build-up cap in 
60

Co photons, 6 MV and 18 MV X-rays).  

 

Kodak X Omat V film 

at depth 5 cm (
60

Co), at depths 
3 and 5 cm (6 MV), and  
depths 3, 5 and 10 cm (18MV) 

Field set-up: 

10x10 cm
2
, SSD 80 cm (

60
Co)  

and 100 cm (6MV, 18MV) 

Polystyrene 
phantom 
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Reference films are irradiated between polystyrene plates at the same depths and in the same 

beam energies, but without detector in the field. Then, the beam profiles through the central 

axis are obtained by the methods already explained in Part 1, section 2.2.1.3. As the detectors 

are placed in the centre of the field, the relative dose profiles are normalised to 100% at +3 

cm off-axis. 

 

2.3.1.2. Analysis of the inter-detector reproducibility 

 

For this feasibility study, a total of 30 build-up caps have been manufactured: 10 pieces for 

each high density material (aluminium, copper and tantalum). In order to know if all 

aluminium, copper and tantalum build-up caps are identical, 2 TLDs are irradiated in each of 

the 30 build-up caps placed in the central beam axis on a polystyrene phantom in respectively 

60Co γ-rays, 6 MV and 18 MV X-rays. The field set-up is a source-surface-distance (SSD) of 

80 cm, a field size of 10 × 10 cm2, a dose of 1 Gy, for the aluminium build-up cap (60Co γ-

rays) and an SSD of 100 cm, a field size of 10 × 10 cm2 and 100 MU for the copper (6 MV X-

rays) and tantalum (18 MV X-rays) build-up caps. 

 

2.3.2. TLD calibration 

 

It is recommended to use a depth of 5 cm or 10 cm, depending on the beam quality, as 

reference depth [56], as these depths are beyond the range of contaminating electrons (section 

2.2.1. and section 2.2.2.)73. Additionally, a high accuracy of the absorbed dose delivered by 

high energy photons is clinically more relevant at a depth of 5 cm or 10 cm than at the depth 

of maximum dose. 

However, for present purpose, the TLD in build-up cap has to be calibrated to measure 

entrance dose, i.e. when positioned on the patient’s skin the measured dose should correspond 

to the dose to tissue at the depth of maximum dose of the photon qualities in use for a 

particular beam geometry. Therefore, the most straightforward calibration method could 

consist of comparing directly the responses of TLD and associated build-up cap to a 

calibrated ionisation chamber (IC) at depth of maximum dose in reference conditions. 

This methodology is used for diodes (e.g. [53,82,83,126]). For in vivo dosimetry with TLDs, 

the same entrance dose calibration approach as for diodes can and is also applied [23,88].  

                                                           
73 At high photon energies, e.g. at 18 MV, the contaminating electrons can contribute to the dose at depths up to 
7 cm [6]. 
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In this work, a compromise for depth of maximum dose is made for a range of beam energies 

(table 2.2.3.), which means that the IC is placed at a position close to dmax (namely 2 cm for 

beam energies between 4 and 10 MV, and 3 cm for beam energies between 10 and 18 MV X-

rays). 

 

The assessment of the reproducibility of a large number of TLD associated with build-up cap 

and readout system is essential for the external dosimetry check. Consequently, this 

reproducibility depends on the quality of the powder, the reader characteristics, the operator 

skills,…etc. Therefore, at regular time intervals, the intrinsic precision is determined by 

irradiation of a series of TLDs in calibration condition (section 2.3.2.1. and 2.3.2.2.), using 

powder from the same batch. Often quoted as a measure of repeatability is the coefficient of 

variation, which is the (intra-detector) standard deviation divided by the mean, expressed as a 

percentage. 

 

2.3.2.1. TLD calibration in copper and tantalum build-up caps 

 

Thermoluminescence dosimeters in the copper or tantalum build-up cap are placed on top of 

about 15 cm thick polystyrene plates (PMMA), and are calibrated in standard geometry (field 

size 10 x 10 cm2, source-surface-distance (SSD) = 100 cm, 1 Gy) against an IC as reference 

instrument placed in the beam axis at depths of build-up (respectively 2 cm or 3 cm depth) in 

6 MV (TPR20,10=0.679) and 18 MV X-rays (TPR20,10=0.771) in the radiotherapy department 

of the UH Leuven (figure 2.3.2.1).  

The cylindrical local standard IC (NE 2571 – 0.6 cm3) has a calibration factor traceable to the 

“Secondary Standards Dosimetry Laboratory” (SSDL).  

The conversion factor dose to water from dose to polystyrene is derived by performing IC 

measurements in water and in the polystyrene phantom at the depths of 2 and 3 cm (=dmax) in 

a 6 MV and 18 MV X-ray beam respectively. In an irradiation set-up of SSD 100 cm and field 

size 10 x 10 cm2, the conversion factor is determined by the absorbed dose in water divided 

by absorbed dose in polystyrene. 
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Figure 2.3.2.1. : Experimental calibration set-up for Cu and Ta build-up cap against a reference            

ionisation chamber. 

 

The calibration factor (Fcal) is defined as the ratio of the reference dose calculated from IC 

measurements in polystyrene, and the signal of the TLD irradiated in build-up cap in 

reference irradiation condition. The calibration set-up is repeated on different days and for 

each measurement 3 TLDs are used to verify the accuracy of the calibration factor. 

 

2.3.2.2. TLD calibration in aluminium build-up caps 

 

The TL dosimeters are irradiated in a 60Co photon beam in the aluminium build-up cap on top 

of a polystyrene phantom (field size 10 x 10 cm2, SSD = 80 cm, 1 Gy) and calibrated against 

an IC at 0.5 cm depth in water.   

However, a more practical calibration method in 60Co γ-rays is aimed at. Therefore, the mean 

TLD signal obtained with above mentioned calibration method is compared with the one 

achieved with the calibration procedure in 60Co γ-rays following Part 1, section 2.2.2.4. In this 

geometry, TLDs without cap are irradiated in a specially designed homogeneous PMMA 

phantom fixed to the accessory tray holder of the cobalt unit (field size 10 × 10 cm2, SSD 75 

cm, depth 5 cm, without Al build-up cap, 1 Gy). The mean ratio of TLD signals obtained in 

both set-ups equals 0.993 ± 0.007 (1 SD). Provided that a correction factor is applied to 

account for the difference in TLD responses by both methods, the latter method is used for the 

determination of Fcal.  

 

2 cm or 3 cm 

Polystyrene 
phantom 

10 X 10 cm
2
, 

SSD 100 cm, 
6 or 18 MV 

Polystyrene 
phantom 

10 X 10 cm
2
, 

SSD 100 cm, 
6 or 18 MV 

IC 
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2.3.3. Non-reference conditions 

 

In case the build-up thickness covering the TLD is smaller than that covering the IC, more 

contaminating electrons will reach the LiF powder, compared to the headscatter electrons 

reaching the IC at dmax. 

Attention should be paid in this situation to the need of correction factors established on a 

phantom in similar irradiation conditions as for the patient. It is important to keep in mind that 

incomplete build-up on an entrance detector might lead to certain correction factors which are 

only determined by the influence of the electron contamination spectrum and not at all by the 

intrinsic characteristics of the detector type [126]. As mentioned in section 2.2.2., 

contaminating electrons generally depend upon the geometry of the irradiation (field size, 

SSD) and the presence of accessories in the treatment head of the linear accelerator.  

If the TLD and IC would be hit by the same spectrum, no correction factors, linked to 

headscatter electrons, would be found. This implies that the measurements with TLD in build-

up cap and IC would occur at the same depth. This phenomenon has to be evaluated. 

 

The TLD irradiations are performed in Al (60Co photons), Cu (4, 6, 10 MV X-rays), and Ta 

(15, 18 MV X-rays) build-up caps in different beam geometries on a homogeneous 

polystyrene phantom. In the UH Leuven, TLD measurements can be carried out in 60Co γ-rays 

(Alcyon), 6 MV (TPR20,10=0.679) (Saturne, GE) and 18 MV (TPR20,10=0.771) (Saturne, GE), 

whereas measurements in beam energies 4 MV (TPR20,10=0.621) (Mevatron, Siemens), 10 

MV (TPR20,10=0.725) (SL15, Elekta) and 15 MV (TPR20,10=0.760) (Mevatron, Siemens) can 

be achieved in other Belgian centres, respectively Virga Jesse Hospital (Hasselt), Academic 

Hospital Free University Brussels (Brussels) and Deux Alices Hospital (Brussels).  

Remark that we did all measurements with the same material, namely same polystyrene 

phantom, IC and electrometer. 

 

The ratio of the reading of the IC (RIC)74 at build-up depth and the reading of the TLD (RTLD) 

in build-up cap for a non-reference irradiation condition normalised to the same ratio for the 

reference irradiation condition, i.e.: 
reference

referencenon

referencenonC
)RR(

)RR(

TLDIC

TLDIC −

− = ,  

                                                           
74 RIC is measured at fixed depth. As the purpose is to develop a practical entrance dose measurement procedure, 
making a compromise for dmax – namely in beam energies 4 to 10 MV, the depth is 2 cm, and 10 to 18 MV, it is 
3 cm - is essential. Remark that this compromise leads to an extra, albeit small, source of inaccuracy. 
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are calculated for the following non-reference conditions: square field sizes (ranging from 5 x 

5 cm2 to 30 x 30 cm2), SSD from 70 to 110 cm, wedge filters (15°, 30°, 45°, 60°), shielding 

blocks positioned on a PMMA tray (0.5 or 1 cm). In addition, different gantry angles are 

considered to determine the directional dependence of the detector75. The beam geometries 

are listed in table 2.3.3.1. In total, 108 different beam set-ups are considered in the work for 

calculation of Cnon-reference (section 3.3.1.). 

 

 
Table 2.3.3.1 : Different beam geometries for measurements 

with TLD in build-up cap and ionisation chamber in order to 

determine ratio of the reading of the IC (RIC) at build-up depth 

and the reading of the TLD (RTLD) in build-up cap for a non-

reference irradiation condition normalised to the same ratio 

for the reference irradiation condition (Remark: the reference 

FS, tray, SSD, gantry angle and wedge, are given in bold font) 

 

 

 

 

 

 

 

Every factor which influences TLD responses may be the reason why correction factors are 

necessary, when clinical conditions are different from the reference one. Furthermore, 

irradiation conditions based on clinical cases are considered for checking responses with the 

TLD in the build-up cap to the ones given by the IC at the depth of dose maximum. Table 

2.3.3.2. shows the different clinical cases applied for phantom measurements. 

 

Clinical cases SSD [cm] Field size [cm
2
] Wedge [°] Tray 

1) Breast 100 6 × 17 15 No 
2) Breast 100 9.5 × 18 15 No 
3) Internal mammary nodes 100 12.3 × 15.4 No Yes 
4) Whole brain 92.3 15 × 18.5 No Yes 
5) Head & neck 100 18 × 21 No Yes 
6) Head & neck 93.4 11 × 11.4 30 Yes 
7) Head & neck 93.9 9.6 × 13 No Yes 

 
Table 2.3.3.2 : Clinical cases considered as irradiation conditions different from the  

calibration condition. 

 

                                                           
75 The directional dependence has nothing to do with contaminating electrons, but is mainly linked to 
anisotropies in the construction of the detector. 

Field size (FS) [cm
2
] Tray 

5×5 No 

7.5×7.5 5×5 

10××××10 10×10 

15×15 20×20 

20×20 30×30 

30×30  

SSD [cm] Gantry angle [°°°°] 
80 0 
90 20 
100 45 
110  

Wedge [°°°°]  

No 
15 
30  
45  
60  
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Additionally, the influence of incorrect positioning of the detector in wedged 6 MV X-rays is 

verified by means of four different phantom set-ups (figure 2.3.3). 

 

Figure 2.3.3 : Schematic representation of 4 different phantom set-ups where the TLD in Cu build-up 

cap is placed respectively correct or incorrectly in the radiation field with wedge filter (30° and 60°) : 

(a) the detector is placed exactly in the centre of the radiation beam, perpendicular to the wedge 

direction,  (b) the detector is shifted about 1 cm to the toe of the wedge,  (c) the detector is shifted about 

1 cm to the heel of the wedge, and (d) the detector is put in the centre of the radiation beam, but along 

the wedge direction. 

 

Furthermore, the possible effect of shielding blocks mounted on PMMA trays attached to the 

treatment head is investigated with phantom measurements. 

 

2.3.4. Energy dependence of the TLD powder in various beam energies  

 

When the beam quality used for the irradiation of the TLDs differs from the beam quality 

used for the calibration TLDs, an energy correction factor Cenergy should be applied76.  

The study of influence of energy, as performed in Part 1, section 2.2.2.6., can not be applied 

straightforwardly here, as the calibration of TLDs is now performed in Cu and Ta build-up 

caps (section 2.3.2.1.) in respectively 6 MV and 18 MV X-rays. Subsequently, the readings of 

TLDs irradiated in those build-up caps in different beam qualities (ranging from 4 MV to 10 

MV and from 10 MV to 18 MV X-ray beams respectively) need to be compared to the 

readings corresponding to the reference dosimeters, which are irradiated in calibration set-up. 

 

For this purpose, various radiotherapy departments are requested to irradiate 3 TLDs (from 

the same batch of powder) in the Cu or Ta build-up cap on a stack of polystyrene plates in 

reference irradiation condition (field size 10 x 10 cm2, SSD = 100 cm, 1 Gy) in photon beam 

energies ranging between 4-10 MV or 10-18 MV respectively. The monitor units (MU) are 

calculated by the centre’s TPS.  

 

                                                           
76 The energy correction factor for the TLD in Al build-up cap used for in vivo purposes is 1, as the same beam 

quality for calibration and patient measuring conditions are used (60Co γ-rays). 
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The quality dependence factor Q is defined as: 

)()(

)()(

refDrefTL

XDXTL
Q

med

med=  

where TL(X)/Dmed(X) is the light output (TL) per unit dose (i.e. response) in a medium (Dmed) 

for the beam quality X of the participating centre. Assuming that the dose to the TLD 

material, DLiF, is directly proportional to the light output TL(X) at any X77, Q can be written 

as: 

XLiFmed

refLiFmed

DD

DD
Q

)(

)(
=  

The energy correction factor Cenergy is defined as the ratio 1/Q and corrects for over-response 

or under-response of the centres’ photon beam X in relation to the reference beam (6 MV X-

rays (TPR20,10=0.679) or 18 MV X-rays (TPR20,10=0.771)).  

In order to prevent that the energy correction factor would also include errors in the 

calibration of the beam, the centres would have to provide us with extended information, like 

which dose calculation protocols they use, whether they participate in other external audits, 

more details about the phantom and IC used for calibration, the daily fluctuation of the 

beam,...   

In this way, correction factors are determined in the same conditions as those used to treat 

patients and for the type of dosimeters used in practice and read out on the particular reader. 

For a given TLD associated with a given reader, the energy correction factors remain constant 

(no periodically checks) [126]. 

 

Furthermore, to investigate the effect of the high density material (Cu, Ta) on the TLD signal, 

additional TLD measurements are performed in water in reference condition (field size 10x10 

cm2, SSD 100 cm, 1 Gy) at the depth of 2 cm in beam energies from 4 to 10 MV and at the 

depth of 3 cm in beam energies from 10 to 18 MV.  Two different batches of powder are used 

for the tests in 4-10 MV and 10-18 MV X-ray beams. In order to know the TLD response, a 

calibrated IC (NE 2571, 0.6 cm3) coupled to an electrometer is applied to determine the 

absorbed dose to water in water at the same depths as TLD, namely 2 cm and 3 cm 

respectively.  

 

                                                           
77 The assumption between proportionality between the TL response and the dose to the TLD ignores the 
possibility of sensitivity changes in the TLD which depend on interactions between trapping centres [96]. 
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2.3.5. Methodology for absorbed dose determination 

 

For the new in vivo detectors, namely TLD with build-up cap, the methodology for absorbed 

dose determination is slightly modified to the one described in Part 1, section 2.2.2.4. 

The absorbed dose is obtained from the average reading of 2 TLD samples, M, using the 

following expression: 

referencenonlinearitynonenergyfadingpwcalm CCCCCFAMD −−− ××××××−= )(   

with angletraywedgeSSDFSreferencenon CCCCCC ××××=− , which supposes the different non-

reference correction factors to be independent of each other (see section 2.3.3.). 

The meaning of the other factors is already explained in Part 1, sections 2.2.2.4. and 2.2.2.6., 

and in this chapter section 2.3.2. and 2.3.4. 

 

Consistency of the whole calibration (section 2.3.2.1) and dose determination methodology is 

verified by means of homogenous phantom irradiations. The TLD measured doses are 

compared to IC doses at build-up depth for various irradiation conditions on a polystyrene 

phantom, going from combinations of different field sizes, SSD, wedges,… to more clinical 

set-ups (table 2.3.3.2). 

 

2.3.6. Uncertainty in absorbed dose determination 

 

The methodology for estimation of the total uncertainty uc of the absorbed dose Dm of the 

TLD system is already explained Part 1, section 2.2.2.7.   

The numerical values for the individual uncertainties of the TLD calibration in build-up caps 

and of the TLD procedures itself, can be found in section 3.5. 
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3. Results and discussion 

 

3.1. Evaluation of the measurements performed before TLD calibration 

 

3.1.1. Perturbation behind the detector 

 

The relative dose profiles are obtained in ‘crossplane’ (perpendicular to detector) and 

‘inplane’ (parallel with detector) directions at 5 cm depth and are normalised +3 cm away 

from the centre of the field (normalised to 100%). From the relative dose ratios of TLD in 

build-up cap versus open field, the attenuation by the TLD in build-up is 6.9% (Al cap, 60Co), 

10.9% (Cu cap, 6 MV), and 19.5% (Ta cap, 18 MV) in crossplane direction, and 6.5% (Al 

cap, 60Co), 10.5% (Cu cap, 6 MV), 19.2% (Ta cap, 18 MV) in inplane direction (figure 

3.1.1.1.(a), 3.1.1.1.(b)). This is comparable to results obtained for diodes (e.g. [34,35,98]). 

 

 

Figure 3.1.1.1 : Dose attenuation by the TLD in (a) an Al build-up and (b) a Cu build-up, determined by 

radiographic films irradiated in a polystyrene phantom at 5 cm depth in 
60

Co photons and 6 MV X-rays 

respectively.  

 

Moreover, the relative dose perturbation behind the TLD in Cu and Ta build-up cap is also 

investigated at 3 cm depth and is estimated at 11.5% and 19.0% (crossplane), and 10.5% and 

18.8% (inplane) respectively. 
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In addition, the attenuation by the TLD in Ta build-up cap at 10 cm depth is approximated to 

be 19.9%-19.4% (crossplane-inplane) at 10 cm depth (figure 3.1.1.2.). 

Relative dose reduction by the TLD in build-up cap has been found almost independent of 

depth, which is also the case for diodes [34].   

    

Figure 3.1.1.2. : Dose attenuation by the TLD in Ta build-up cap determined by radiographic films 

irradiated  in a polystyrene phantom at the depth of  10 cm in 18 MV X-rays. 

 

From these results, the relative dose reduction at the end of the treatment due to the presence 

of the detectors can be derived (table 3.1.1.1.), if the in vivo procedure is restricted to the first 

2 treatment sessions and for only 1 of the treatment fields, assuming that for instance 2 

treatment fields are planned with a dose of 1 Gy per field. 

 

Build-up cap Al Cu Ta 

Beam energy [MV] 
60

Co photons 6 18 

Attenuation [%] 6.5 10.5 19.5 

Dose reduction [%] for 
5 to 20 sessions 

1.3 to 0.3 2.1 to 0.5 4.0 to 1.0 

 
Table 3.1.1.1. : Relative dose reduction due to the presence of the TLD in the build-up cap in 1 of the 

treatment fields for 2 sessions. 

    

3.1.2. Reproducibility between the build-up caps 

 

As we want to know the variability between the 10 build-up caps for each of the high density 

materials, a standard deviation of these observations can be calculated. The standard deviation 

divided by the mean of 1.0% (N=10), 1.2% (N=10), 1.1% (N=10) shows a good inter-detector 

variability for respectively 10 aluminium, 10 copper and 10 tantalum build-up caps. All build-

up caps are suitable for use in this feasibility study. 
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3.2. Evaluation of the calibration measurement conditions 

 

3.2.1. Repeatability 

 

The coefficient of variation in TLD responses (defined in section 2.3.2.) is expected to be less 

than 1.5%, which is accomplished in practice. 

 

3.2.2. Water to polystyrene conversion factor 

 

The absorbed dose given to the reference IC at dmax in polystyrene has to be referred to water 

and therefore a dose in water to polystyrene conversion factor Cw-p is applied78. For 6 MV X-

rays, this factor is not significantly different from unity and consequently not used. For 18 

MV X-rays, a conversion factor of 1.02 is adopted.  

 

3.3. Evaluation of the measuring conditions different from the calibration conditions 

 

3.3.1. Non-reference irradiation conditions 

 

The calculated correction factors Cnon-reference are given in table 3.3.1. The reproducibility of 

the measurements has been found better than 1.5% for the 108 beam geometries. 

Generally, the variation of non-reference correction factors are close to unity and fall most 

within the uncertainty of the TLD system (section 3.5.). 

In practice, using correction factors is much work and, in this case, does not lead to a 

significant improvement on the accuracy due to the large uncertainty on the value of the 

factors. Cnon-reference will consequently not be applied in the absorbed dose determination 

(section 2.3.5.).  

However, certain correction factors in table 3.3.1. amount to 3% and higher. The variation in 

correction factors CFS and Cwedge is most extreme in 15 MV and 18 MV X-rays. For correction 

factors for large wedge filters, a larger measurement uncertainty can be expected due to the 

influence of positioning the detector in the central beam axis of wedged fields (see section 

3.3.3). For higher photon beam energies, the correction factor CFS  in table 3.3.1 increases 

generally as a function of field size, which can be explained by the electron contamination 

                                                           
78 Notice that this Cw-p is not the same conversion factor as in Part 1, section 2.2.2.6., which has been obtained in 
isocentric set-up in ‘OPERA’ at the depth of 5 cm or 10 cm in respectively 6 MV or 18 MV X-rays. 
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increase in function of field size. Moreover, the dose contribution of contaminant electrons in 

high energy beams is relatively high at 3 cm depth for field sizes 10×10 cm2 and larger. 

Compared to water, the high-atomic number build-up caps have different scattering properties 

for these electrons. In addition, if the field size increases, not only more headscatter electrons 

but also headscatter photons reach the cap and because of high Z, produce more pair 

production electrons at higher energies.   

Not applying Cnon-reference in the entrance dose determination will have an impact on the 

tolerance levels and will be discussed further in the conclusion of Part 2, chapter A and B. 

 

Energy 
60

Co 4MV 6MV 10MV 15MV 18MV 

Thickness cap 1.3mm Al 2 mm Cu 2 mm Cu 2 mm Cu 2.2 mm Ta  2.2 mm Ta 

Waterequivalent 

thickness 

4 mm 
 

16 mm 
 

16 mm 
 

16 mm 
 

27 mm 
 

27 mm 

Depth IC 5 mm 20 mm 20 mm 20 mm 30 mm 30 mm 

FS [cm
2
] CFS (

60
Co) CFS (4MV) CFS (6MV) CFS (10MV) CFS (15MV) CFS (18MV) 

5×5 0.997 0.996 1.002 0.985 0.975 0.967 

7.5×7.5 - - 0.999 - - 0.969 

10××××10 1.000 1.000 1.000 1.000 1.000 1.000 

15×15 - 1.016 1.008 1.018 1.029 1.013 

20×20 1.003 1.014 1.015 1.022 1.022 1.026 

30×30 1.008 - 1.015 1.026 - - 

SSD [cm] CSSD (
60

Co) CSSD (4MV) CSSD (6MV) CSSD (10MV) CSSD (15MV) CSSD (18MV) 

70 0.989 - - - - - 
80 1.000 0.986 0.990 0.998 0.982 0.999 
90 0.993 0.995 0.997 0.990 0.991 1.008 
100 - 1.000 1.000 1.000 1.000 1.000 

110 - 0.987 1.013 1.005 1.012 0.997 

Wedge [°°°°]  Cwedge (
60

Co) Cwedge (4MV) Cwedge (6MV) Cwedge (10MV) Cwedge (15MV) Cwedge (18MV) 

No 1.000 1.000 1.000 1.000 1.000 1.000 

15 1.010 1.002 0.999 - 0.984 0.991 
30 1.011 1.000 0.990 - 0.975 0.995 
45 1.009 1.006 0.995 - 0.968 0.988 
60 - 1.002 0.985 0.981 - 0.968 

Tray (*) Ctray (
60

Co) Ctray (4MV) Ctray (6MV) Ctray (10MV) Ctray (15MV) Ctray (18MV) 

No 1.000 1.000 1.000 1.000 1.000 1.000 

5×5 - - 1.018 - - - 

10×10 0.999 0.989 1.012 0.999 0.992 0.992 

20×20 - 1.004 1.011 1.022 1.020 1.007 

30×30 - - 1.019 - - - 

Angle [°°°°] Cangle (
60

Co) Cangle (4MV) Cangle (6MV) Cangle (10MV) Cangle (15MV) Cangle (18MV) 

0 1.000 1.000 1.000 1.000 1.000 1.000 

20 1.002 - 0.999 - - - 
45 1.003 0.994 0.992 0.993 1.016  

 
Table 3.3.1.: Correction factors Cnon-reference to account for variations in TLD response in situations deviating 

from the reference irradiating condition in different photon beam energies (
60

Co (TPR20,10=0.58) (Alcyon), 4 MV 

(TPR20,10=0.621)(Mevatron, Siemens), 6 MV (TPR20,10=0.679) (Saturne, GE) , 10 MV (TPR20,10=0.725) (SL15, 

Elekta), 15 MV (TPR20,10=0.760) (Mevatron, Siemens), 18 MV (TPR20,10=0.771)(Saturne, GE)). The reference 

beam geometries are in bold font. 

(*) CFtray is obtained in function of field size [cm
2
] 
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3.3.2. Irradiation conditions based on clinical cases 

 

From the TLD measured doses compared to IC doses for different irradiation conditions on a 

polystyrene phantom to more clinical set-ups (table 2.3.3.2., section 2.3.3.), a mean ratio of 

the TLD versus the IC determined dose of 0.993 ± 0.015 (1 SD) (N=80) can be found.  

  

3.3.3. Influence of incorrect detector positioning in wedged fields 

 

The influence of inaccurate placement of the TLD and build-up cap in the wedged 6 MV x-

rays is checked by comparing 4 different set-ups (figure 2.3.3). In set-up (a), the detector is 

placed exactly in the centre of the beam perpendicularly to the wedge direction, while in set-

up (b), the detector is shifted about 1 cm to the toe of the wedge. By calculating the relative 

variation coefficient between set-up (a) and set-up (b), a value of 2.8 % can be determined for 

wedge 30º and 6.3 % for wedge 60º. In set-up (c), the detector is also positioned 

perpendicularly to the wedge and shifted approximately 1 cm to the heel of the wedge. The 

relative variation coefficients between set-up (a) and (c) are -5.4 % and -10.2 % for wedge 30º 

and 60º respectively. In set-up (d), the detector is put in the field centre, but along the wedge 

direction. The relative variation coefficients between set-up (a) and (d) are -0.3 % and –0.6 % 

for wedge 30º and 60º respectively.  

 

3.3.4. Influence of blocks in treatment fields 

 

For clinical cases 3, 4, 5 and 7 (table 2.3.3.2., section 2.3.3.), the influence of blocks is 

investigated by homogenous phantom irradiations.  The irradiation condition when blocks are 

out the beam can be compared with the field set-up when shielding blocks, used for patient 

treatment, are placed on a PMMA tray in the radiation beam. Both TLD and IC are irradiated 

with the same amount of MU according to each set-up with or without shielding blocks. 

 
 
 
 
Table 3.3.4. : Comparison of shielding blocks actually 

placed in the field with the situation where no blocks are 

placed but a reduced amount of monitor units is applied. 

(Clinical cases 3, 4, 5, and  7, given in  table 2.3.3.2., are 

used.) 

 

Clinical cases (TLD / IC)

(TLD / IC)

with blocks

without blocks

 

3) Internal mammary nodes 1.015 

4) Whole brain 1.004 

5) Head & neck 1.010 

7) Head & neck 0.992 
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From table 3.3.4. can be seen that the influence of blocks on the measurements is small. 

However, if the central beam axis is closer than 2 cm to the shielding block, attention must be 

paid to the fact that the measuring detector is not in the penumbra area. In the beam set-up for 

internal mammary nodes, the beam axis is quite close (~ 2 cm) to the blocked area, which 

results in somewhat larger ratio. 

 

3.4. Energy correction factors 

 

3.4.1. Measurements in different beam qualities 

 

3.4.1.1.Copper build-up caps 

 

The energy correction factor of LiF TLD, in 2 mm thick cylindrical Cu build-up caps, on 

average decreases from 1.036 (4 MV, TPR20,10=0.616) to 0.883 (10 MV, TPR20,10=0.733) 

relative to the reference 6 MV X-ray beam (TPR20,10 = 0.679) (i.e. Cenergy for latter beam 

quality is 1) (figure 3.4.1.1.). A polynomial regression of the second degree can be fit through 

the measuring points with an R2 of 0.974. The standard error of regression is 0.008.  

The reason of choosing a quadratic regression is that below 10 MV, we have a two 

component curve: below TPR20,10=0.67, it is more or less horizontal (essentially Compton 

effect which is independent of atomic number Z), and higher than TPR20,10=0.67, it starts to 

decrease due to the increasing contribution of pair production79 of which the probability is 

proportional to Z (ZCu=29). 

  

Figure 3.4.1.1. : Regression curve and 95% confidence interval for Cenergy as a function of TPR20,10. 

                                                           
79 This interaction is possible from an energy larger than 1.02 MeV. 
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By computing the 95% confidence interval for each of the TPR20,10 values (using SPSS®), we 

obtain what is known as the confidence interval for the regression function, or confidence 

band, shown in figure 3.4.1.1.  

As an illustration, the 95% confidence interval for Cenergy corresponding to TPR20,10 = 0.679 is 

given by: [ ] 01876.1679.0)()(98151.0 10,20 ≤=≤ referencereferenceenergy TPRC  

 

3.4.1.2. Tantalum build-up caps 

 

Figure 3.4.1.2. shows the energy correction factors of LiF TLD, in 2.2 mm thick cylindrical 

Ta build-up caps, which, on average, decrease from 1.304 (10 MV, TPR20,10=0.725) to 0.924 

(18 MV, TPR20,10=0.783) relative to the reference 18 MV X-ray beam (TPR20,10=0.771). 

The spread between the minimum and maximum value of Cenergy is thus quite large. 

Moreover, due to the limited number of data in the lower beam quality range80, it is advisable 

to be precautious about the “gap” between TPR20,10 = 0.725 and TPR20,10 = 0.760.   

 
 
Figure 3.4.1.2. : Regression curve and 95% confidence interval for Cenergy as a function of TPR20,10 . 

 

The data points follow a linear shape (owing to the growing contribution of pair production, 

which depends on Z (ZTa=74)). A linear regression curve can be fit through the points with R2 

of 0.993. The standard error of regression is 0.011, and represents the SD of the possible 

slopes determined by linear regression. 

 

                                                           
80 No data were clinically available between beam energies 10 and 15 MV X-rays. 
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For the reference value TPR20,10=0.771, the estimated Cenergy equals 1. The corresponding 

95% confidence interval equals [0.978;1.025].  

 

Appropriate energy correction factors, derived from the regression curves through the 

experimental determined values, will be applied in the patient entrance dose determination 

(Part 2, chapter B).  

 

3.4.2. Effect of the irradiation medium 

 

For a dose to water of 1 Gy, the TLD readings measured in 2 cm water relative to those in 4 

MV X-rays81, are 1.000, 0.992, 0.979, for 4, 6 and 10 MV respectively82.  This means that our 

measurements in water are consistent with the study of Mobit et al [96], where the energy 

dependence of 1 mm thick TLD-100 (micro-rods and chips) on average decreases from 1.000 

for 60Co γ-rays to 0.989 +/- 1.3% for 6 MV X-rays (TPR20,10 = 0.685) and to 0.974 +/- 1.3% 

for 25 MV X-rays (TPR20,10 = 0.800) relative to 60Co γ-rays.  

 

The surrounding medium has thus a significant effect on the energy correction factor: the 

TLD signals in water are slightly decreasing in function of increasing beam energy (as 

described in previous paragraph), while the TLD signals measured in the Cu and Ta build-up 

cap are increasing with beam energies from 4 MV to 10 MV (figure 3.4.1.1.), and from 10 

MV to 18 MV (figure 3.4.1.2.). A qualitative explanation can be based on the following 

argumentation by [78]. The physical density of Cu and Ta is respectively 8.96 and 16.65 

times larger than the physical density of water [69]. Taking into account the electron densities 

of water (3.34 x 1026 kg-1), Cu (2.75 x 1026 kg-1) and Ta (2.43 x 1026 kg-1), this results in about 

respectively 7.4 and 12.1 times more electrons per unit volume in respectively Cu and Ta than 

in water. In the range of therapeutic megavoltage X-rays where the Compton effect dominates 

the interaction between X-rays and matter, this leads to about respectively 7.4 and 12.1 times 

higher attenuation per unit linear thickness for  respectively Cu and Ta than for water. From 

the higher number of electrons per volume in Cu and Ta follows that the number of scattered 

electrons is higher, which results in a higher TL signal in Cu and Ta than in water. When the 

beam energy increases (> 10 MV X-rays), also the probability of pair production rises. Pair 

                                                           
81 4 MV X-rays can be assimilated with a monochromatic photon beam of 1.25 MeV, like 60Co γ-rays. 
82 The TLD responses for 10 to 18 MV are obtained at 3 cm depth. Moreover, these experiments are performed 
with powder from another batch, and can therefore not be applied to compare to the findings by [96]. 
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production is dependent on the atomic number Z. As the atomic number of Ta is high, even 

more secondary electrons are set in motion and can get to the LiF TL powder, which results in 

a higher signal.  

 

3.5. Combined uncertainty of the results obtained with the in vivo detector  

 

The total uncertainty of the TLD system is estimated by the square root of the quadratic sum 

of individual uncertainties of the TLD calibration with ionisation chamber and of the 

uncertainty in the TLD reading process and TLD correction factors (attenuation, fading, non-

linearity, energy correction (section 2.3.5.))83. Provided the standard deviation of individual 

TLD readings is smaller than 1.5%, the combined standard uncertainty (uc) in dose 

determination is estimated at 2.5% for X-ray beams and 1.7% for 60Co photons (table 3.5.). 

 

Coefficient Uncertainty [%] 

 X-rays 
60

Co 

TLD calibration with IC 1.7 1.2 

TLD reading of “unknown” 

detector 
1.0 1.0 

Non-linearity 0.5 0.5 

Fading <0.5 <0.5 

Attenuation 0.7 _ 

Energy 1.2 _ 

Combined 2.5 1.7 

 
Table 3.5. : Combined uncertainty of the individual coefficients contributing to the  

determination of the absorbed dose from TLD readings in build-up caps.  

(Remark: the uncertainty for TLD calibration with IC arises mainly from the uncertainty of the 

absorbed dose determination with reference IC combined with the uncertainty estimated from 

the variance of a large sample of TLD responses from the calibration process). 

                                                           
83 The correction factors Cnon-reference are not applied in the entrance dose determination (section 3.3.1.). As 
previously said, this has a consequence on the applied tolerance levels (this subject will come up in the 
Conclusion of Part 2, chapter A and B). 
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Chapter B :  Clinical testing of TLDs and build-up caps for mailed in vivo 

dosimetry 

 

1. Introduction 

 

1.1. In vivo entrance dosimetry 

 

The ultimate check of the overall accuracy in actual dose delivery can only be performed at 

the patient level. Therefore, a prerequisite for treatments requiring a high accuracy is to 

monitor the patient irradiation with in vivo dosimetry. Patient set-up and beam parameters can 

easily be verified by entrance in vivo dosimetry, mainly aimed at screening systematic and 

random errors during patient irradiation.  

 

The implementation of an intensive in vivo dosimetry program requires additional staff for 

calibration of the detectors, measurements and analysis. The in vivo measurements itself, 

however, add only a few seconds to the treatment time per patient. In addition, mailed TLD 

programs have proven their cost-effectiveness and should remain the method used for 

dosimetrical intercomparison and QA of calibration procedures. 

Consequently, the use of TLDs in mailed in vivo entrance dosimetry studies is investigated on 

a large variety of patients in order to assess the overall accuracy of patient radiation treatment 

delivery in various institutions as part of a quality control procedure of conventional as well 

as conformal radiotherapy. 

 

1.2. Measurements on individual patients  

 

Different types of errors can occur in the radiotherapy process (section 3, General 

introduction), which can have each a more or less critical impact on 1 or more patients. When 

measurements are performed at the end of the treatment chain on individual patients, and 

errors are detected, the questions to be answered will be: what is the severity of the error, 

what is the source of the error, and can it be corrected (or even prevented) in future 

treatments?  
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The clinical relevance of the error depends on its magnitude, its frequency and the clinical-

biological parameters, and can be judged by relating the measurement to the performance that 

can be achieved for a specific treatment technique.  

 

The detection of random errors for an individual patient can imply in vivo measurements for 

each field for each treatment session during the whole treatment series. Yet, this is quite 

unrealistic in most departments due to the high workload and moreover its usefulness is still a 

matter of debate. The limitation of QA procedures to one or a few sessions of a fractionated 

treatment is usually required for economical reasons [74]. In this study, the in vivo detectors 

are applied in 2 sessions of a fractionated treatment, for one of the treatment fields (see further 

in section 1.4.). Moreover, since random errors are one-time errors by definition, they have in 

general only limited consequences on the cumulative dose delivered to the patient, if their 

magnitude is not such as to affect the biological effectiveness of the irradiation. Furthermore, 

most of the random errors can be avoided by the use of an automatic verification system. An 

important physical argument for not performing daily measurements on each patient is that 

the build-up caps of the dosimeters slightly perturbate the irradiation field (section 3.1.1., 

chapter A, Part 2). Therefore, it seems far more important to concentrate the efforts on the 

detection of systematic errors, which will be repeated by definition (and thus need corrective 

action). 

The detection of a systematic error in dose delivery for a given patient by in vivo 

measurements at 2 sessions presumes a high predictive value of one single check. The vital 

question is “to what extent is one single check representative for a series of treatments?” [81] 

(see further in section 2.2.).  

 

This raises the question which accuracy requirements are to be recommended. Determining 

what is “right” and what is “wrong” is based on the available literature data assessing the 

dose-response curves for normal tissue complications and local tumour control. Based on 

these premises, the ICRU has proposed as a general guideline a requirement of ± 5% [58], 

while Mijnheer et al [94] proposes an overall accuracy of ± 3.5 % in the value of dose 

delivered to the ICRU reference point [60] in the patient. While accuracy requirements may 

thus be defined on a biological basis, it is absolutely necessary to have an insight in the 

reproducibility with which a specific treatment procedure can be carried out to be able to 

determine with common sense the accuracy requirements one wants to impose in practice. In 

daily practice it makes no sense to set the accuracy requirements arbitrarily lower than what 
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can be expected from the reproducibility of the treatment procedure. On the other hand, if one 

feels a higher degree of accuracy has to be obtained, one should improve the procedure to 

make it more reproducible rather than simply loosening the requirements. For pragmatic 

reasons, the accuracy requirements are usually determined at a level corresponding to 2 times 

the SD84, for a specific treatment procedure. 

 

1.3. Performance of a department 

 

The performance of a radiotherapy department can be assessed for the department as a whole, 

for a group of patients, or for a specific technique by grouping data of repetitive individual 

measurements of a group of patients.  

The respective contribution of day-to-day variations and errors originating in the treatment 

preparation chain to the global accuracy can be assessed by a stepwise analysis of the data 

(figure 1.3.) [134]: 

(a) The global accuracy, consisting of steps (b),(c) and (d), gives an idea of the global 

performance of a department or of a specific technique and can be assessed by 

comparing each measurement obtained during daily treatment with the corresponding 

planned value. Deviations reflect the combination of errors in treatment preparation 

and daily variations. 

(b) The reproducibility of the treatment delivery is calculated as a measure of daily 

variations which originate in the random errors during patient treatment set-up.  

(c) The accuracy of the treatment delivery is a step that is also situated at the level of the 

patient set-up. While step (b) encompasses patient immobilisation and positioning 

during treatment, the accuracy of the treatment delivery depends also on setting of the 

machine parameters, which is the responsibility of the physicist. For instance, if a 

telemeter is off by 1 cm, this becomes a systematic error during the whole treatment. 

Systematic errors are obviously related to QA programs of the radiotherapy centre. 

(d) The accuracy of the treatment preparation gives an idea of the precision of the 

different preparatory procedures and the transfer of data between the treatment 

prescription and delivery. Errors that originate during treatment preparation will 

always result in a systematic error in treatment delivery.  

                                                           
84 This means that 95% of the measurements will be within a range of + or – 2 SD from the expected dose (on 
the condition that no systematic error is present) 
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Figure 1.3. : Errors, originating in the radiotherapy process, contributing to the global accuracy [134]. 

 

1.4. Objectives of this chapter 

 

The goal of chapter B is to apply the new in vivo detectors on patients to assess the global 

accuracy of dose delivery in a department, to evaluate the accuracy in patient dose delivery 

for several treatment techniques, and finally to extend the external dosimetry audit programs 

with a validated means to measure in vivo entrance dose in a mailed dosimetry scenario. The 

latter implies that the impact of mailed in vivo dosimetry during radiotherapy in daily practice 

has to be evaluated (feasibility, accuracy, profit, duration, psychological perception by the 

centres,…). 

 

Therefore, in a first stage, the TLDs in their build-up caps are applied in a pilot study of in 

vivo entrance TLD measurements performed on a number of patients with different treatment 

volumes, irradiated with respectively 6 MV and 18 MV X-rays in the Leuven radiotherapy 

department.  

 

Next, a feasibility study of mailed in vivo entrance TL dosimetry has been performed with co-

operation of 22 different radiotherapy centres from 18 different countries.  

The TLDs, the build-up caps, the instruction and data documents were mailed to the 

radiotherapy centres and each centre had to select a number of patients with various target 

volumes in order to examine the quality of treatments from a distance. A statistically relevant 

number of patient set-ups is investigated in this study85. 

                                                           
85 The calculation of the amount of patients is based on the width of the 95% confidence interval (CI), an 
estimate of the variance of the observations (from our pilot studies) and the required accuracy (from the 

coefficient of variation). The width of the 95% CI equals 2×1.96×SD/√n. Sample size n has to be minimal 96, 
which has been accomplished. 
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2. Materials and methods 

 

2.1. Patient measurements 

 

The detector system for in vivo measurements and its calibration have extensively been 

explained in Part 2, chapter A (sections 2.2.3. and 2.3.2.). 

The determination of the absorbed entrance TLD dose (Dm) and of the combined standard 

uncertainty (uc) in dose calculation can be found in Part 2, chapter A (section 2.3.5.). 

 

2.1.1. Preliminary study performed in Leuven 

 

2.1.1.1. Use of the TL dosimeter at 60Co gamma rays 

 

Entrance dose measurements have been performed on 8 patients treated in fixed SSD (i.e. 

stationary) set-up for different malignancies with 60Co photons in the radiotherapy department 

of UH Leuven. The patient positioning and treatment set-ups were performed by 

radiographers, as usually. 

Two TLDs per patient treatment field were used for determination of in vivo entrance doses 

on-axis.  Using 2 TLDs per measuring point in 2 different treatment sessions (preferably on 2 

consecutive treatment days) gave an idea about reproducibility of the TLD measurement. The 

contribution of systematic errors can be calculated by comparing the mean of the 2 

measurements of a specific patient to the corresponding planned value. By comparing the 

mean of the measured values to the planned value, random daily variations are cancelled out. 

 

Table 2.1.1.1. provides some details about the treatment fields. From the prescribed daily 

tumour dose, the expected dose at 0.5 cm depth was calculated with the algorithms of the 

treatment planning system (TPS) (Dosigray®, DOSIsoft SA). 
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Patient 
Target volume and 

field direction 
SSD 
[cm] 

Field size 
[cm

2
] 

Block/ 
wedge 

Prescribed 
dose [Gy] 

Calculated 
dose 

at 0.5 cm 
depth [Gy] 

1 orbita : lateral 80.0 7.0 × 7.0 Block 3.0 3.00 

2 breast: lateral 80.0 8.2 × 17.6 Wedge 15° 1.0 1.41 

3 hip : lateral 80.0 18.5 × 16.0 Block 1.5 2.28 

4 breast : lateral 80.0 9.0 × 18.5 Wedge 15° 1.0 1.35 

5 mediastinum : lateral 80.0 15.4 × 12.0 Block 3.0 3.55 

6 brain: lateral 80.0 14.4 × 18.2 Block 2.0 2.94 

7 head & neck : lateral 80.0 11.0 × 11.0 Block 2.0 2.19 

8 breast : lateral 80.0 8.0 × 16.0 Wedge 30° 1.0 1.32 

    
Table 2.1.1.1. Beam set-up details for TLD in Al build-up cap measurements on 8 patients.  

(Courtesy by A. Fossard†) 

 

 

2.1.1.2. Use of the TL dosimeter at 6 MV X-rays 

 

A pilot study of in vivo entrance TLD measurements was performed on 8 different patients, 

treated with 6 MV X-rays delivered by a GE linear accelerator (Saturne 42) in the 

radiotherapy department of UH Leuven. In table 2.1.1.2., some parameters of the different 

treatment fields are listed. The expected dose at 2 cm depth was calculated by the TPS 

(Dosigray®) for each treatment field. Isocentric as well as stationary irradiation techniques 

have been used. 

Figure 2.1.1.2. illustrates the TLD in its copper build-up cap, attached to the patient’s mask in 

the central beam axis in order to measure in this case the entrance dose of the left lateral field. 

      

Figure 2.1.1.2.: Illustration of the application of the detector for in vivo entrance dose 

measurements. 
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Patient 
Target volume and 

field direction 
SSD 
[cm] 

Field size 
[cm

2
] 

Block/ 
wedge 

Prescribed 
dose [Gy] 

Calculated 
dose 

at 2 cm 
depth [Gy] 

1 head & neck : lateral 93.00 14.5 × 13.6 Block 1.0 1.27 

2 nose: anterior 100.00 10.6 × 9.5 Block 2.0 1.98 

3 tibia : anterior 95.50 8.5 × 19.4 Block 0.6 0.71 

4 tibia : lateral 95.69 24.0 × 9.4 Block 0.4 0.46 

5 brain : lateral 92.00 19.2 × 15.9 Block 1.5 1.79 

6 head & neck : lateral 91.50 12.0 × 10.5 Block 1.0 1.35 

7 head & neck : anterior 100.00 12.6 × 10.5 Block 2.0 1.99 

8 tributary nodes 100.00 16.2 × 21.4 Block 2.0 2.08 

    
Table 2.1.1.2. Beam set-up details for TLD in Cu build-up cap measurements on 8 patients. 

 

2.1.1.3. Use of the TL dosimeter at 18 MV X-rays 

 

In vivo entrance dose measurements are carried out on 10 patients, which received 

fractionated radiotherapy treatments on a 18 MV GE linear accelerator (Saturne 42) in the 

radiotherapy department of UH Leuven.  

 

Table 2.1.1.3. lists some of the treatment field parameters of the 10 patients. For each 

treatment field under study, the expected dose at the depth of 3 cm was computed with the 

TPS (Dosigray®, Cadplan®). Isocentric irradiation techniques have been applied, except for 

patient 7. 
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Patient 
Target volume and 

field direction 
SSD 
[cm] 

Field size 
[cm

2
] 

Block/ 
wedge 

Prescribed 
dose [Gy] 

Calculated 
dose 

at 3 cm 
depth [Gy] 

1 endometrium : anterior 86.6 20.3 × 40.0 MLC 0.56 0.82 

2 lung : anterior 91.0 19.5 × 27.4 MLC 1.00 1.22 

3 mediastinum : anterior 88.2 20.6 × 14.2  Block 1.50 2.09 

4 lung : LAO 85.6 9.9 × 10.8  Block 0.70 1.06 

5 abdomen : anterior 88.8 16.0 ×15.4  Block 1.00 1.37 

6 spinal cord : anterior 89.2 9.0 × 11.0 no 1.00 1.33 

7 subclavicula : anterior 100.0 15.0 × 12.0  Block 2.50 2.52 

8 lung : LAO 86.3 11.8 × 10.0 Block/ 

Wedge 15° 

0.94 1.24 

9 mediastinum : anterior 91.0 20.4 × 18.4  Block 1.50 1.86 

10 lung : LAO 87.9 9.1 × 11.0 MLC/ 

Wedge 20° 

0.74 

 

1.04 

 

Table 2.1.1.3. Beam set-up details for TLD in Ta build-up cap measurements on 10 patients.  

(LAO is the abbreviation for ‘ left anterior oblique’ field). 

 

2.1.2. Application of TLDs in build-up caps in mailed in vivo thermoluminescence 

dosimetry studies 

 

2.1.2.1. Participating centres 

 

Table 2.1.2.1. represents the radiotherapy centres, which have participated in this study.  The 

centres were involved in 2 QA projects, ‘EROPAQ’ (a pan European Radiation Oncology 

Program for Assurance of treatment Quality) and ‘EC-Network’ (‘Europe Against Cancer DG 

V’), sponsored by the EC (September 1991- August 2001). ‘EROPAQ’ was funded by the 

Flemish Government for the transfer of the know-how to some countries in Central and 

Eastern Europe (EROPAQ III: September 1999 - January 2001). Thanks to latter project, a 

large proportion of centres using cobalt units could be investigated. 

The TLDs, which were sent to the participating centres, follow the same mailing structure as 

those applied in the postal dosimetry audits with ‘OPERA’, explained in Part 1, section 

2.2.2.5. (figure 2.2.2.5.).  

In total, 216 patients were included in this mailed in vivo TLD study. 
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Participating centres 

National Institute of Oncology, Budapest, Hungary 

Lithuanian Oncology Center, Vilnius, Lithuania 

St.Elisabeth Cancer Institute, Bratislava, Slovak Republic 

National Radiation Protection Institute, Prague, Czech republic 

Marie Sklodowska-Curie Centre of Oncology, Warsaw, Poland 

Institute of Oncology, Ljubljana, Slovenia 

Institute of Oncology, Bucharest, Romania 

Western General Hospital, Edinburgh, UK 

University of Patras, Medical School, Patras, Greece 

Hospital De La Santa Creu I Sant Pau, Barcelona, Spain 

Institutio Portugues de Oncologia F. Gentil, Lisboa, Portugal 

Universita Degli Studi di Firenze, Florence, Italy 

Universitäts Krankenhaus Eppendorf, Hamburg, Germany 

Copenhagen University Hospital, The Finsen Center, Copenhagen, Denmark 

Akademisches Krankenhaus Wien, Vienna, Austria 

Centre G.F. Leclerc, Dijon, France 

University Hospital Zürich, Zürich, Switzerland 

Europe Hospitals, Deux Alices, Ukkel, Belgium 

Limburgs Oncologisch Centrum, Virga Jesse Ziekenhuis, Hasselt, Belgium 

GVA Oncologisch Centrum, Wilrijk, Belgium 

Academisch Ziekenhuis Vrije Universiteit Brussel, Jette, Belgium 

Heilig Hartziekenhuis, Roeselare, Belgium 

 
Table 2.1.2.1.: Radiotherapy centres in the mailed in vivo entrance dose study. The photon 

beam energies range from 
60

Co to 18 MV. 
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2.1.2.2. Instruction forms: practical set-up 

 

The instruction documents for the mailed in vivo entrance dose studies, which were sent to 

the participating centres, can be found in addendum 386. They clarify the aim of the study as 

well as the build-up cap dimensions and perturbation.  

Following the instruction documents, it is indicated that for each patient, 2 TLDs, i.e. TLD1 

and TLD2, have to be irradiated in the build-up cap placed in the central beam axis in 2 

different treatment sessions. The mean of both measurements Mi is used for entrance dose 

determination (Dm).  The centres ought to choose randomly 10 different patients treated for 

various malignancies. Treatment fields involving wedge filters are preferably excluded from 

the study and tumour volumes corresponding to moderate target size and depth are chosen. 

The centres have to be careful with irradiation fields with a shielding block closer than 2 cm 

to the centre of the field in order to avoid measurements in the block penumbra. 

 

In the next paragraph, the various treatment techniques used in this study are described, as 

generally applied by the centres (based on the information in the data sheets). As an extensive 

query about the different treatment techniques per participating centre was not held, 

deviations from certain treatment procedures per centre, as described, are probable.  

 

Patients with brain tumours are treated in supine position with two of more beams using an 

isocentric technique. Large shielding blocks are often placed to protect healthy brain tissue as 

much as possible. Pancranial irradiation is performed using 2 lateral beams with either 

isocentric or stationary technique. These patients are immobilised with individual plastic 

masks, as are the patients treated for head and neck malignancies. The primary tumour and 

adjacent nodal regions are usually irradiated with two lateral fields with an isocentric 

technique. The lower cervical and the supraclavicular nodes are irradiated with a cervical 

anterior field at SSD 100 cm. 

Patients with breast tumours are treated in supine position with the homolateral arm abducted 

in either 90° position or above the head. The breast is irradiated by a pair of tangential fields, 

adjusted with a fixed SSD or isocentric technique. Wedges, which alter the dose distribution 

because of greater absorption of radiation through the thick end of the wedge, are applied to 

compensate for the curvature of the breast.  

                                                           
86 An example of instruction documents is given for TLDs in copper build-up caps. 
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Patients with prostate cancer are treated in supine position and receive usually 3 isocentric 

fields, with wedges in the lateral fields, in order to produce a satisfactory distribution where 

beams intersect (e.g. figure 1.9. (a), General introduction). In this manner, non-uniform dose 

areas can be avoided. A similar treatment technique is applied for rectal cancer patients, 

which are commonly positioned in prone position, with their belly in a “belly board”. 

Radiation treatments of sinonasal tumours consist of 3 isocentric fields, with wedge filters in 

the lateral fields (e.g. figure 1.6., General introduction). 

Bladder, cervix, pelvis,… are usually treated with a 4 fields box treatment technique. 

Lung and abdominal (stomach, spleen, esophagus, liver,…) cancer patients are most often 

treated with isocentric multi-field techniques in accordance with the location of the tumour. 

 

2.1.2.3. Data forms: requested information from the centre 

 

As for the data forms (addendum 3), the radiotherapy centres must report specifications about 

the treatment units and beams (type, manufacturer, installation year, energy, quality index). 

Table 2.1.2.3. lists the installation year of the treatment units applied in the mailed in vivo 

entrance dose study as well as the number of patients – included in the study -  treated on the 

treatment units of respectively age.  

Installation year Number of patients treated on 
treatment units  

1976 3 
1979 7 
1984 10 
1988 14 
1989 13 
1990 19 
1991 3 
1992 27 
1995 20 
1996 8 
1997 15 
1998 13 
1999 25 
2000 29 
2003 10 

 

Table 2.1.2.3. : Installation year of the treatment units in this study and the number of 

patients treated on these units. 

 

Furthermore, the centres had to indicate if they had participated to other external audits 

before. They ought to provide the field parameters of the 10 treatment fields, amongst others 

the field sizes, the source-skin-distances (SSD), which were applied for monitor unit (or 

irradiation time) calculation by the centres’ TPS, the source-detector-distance (SDD) in case 
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the detector could not be fixed on the patient’s skin during treatment (for example under the 

table) so that the reading of the detector could be corrected. The presence of shielding blocks 

or MLC and wedge filter in the treatment beam had to be noted. Also the expected entrance 

dose (Ds) had to be provided in the data documents. Although not requested, some of the 

centres also gave us a copy of their patients’ treatment chart. 

 

The irradiated detectors and the completed data forms were mailed back to the radiotherapy 

department of UH Leuven within 3 weeks, where the measured doses were compared with the 

expected doses.  

 

The centres have been notified about the tolerance level of ± 5%87. If the level of deviation 

lies outside tolerance (> ± 5%), extra information is required from the participating centres, to 

trace the cause of the deviation and to exclude mistakes in the data sheet (e.g. wrongly noted 

calculated dose, writing error in the quality index of the treatment beam). If deviations 

exceeded ± 10%, no data are given to the centre and a second run is advised. At this 

emergency level, the local physicists are recommended to look carefully at the possible causes 

of deviations and to give us feedback about the problem. The physicist must at least inform 

the radiation oncologists in such case.  

 

2.1.3. Additional mailed in vivo study for a specific treatment technique 

 

A program of mailed in vivo dosimetry by TLDs in Cu build-up caps has been organised for 

centres participating the phase III randomised trial investigating the role of internal mammary 

and medial supraclavicular (IM-MS) lymph node chain irradiation in stage I-III breast cancer. 

This trial is organised by the Radiotherapy Group of the EORTC (protocol 22922/10925). The 

objective of the trial is to determine the effect of irradiation on the homolateral IM-MS lymph 

node chain in operable breast cancer on overall survival, disease-free survival, metastases-free 

survival, cause of death (breast cancer, cardiac problems, other) [85,86,106]. 

                                                           
87 The combined standard uncertainty (uc) in dose calculation is estimated at 2.5 % for high energy X-ray beams 
and 1.7 % for 60Co photons (Part 2, chapter A, section 3.5.). Tolerance levels are derived using the expanded 

uncertainty defined by U=kuc, with coverage factor k. The tolerance level for TLD dose measurements is then ± 
5%, corresponding to k=2 times uc=2.5%. 
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All radiotherapy centres (EC members), which were treating patients with the standard IM-

MS field technique88 in the EORTC trial 22922/10925 at that time, were individually invited 

to co-operate in a run of mailed in vivo entrance dose measurements for checking the 

accuracy of treatment delivery. In total, 7 centres participated to this study (14 different 

patients).  The instruction and data documents are included in addendum 4. 

 

2.2. Analysis of patient data 

 

Two repeated entrance dose measurements are made on an individual (i.e. TLD1, TLD2), and 

these measurements are likely to vary. This is intrasubject variability. The measurement error 

of these observations can be calculated by taking the absolute difference of TLD1 and TLD2 

divided by their mean. Thereby, the planned value is not taken into account and therefore the 

reproducibility is only a measure of day-to-day variations. 

 

The representativeness of a single check has been evaluated by investigating the relation 

between 1 single check and the mean measured TL response and can be expressed as: 

Srepresentativeness = [|TLD1-mean(TLD1,TLD2)|/mean(TLD1,TLD2)]×100 [%].  

The reproducibility in dose delivery is dependent on the treatment unit, so that the predictive 

value of a single check has to be examined separately for each of the treatment units, i.e. for 

each centre.  

 

2.3. Statistical analysis : presentation and interpretation of results 

 

In present work, the occurrence and magnitude of different kind of errors, which can take 

place during treatment preparation and delivery, are assessed for various treatment techniques 

in a number of radiotherapy centres. Measurements are performed on samples of patients 

treated with a certain technique, and this information is used to make inferences about the 

whole population, meaning all patients who undergo radiotherapy in a radiotherapy centre. 

The selection of patients is based on certain criteria (see section 2.1.2.2.), but is done 

                                                           
88 The lateral border of the MS part of the field lies at the middle of the clavicula while the medial border lies 1 
cm across the midline. The upper border is 3 cm above the head of the clavicula. The lateral field border of the 
IM part of the field lies 5 cm lateral from the midline. The lower field border is defined by the lower border of 
the 4th rib. A block shielding the larynx is used if needed. After breast conserving surgery, the lateral field edge 
of the IM field is matched to the tangential fields irradiating the breast tissue. 
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randomly. The purpose is to form a group of samples which are representative for the 

population. 

 

Histograms are often used to reflect the distribution of the observations. The evaluation of 

histograms is performed by calculating the mean and the standard deviation (SD). 

The results are plotted in histograms as the frequency distributions of the ratio of the actually 

delivered (i.e. measured (Dm)) and planned (i.e. expected (Ds)) entrance dose, i.e. Dm/Ds. 

Deviations on the mean ratio are often the expression of a systematic error in one of the core 

procedures of a department. A large spread of the results around the mean indicates a high 

burden of random set-up errors and/or systematic errors in individual patients.  

 

Additionally, outliers are evaluated. Although in large populations, outliers may only have a 

relatively small impact on the mean, the clinical impact of large deviations may be substantial 

for individual patients. It is therefore essential to assess the number and magnitude of large 

deviations, as they are an important parameter defining the reliability of the process. 

 

For the investigation of subgroups, the results per participating centre and per treatment site 

are plotted by boxplots, which summarises the following statistical measures: the median 

Dm/Ds values (“where are the data located?”), the minimum and maximum Dm/Ds values, and 

also the interquartile ranges (“how variable are the data?”)89.  

 

                                                           
89 It is informative to have some measure of variation of observations about the median. A robust approach is to 
divide the distribution of the data into 4, and find the points below which are 25%, 50% and 75% of the 
distribution. These are known as quartiles, and the median is the second quartile q2. The variation of the data can 
be summarised in the interquartile range, i.e. the distance between the first quartile q1 and third quartile q3. For 
large data sets, box-whisker plots are used. The box itself is marked by the first and third quartile (and thus 
contains the middle 50% of the data), while the whiskers extend to the range. 
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3. Results and discussion 

 

3.1. In vivo thermoluminescence dosimetry study in Leuven 

 

3.1.1. Entrance dose measurements at cobalt 

 

The entrance dose measurements with TLD in Al build-up caps on 8 patients treated in 60Co 

γ-rays (table 2.1.1.1., section 2.1.1.1.) are averaged per patient and compared to the 

respectively expected entrance doses (figure 3.1.1.). The mean measured versus expected 

entrance dose is 0.998 ± 0.022 (1 SD) (N=8).  

 

Figure 3.1.1. : Measured versus expected entrance dose for 8 patients treated in 
60

Co γ-rays. 

The mean of the 2 TLD measurements per patient are used to obtain Dm. Minimum and 

maximum TLD measurement per patient are indicated by a cross. 

 

The measurement error (defined in section 2.2.) of the observations per patient can be 

calculated in order to know the reproducibility of the treatment delivery. An average 

measurement error of 1.0% is obtained. The largest error can be found between the 2 TLD 

measurement for patient 2 (i.e. 2.9%), for whom a wedge filter is included in the treatment 

field and a possible detector positioning inaccuracy occurred (figure 3.1.1.). 

 

The supplementary set-up time due to the achievement of the in vivo measurement procedure 

was less than 30 seconds per patient (for 2 treatment sessions). This is insignificant compared 

to the total treatment time per patient. 



 136 

3.1.2. Entrance dose measurements at 6 MV 

 

Measured entrance doses by TLD in a Cu build-up cap versus calculated entrance doses by 

the TPS are plotted in figure 3.1.2. for 8 different patients treated with 6 MV X-rays (table 

2.1.1.2., section 2.1.1.2.). A good agreement between the averaged TLD and TPS doses was 

found, except for patient 5. The data sheet of patient 5 showed that the tray factor has been 

neglected when the monitor units were calculated by the TPS. This means that the patient 

received a dose, which is 8.3 % less than the stated dose, since during treatment delivery the 

tray with blocks was inserted in the field. The detected error demonstrates the potential of the 

method90.  

 

After the correction of the TPS error detected with TLD in Cu build-up cap on patient 5, the 

mean ratio of the measured versus stated dose is equal to 0.986 ± 0.013 (1 SD).  

 

Regarding reproducibility in dose delivery to a patient, an average measurement error of 2.0% 

is obtained. The largest error can be found between the 2 TLD measurements for patient 7 

(i.e. 2.3 %) (figure 3.1.2.), where a less accurate SSD set up was done by the radiographer for 

the first TLD in the Cu build-up cap measurement. 

 

Figure 3.1.2. : Measured versus expected entrance dose for 8  patients treated in 6 MV X-rays. 

The mean of the 2 TLD measurements per patient are used to obtain Dm. Minimum and 

maximum TLD measurement per patient are indicated by a cross. An error has been found for 

patient 5 and has been corrected. 

                                                           
90 Yet, this error could have been traced by an independent monitor unit calculation. 
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If we compare the in vivo results with the results from phantom measurements in the same 

treatment beam (6 MV X-rays, GE linear accelerator) (table 2.3.3.2., Part 2, chapter A), a 

larger measurement error is obtained in the results for patients than for phantoms (2.0% 

compared to 0.6%). This can be due to the patient movement during irradiation, deviations in 

patient set-up, changes in patient physiognomy, etc.  

 

Daily fluctuations in the beam output of the linear accelerator, used for this in vivo study, 

have been determined with IC measurements performed in the morning and about 7 hours 

later in the evening. We measured a drift of about 0.5% in the linear accelerator output in 

normal irradiation conditions, which is actually an additional systematic dosimetrical 

uncertainty.  

 

3.1.3. Entrance dose measurements at 18 MV 

 

Figure 3.1.3.1. represents the ratio of measured to expected entrance in vivo doses for 10 

patients treated with 18 MV X-rays (table 2.1.1.3., section 2.1.1.3.), with a mean ratio of 

0.997 and a standard deviation of 0.025. 

 

Figure 3.1.3.1. : Measured versus stated entrance dose for 10  patients treated in 18 MV X-

rays. The mean of the 2 TLD measurements per patient are used to obtain Dm. Minimum and 

maximum TLD measurement per patient are indicated by a cross. 

 

All deviations between the averaged measured entrance dose (Dm) and stated entrance dose 

(Ds) are within ± 5%, except for patient 2. This patient is treated for a lung tumour and – 

although both TLD results are reproducible - it is likely that his respiration during set-up and 
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treatment has a large influence on the SSD of the anterior field and consequently on the 

measured entrance dose. Figure 3.1.3.2. shows the beams-eye-view (BEV) of the anterior 

treatment field with MLC projected on the DRR. 

 

The reproducibility between the TLD measurements per patient is good. An average 

measurement error of 0.7% is obtained. The largest error can be found between the 2 TLD 

measurements for patients 8 and 10 (i.e. 2.4% and 2.8% respectively). For these patients, 

small wedges are used in the left-anterior-oblique treatment field, and positioning of the 

detector becomes more critical.  

 

 

Figure 3.1.3.2. : BEV of the anterior treatment field of patient 2. The small white cross 

indicates the centre of the field, where the TLD in Ta build-up cap was placed. 

 

3.2. Mailed in vivo thermoluminescence dosimetry study 

 

Figure 3.2. displays the histogram to reflect the distribution of all measurements performed in 

the mailed in vivo entrance dose study.  

 

Figure 3.2. : Distribution of all mailed in vivo entrance dose measurements, performed in 22 

different institutions on 216 different patients. 
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Further in this section, the frequency distribution of all the measurements is studied per beam 

energy range. 

 

Section 3.3. investigates separate groups of patients per participating centre in the first 

place and in the second place per treatment site, in order to detect the groups for which the 

uncertainty is larger or for which systematic errors appeared. 

 

3.2.1. Patient measurements in 
60

Co γ-rays 

 

In figure 3.2.1., the frequency distribution of all mailed in vivo entrance dose measurements 

in 60Co γ-rays is given. Entrance dose measurements were performed on a total of 69 patients 

(69 treatment fields). The results show a distribution with a mean of 0.982 and a standard 

deviation of 0.101, which is unexpectedly large. 

 

Figure 3.2.1. : Measured versus stated entrance dose for 69 patients treated in 
60

Co γ-rays. 

The mean of the 2 TLD measurements per patient are used to obtain Dm. 

 

A large error is defined as a discrepancy between measured and expected dose larger than 

5%, which is also in agreement with the ICRU recommendations [58]. In 20 of the 69 

measured treatment fields (29 %), such large errors were detected.  

To a certain extent, these deviations can be explained (see section 3.3.).  
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3.2.2. Patient measurements in high energy X-rays 

 

3.2.2.1. Beam energies between 4 MV and 10 MV X-rays 

 

The results for the mailed in vivo TLD run for 98 patients treated in X-rays between 4 MV 

and 10 MV show a distribution with a mean of 0.994 and standard deviation of 0.031 (figure 

3.2.2.1.). 

 

Figure 3.2.2.1. : Measured versus stated entrance dose for 98 patients treated in 4 MV to 10 

MV X-rays. The mean of the 2 TLD measurements per patient are used to obtain Dm. 

 

Large errors have been detected in 12% of the measured treatment set-ups (12 out of 98 

patient treatment fields are out of tolerance). This result is surprisingly better than for cobalt 

units in previous section. In section 3.3., an explanation will be given about the detected large 

errors. 

 

3.2.2.2. Beam energies between 10 MV and 18 MV X-rays 

 

A total number of 49 entrance dose measurements have been performed by means of TLDs in 

Ta build-up caps on 49 patients treated for different malignancies in 10 MV to 18 MV X-rays. 

The mean value is 1.014 and SD 0.033 (figure 3.2.2.2.). Large errors were detected in 6 of the 

49 patient measurements, which is again better than for cobalt units. 
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Figure 3.2.2.2. : Measured versus stated entrance dose for 49 patients treated in 10 MV to 18 

MV X-rays. The mean of the 2 TLD measurements per patient are used to obtain Dm 

 

3.2.3. Additional run of mailed in vivo entrance dose study in EORTC trial 22922/10925 

 

Figure 3.2.3. shows the results of the mailed in vivo entrance dose study with patient 

treatment fields for internal mammary and medial supraclavicular lymph node chain, within 

the EORTC trial 22922/10925. 

 

Figure 3.2.4. : Mailed in vivo entrance dose results for patients included in a clinical trial investigating 

the internal mammary node treatment technique. 

 

All results fall within ± 5% tolerance, except for patient 6, where the TLD in Cu build-up cap 

was positioned only 1 cm from the shielding blocks, which resulted in an underdosage of the 

detector. 
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3.3. Analysis of subgroups 

 

3.3.1. Study of discrepancies 

 

Discrepancies between measured and calculated doses, traced by the new detectors (TLDs in 

Al, Cu and Ta build-up caps) (section 3.2.1., section 3.2.2.), are not so easy to explain. The 

probability of these deviations being due to uncertainties in the measurement methodology is 

very low. 

One of the major problems is the accuracy of the local TPS. As the measured in vivo entrance 

dose is compared to the expected one, calculated by the centres’ TPS, the uncertainty in 

entrance dose calculation is an important factor that should also be considered. This 

uncertainty depends on the algorithm used for dose calculation, the method applied for 

calculating MUs, the way in which inhomogeneities are taken into account, the way in which 

the treatment unit beam data have been acquired (e.g. the precision with which dmax has been 

obtained).  

Moreover, based on the information in the data sheet and the willingness of the participating 

centres to check certain facts (like accurateness of filling in the calculated entrance doses, 

more comments about patient set-up on the treatment couch,…), a more substantiated 

explanation can be given about the possible discrepancies (see section 3.3.3.).  

 

3.3.2.  SSD inaccuracies in patient positioning 

 

One of the main sources of random errors during treatment is related to the patient positioning 

and movement, and many factors act together to detoriate the irradiation accuracy. Some of 

these factors are unavoidable, such as patient breathing and small movements, whereas others 

could be minimised by the radiographer skills. An index S equals the difference between the 

SSD measured before starting each irradiation session and the prescribed one, used by the 

TPS to compute the monitor units or irradiation time:  

S = measured SSD – calculated SSD 

If S > or < 0, the patient SSD is larger or smaller than in the TPS, leading to an underdosage 

or overdosage in the in vivo dosimetry.  
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Figure 3.2.5. : Frequency distribution of S. 

 

The long tails on the figure are in principle strongly correlated with large inaccuracies that 

appear in dose delivery. A minimum S of -2.1 cm and a maximum S of 2.3 cm has been 

found. The data analysed for all available statistics showed a Gaussian distribution with mean 

S = -0.076 ± 0.588 cm (1 SD).  

A Spearman’s correlation coefficient91 of 0.103 is obtained between the SSD inaccuracies and 

the ratio of Dm and Ds, which means that no significant correlation between these two data 

sets can be found. 

 

3.3.3. Investigation per participating centre 

 

3.3.3.1. Patients treated in 60Co γ-rays 

 

For participating centre 5, large deviations have been traced for all the patients in the study, as 

can be seen in figure 3.3.3.1.1. This is an example were systematic deviations exceed ± 10%. 

No data were given to the centre and a second run has been recommended. This centre’s 

physicist has been alarmed about the occurrence of important dosimetrical problems and was 

advised to perform a thorough check of the dose calculation procedures. The centre did not 

agree on a second run of the mailed in vivo dosimetry study to search for the problem. No 

                                                           
91 The degree of association is measured by a correlation coefficient, which is a measure of linear association. 
The correlation coefficient is measured on a scale that varies from + 1 through 0 to - 1. Complete correlation 
between two variables is expressed by either + 1 or -1. Complete absence of correlation is represented by 0. 
The variables may be quantitative discrete. A non-parametric procedure, due to Spearman, is to replace the 
observations by their ranks in the calculation of the correlation coefficient. This results in a simple formula for 
Spearman's rank correlation, rs: ( )∑ −×−= ))1n(n/(d61r

22

s
, where d is the difference in the ranks of the two 

variables for a given individual. 
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further feedback has been given to us. Therefore, this centre’s measurements (centre 5) are 

omitted from the end result.  
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Figure 3.3.3.1.1. : Boxplots, displaying per participating centre: the median value, 

interquartile range, minimum and maximum, and outliers (indicated by ‘o’) for 

patients treated in 
60

Co γ-rays (SPPS
®
). 

 

For all patients of centre 6 and 7, globally higher measured entrance doses than calculated 

entrance doses were obtained.  

From the participation of centre 6 to the postal dosimetry checks performed by the IAEA 

followed that, for both 60Co units of the centre (i.e. Theratron 780C and Philips 60Co 

machine), the dose measured by the IAEA was respectively 3.7% and 4.0% higher than the 

dose stated by the centre. Deviations between the beam output and the calculated doses - 

revealed by the IAEA - have been retrieved in our results as well. Calculated doses were too 

low, as the data in the TPS were not adjusted since source replacement in both units.  Figure 

3.3.3.1.2. plots the uncorrected as well as the “IAEA-corrected” Dm/Ds values for the patients 

treated in centre 6. 

 

Figure 3.3.3.1.2. : Uncorrected and “corrected” (according to the IAEA postal dose quality 

audit) Dm/Ds values for centre 6. 
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Centre 3 gave feedback about detected errors in their centre. For 2 patients in the mailed in 

vivo study, the tray factor was not included in the calculation of the irradiation time, which 

resulted in an underdosage of approximately 5% for the 2 patients.  

 

The following histogram for the mailed in vivo study in 60Co γ-rays (figure 3.3.3.1.3.), 

recalculated for latter mentioned corrected errors and omitted centre 5, gives a mean 

measured to stated entrance dose of 1.010 and SD of 0.029.  

 

Figure 3.3.3.1.3. : Histogram representing the corrected results for patients treated in 
60

Co γ-rays 

(compare with figure 3.2.1., before feedback of the centres.). The results of centre 5 are omitted.  

 

Subsequently, figure 3.3.3.1.3. is used to search for an explanation of the other large errors. 

Five patients of 59 are out of tolerance (i.e. 8% of the patients have large errors). 

Large errors are traced in 4 patients treated for breast cancer (2 patients in both centre 3 and 

centre 7) that probably originated from bad positioning of the detectors in the central axis of 

the lateral fields by radiographers. The breast volume 

of those patients was quite large (oblique surface), 

which makes the positioning of the detector in 

treatment fields with large wedges (in this case wedge 

30° and 45°) very critical (figure 3.3.3.1.4.). 

 
Figure 3.3.3.1.4. : Schematically representation of detector (TLD in build-up cap) positioning in lateral breast 

treatment fields. 

 

A large error has been found in centre 7 for the patient treatment of a sinonasal tumour. The 

error can probably be explained in part by the problematic reading of SSD by the 
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radiographers92. If not, the patient has been treated by too high a dose, and a systematic error 

for this patient has been detected. 

 

The reproducibility in dose delivery is studied by comparing repetitive checks to their 

respective mean for investigation of random day-to-day variations.   

Figure 3.3.3.1.5. gives the day-to-day variations in measured TLD responses for the patients 

within the mailed in vivo dosimetry study in 60Co γ-rays. 

 

Figure 3.3.3.1.5. : Random day-to-day variations in TLD responses per patient
93

. 

 

3.3.3.2. Patients treated in beam energies between 4 MV and 10 MV X-rays 

 

Regarding the results of the mailed in vivo study with TLD measurements in beam energies 

ranging from 4 MV to 10 MV X-rays considered per centre (figure 3.3.3.2.1.), 2 centres noted 

the expected dose Ds wrongly in the data forms for 4 patients in total (i.e. outliers in figure 

3.3.3.2.1., indicated by ‘o’)94. One centre irradiated 4 patients treated with lateral breast fields 

in combination with large wedges (centre 3), which results in a larger uncertainty in treatment 

reproducibility of results for that centre (see figure 3.3.3.2.4.). Positioning of detectors in 

wedged lateral breast fields is very critical and interpretation of the results is impossible when 

the detectors are misaligned (cfr. phantom measurements in section 3.3.3., chapter A, Part 2). 

                                                           
92 We don’t know where the central beam axis for this patient’s treatment field lies exactly. If it is on or near the 
nose, which is an area with large gradient, it is very likely that this explains the overdosage of the detector. 
93 Not all centres provided us with TLD measurements on 2 consecutive days for all their patients, due to various 
reasons (e.g. in vivo detector fallen off during treatment, in vivo detector stayed on the patient during delivery of 
all the treatment fields instead of the one selected treatment field, lack of time, …).  
94 No further feedback was given about the wrongly written Ds in the data documents, so that we were obliged to 
skip these 4 measurements from the global result. 
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Figure 3.3.3.2.1. : Boxplots, displaying the median value, minimum and maximum, interquartile range, 

outliers (indicated by ‘o’), per participating centre for all data from the mailed in vivo TLD study in 

beam energies from 4 to 10 MV X-rays (SPPS
®
). 

 

After exclusion of previously mentioned erroneous data, the remaining 90 results of the 

entrance dose measurements are plotted in a histogram as the ratio Dm/Ds, with mean value of 

0.992 and SD of 0.023 (figure 3.3.3.2.2.).  

 

 

Figure 3.3.3.2.2. : Histogram representing the results for patients treated in 4 MV to 10 MV X-rays. 

Results of centre 8 and 10, which gave wrong Ds for 4 patients, are omitted as well as those for centre 

3, which included 4 breast patients in the study where a highly incorrect positioning of the detector in 

the lateral treatment fields with large wedges occurred. 
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By repeating figure 3.3.3.2.1. for these reduced data, figure 3.3.3.2.3. is obtained. 

Five patient measurements show errors larger than ± 5% (figure 3.3.3.2.2.). The underdosages 

between 5% and 9% appeared to be due to inaccuracies during patient set-up and treatment in 

centres 6, 7 and 9 (figure 3.3.3.2.3.). 

In centre 6, an underdosage of the 

anterior field of a patient treated for 

head and neck malignancies 

occurred. Another patient was treated 

for supraclavicular nodes, which are 

irradiated with a cervical anterior 

field at SSD 100 cm. The data sheets 

of centre 6 displayed an SSD of 

101.5 cm, which was read on the 

patient at the time of treatment. 

 
 

 

Figure 3.3.3.2.3. : Boxplots, displaying per participating centre:  the median value, interquartile range, 

minimum and maximum, outliers (indicated by ‘o’) of the reduced data plotted in figure 3.3.3.2.2. (SPPS
®
). 

 

In centre 7, a patient has been treated at an unusual large SSD of 130 cm. The possibility that 

errors took place at the reading of optical distance meter is high.  

In centre 9, the in vivo detector has been placed in a median breast treatment field where the 

radiographers forgot to put 5 mm bolus during irradiation95. This mistake in combination with 

a probable misplacement of the detector in the wedged field leads to a large error. 

An overdosage higher than 5% (centre 2) can be ascribed to an uncertainty in set-up and 

detector positioning of a posterior thoracic treatment field. It is not clear from the data sheets 

whether the patient is positioned on a cushion or a support with the detector placed under the 

treatment couch. In that case, the detector is put at a distance which is shorter than the SSD. 

 

The reproducibility in dose delivery can be studied by comparing the repetitive checks to their 

respective mean given in figure 3.3.3.2.4. 

                                                           
95 From the data sheet, it is not clear whether this centre uses bolus (i.e. an extra layer of skin-equivalent material 
to move the highest dose towards the level of the skin) as standard practice for breast. 
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Figure 3.3.3.2.4. : Random day-to-day variations in TLD responses per patient
93

. 

 

3.3.3.3. Patients treated in beam energies between 10 MV and 18 MV X-rays 

 

The ratios of measured to calculated doses in figure 3.2.2.2. considered per participating 

centre results in the boxplots below (figure 3.3.3.3.1.). 
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Figure 3.3.3.3.1.. : Boxplots, displaying per participating centre: the median value, 

interquartile range, minimum and maximum of the Dm/Ds ratios in the mailed in vivo entrance 

dose study with beam energies between 10-18MV X-rays  (SPPS
®
). 

 
The data for centre 4 in figure 3.3.3.3.1. is asymmetrical with positive skewing, suggesting 

errors in a subgroup of patients. Centre 4 performed in vivo measurements on 2 lung patients 

treated with oblique fields with wedges which leads to the largest errors for that centre, 

probably due to the inaccurate placement of the detectors. 

The large spread of the Dm/Ds values for centre 5 in figure 3.3.3.3.1. raises the question of the 

reproducibility of the measurements. From the data sheets, we know that the in vivo 
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measurements were performed by different persons (in vivo measurement on day 1 by the 

radiographer, and on day 2 by the physicist). Latter fact could explain the large difference in 

the TLD responses between the first and second treatment session (figure 3.3.3.3.2.). Hence, it 

could be recommended in the instruction forms that the positioning of TLDs is performed by 

the same well-trained person. 

 

Figure 3.3.3.3.2. : Random day-to-day variations in TLD responses per patient
93

. 

 

3.3.4. Investigation per treatment site 

 

From the initial set of patients, specific subgroups per tumour site were separated (figure 

3.3.4.1.). The data in this figure are uncorrected and complete (i.e. all 216 patient 

measurements, including systematic errors detected in previous sections). 
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Figure 3.3.4.1. : Subgroups of the initial patient data set (figure 3.2.) according to the different 

treatment sites (outliers are omitted from the graph) (SPPS
®
). 
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In figure 3.3.4.1., the brain-subgroup (18 patients) shows a quite asymmetric distribution of 

the data. Pancranial irradiation is performed using 2 lateral beams with either isocentric or 

stationary techniques. A large proportion of the field is often outside the skull, leading to 

scatter defects due to missing tissue. Patients with brain tumours are treated with large 

shielding blocks.  

 

The largest spread in ratios of measured and calculated entrance doses (in figure 3.3.4.1.) can 

be found for breast tumours (33 patients), which are irradiated by a pair of tangential fields 

with wedge filters, applied to compensate for the curving of the breast.  

 

Satisfying results have been obtained for the pelvis, prostate, cervix, bone, abdomen, … 

subgroups (figure 3.3.4.1.).  

 

Sinonasal tumour treatments (10 patients) present a more skewed distribution of results 

(figure 3.3.4.1.). For in vivo measurement of treatments of these tumours, a difficult 

positioning of the detector and confusion in SSD reading can be expected. Globally, the 

measured entrance doses are larger than the calculated ones, which implies that the distance 

between source and detector could be smaller than the SSD used for MU calculation. 

 

Head and neck treatments (28 patients) showed results with a considerable range, as the 

lateral treatment fields use wedges.  

However, the centre - where obviously large systematic errors occurred (centre 5, figure 

3.3.3.1.1.) - included five head and neck cancer patients, three breast cancer patients and two 

brain cancer patients in the study, which has an influence on the result. 

Therefore, the “corrected” Dm/Ds results - i.e. which have been corrected by means of extra 

information and feedback from the centres or have been excluded from the global result 

(figure 3.3.3.1.3. and figure 3.3.3.2.2.)- , together with the data from figure 3.2.2.2., must also 

be considered per tumour site. The mean and standard deviation are given in table 3.3.4. 
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Tumour site Mean Dm/Ds SD N 

Abdomen 1.007 0.017 9 

Bladder 0.975 0.004 2 

Bone 1.001 0.023 7 

Brain 0.989 0.019 13 

Breast 1.002 0.033 30 

Cervix 1.000 0.025 6 

Head and neck 0.991 0.025 23 

Lung 1.011 0.028 32 

Pelvis 1.002 0.025 18 

Prostate 1.008 0.030 36 

Rectum 0.986 0.022 5 

Sinonasal 1.010 0.029 9 

Spine 1.001 0.016 6 

 
Table 3.3.4. : Mean measured versus calculated entrance dose, standard deviation (SD) and number of 

measured tumour sites, for the corrected results in the mailed in vivo entrance dosimetry study. 

(Remark that the total number of tumour sites is 196 instead of 198 as 2 tumour sites were not assigned 

(figure 3.3.4.1.)). 

 

When pooling all sites, grouping patients with and without healthy tissue shielding 

accessories (block and tray, or MLC) leads to similar average ratios Dm/Ds where no 

accessories are in the beam. However, due to the presence of shielding accessories in the 

treatment fields, the spread in results is slightly increased (figure 3.3.4.2.) 
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 Figure 3.3.4.2 : Boxplots of blocks or MLC in treatment fields versus no healthy tissue shielding in the 

fields, of the data in figure 3.2. (outliers omitted from the graph) (SPPS
®
). 
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When pooling all sites, comparing the treatment situations of wedge versus no wedge leads to 

a larger distribution observed for wedged treatment fields than for open beams (figure 

3.3.4.3.). A total number of 33 treatment fields with wedge and 183 treatment fields without 

wedge have been measured. From the study of influence of detector displacement in wedged 

fields on a polystyrene phantom (figure 2.3.3, section 2.3.3., chapter A, Part 2), we found that 

incorrect positioning of the detector in wedged fields can have a significant effect on the 

results, as also demonstrated in the results in previous section 3.3.3. This is in contradiction to 

the results of entrance dose measurements with semiconductor detectors by Leunens et al 

[82], who had found similar spread for wedged fields96. Nilsson et al [98] on the other hand, 

also measured a larger spread in the entrance doses measured by semiconductor detectors in 

wedged fields. 
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Figure 3.3.4.3 : Boxplots of wedge versus no wedge of the data in figure 3.2. (outliers omitted from the 

graph) (SPPS
®
). 

 

3.3.5. Other subgroups 

 

3.3.5.1. Age of treatment units versus performance 

 

The question can be raised whether there is an influence of mechanical characteristics of the 

treatment units on daily precision in dose delivery.  This means that the relation between the 

age of treatment units and its performance should be investigated. Table 2.1.2.3. lists the 

installation year of the treatment units applied in the mailed in vivo entrance dose study. The 

                                                           
96 Remark that Leunens (or her well-trained collaborator) positioned the detectors herself, while in this work the 
placement of the new in vivo detector in the patient treatment fields has been done by various people working in 
the participating centres. 
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Spearman’s correlation coefficient is 0.064 between the variables ‘installation year’ and 

‘Dm/Ds’, which means that no significant correlation can be found. This is in contrast to the 

results by Leunens et al [81]. 

 

3.3.5.2. Cobalt unit versus linear accelerator 

 

Furthermore, the impact of systematic or random errors in the 2 treatment situations, cobalt 

unit versus linear accelerator (linac), has been investigated. 

Out of 216 entrance dose measurements on different patients, 147 have been performed on 

linear accelerators and 69 on cobalt units. In figure 3.3.5.2., the boxplots represent the median 

Dm/Ds values for both types of radiation treatment delivery techniques. A broader spread in 

results is obtained for the cobalt units (with median = 1.010, q1 = 0.989, q3 = 1.027). 
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Figure 3.3.5.2. : Boxplots of cobalt versus linear accelerator (linac) of the data in figure 3.2. (outliers 

omitted from the graph) (SPPS
®
). 
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3.4. Representativeness of a single check 

 

The agreement between the single check and the mean measured TL response is displayed in 

table 3.4. and is closely related to the reproducibility of entrance dose measurement. In table 

3.4., the largest value of mean Srepresentativeness is 2.56% (Linac 10-18MV, centre 5). A lower 

reproducibility in dose measurement was also seen in figure 3.3.3.3.2 for centre 5.  

All deviations of the mean Dm/Ds of more than 5% for individual treatment fields can be 

detected in the first check.  

 Centre mean Srepresentativeness ± SD [%] 

Cobalt 1 0.85 ± 0.71 

 2 0.96 ± 0.74 

 3 0.86 ± 1.05 

 4 0.71 ± 0.38 

 5 1.08 ± 0.68 

 6 0.82 ± 0.48 

 7 0.72 ± 0.68 

Linac 1 0.76 ± 0.52 

4-10 MV 2 0.81 ± 0.74 

 3 1.71 ± 2.06 

 4 2.15 ± 1.80 

 5 0.86 ± 0.66 

 6 1.52 ±2.24 

 7 0.66 ± 0.68 

 8 1.29 ± 1.56 

 9 1.01 ± 1.06 

 10 0.62 ± 0.36 

Linac 1 0.72 ± 0.72 

10-18 MV 2 1.85 ± 1.40 

 3 1.32 ± 1.40 

 4 0.50 ± 0.39 

 5 2.56 ± 1.29 

 

Table 3.4.: Representativeness of a single check per participating centre  

(with Srepresentativeness = [|TLD1-mean(TLD1,TLD2)|/mean(TLD1,TLD2)]×100 [%] (section 2.2.)). 
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4. Conclusion of Part 2, chapter A and B 

 

In vivo dose measurements provide an estimate of the dose received by the patient during a 

single fraction and as such are a snapshot of the dose fraction delivered to the patient. The 

potential of this method has been published widely (e.g. [31,101]), claiming that a lot of 

errors that can occur in the process could not have been traced by other methods (for instance, 

independent dose calculation programs using beam and patient parameters from simulator 

[26]97 or treatment-sheet double checking by a physicist before the radiotherapy treatment) 

than in vivo dosimetry. If some errors can also be traced by other methods, in vivo dosimetry 

constitutes an easy and rather quick way to check the dose delivered (e.g. [31]). In vivo 

dosimetry is currently still applied in a relatively small number of institutions. Although many 

physicists and physicians are convinced about the usefulness of this method of QA, the 

limited spread of in vivo dosimetry might be based on the prejudice that the gain in patient 

treatment accuracy as a result of in vivo dosimetry might be small compared with the 

additional workload and costs involved [31].  

 

Alternatively, owing to the increasing use of computers within the medical environment and 

to a DICOM system which enables communication between machines, more parameters in 

the different steps of the radiotherapy process can be automatically transferred from simulator 

to the treatment planning system and to the verification system98. Hence, less human errors 

could occur during the process. The probability of systematic errors in dose delivery would be 

minimal and limited to the level of patient set-up, on terms that beam calibration and regular 

QA checks of accelerator, simulator, TPS and verification system software give a good result. 

Latter QA procedures have to exclude errors due to equipment breakdown or malfunctioning. 

If the data transfer in the whole radiotherapy process would be performed automatically, one 

could eventually discuss or even question the need for practice of in vivo dosimetry for all 

patients.  

 

                                                           
97 Although an independent check of the MU calculation can trace gross errors in the dose calculation 
procedures, in vivo dosimetry reveals also the errors during the patient treatment process such as errors in the 
actual treatment set-up of the patient and the performance of the accelerator. 
98 We have to remark that in a number of studies (e.g. [81,84]), one of the main sources of systematic errors was 
proved to be inadequate transfer of information. Nearly half of the large mistakes are introduced at the time of 
data input from treatment chart to verification system [84]. Mistakes in data transfer can bring about major 
deviations in treatment delivery, thus increasing the complications or decreasing the tumour control probability if 
not corrected. 
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This comment must however be put in perspective. A lot of radiotherapy centres do not (yet) 

posses a fully automated data transfer system. Moreover, according to the audits in 

developing countries performed by the IAEA, a significantly lower percentage of acceptable 

results has been shown, compared to those in industrialised countries, even though these 

hospitals participate in the audits regularly [63]. Technical and scientific inadequacies may 

lower the level of clinical dosimetry in these countries. Some problems can be caused by 

obsolete dosimetry equipment or poor treatment machine conditions. Other problems are due 

to insufficient training of staff working in radiotherapy. For such centres, it is imperative to 

participate to regular external audits by mailed TLDs, in order to have an update of their 

performance in radiotherapy delivery.  

 

The goal in Part 2 is to extend the present postal audit systems further with a validated 

methodology, namely accurate in vivo dosimetry by mailed TLDs in suitable build-up caps, 

as part of a QA program. 

 

For entrance dose measurements, the TLDs are enclosed with a high density material build-up 

cap to enable measurements at a depth, corresponding to the build-up depth of the photon 

beam quality in use. The build-up caps of the TLDs perturb the radiation beam, but their 

effect is limited as the in vivo measurements are repeated only once for 1 of the treatment 

fields. Yet, a significant dose reduction up to 4% can be observed for the Ta build-up caps. In 

view of the current interest into hypofractionated treatments (e.g. 5 times 4 Gy) can be 

discussed whether this is tolerable or not. The required accuracy in the absorbed dose 

distribution from clinical/radiobiological point of view can be retrieved in following 

publications. In an IPEM report by Mayles et al [91] an overview is given of the clinical 

evidence for accuracy in radiotherapy. It can be concluded that a difference in absorbed dose 

of about 10% is often detectable in tumour control, and that a difference of 7% in absorbed 

dose can be observed in a number of normal tissue reactions. From a review of dose-response 

data, Brahme et al [9] concluded that the SD in the mean dose in the target volume should be 

at most 3% (1 SD) to have control of the treatment outcome with a 5% tolerance level. This is 

in agreement with a recommendation by Mijnheer et al [94] based on the review of steepness 

of dose-response curves observed for normal tissue complications and other clinical 

observations. These clinical/radiobiological observations point to the need that the absorbed 

dose should be delivered within 7-10%.  
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By means of an IC at depth of build-up in a polystyrene phantom, correction factors for 

various non-reference conditions were derived to verify if the build-up cap is of suitable 

thickness. For a few set-ups, non-reference correction factors larger than 3% have been 

obtained, which means that higher tolerance levels should be used in the evaluation of 

deviations between measured and prescribed dose, since the non-reference correction factors 

are not applied in the mailed in vivo TLD results (this will be discussed further in this 

section).   

To achieve a high level of accuracy, the calibration set-up has to be as close as possible to the 

in vivo measurements conditions. Moreover, the accuracy in LiF TL dosimetry is critically 

depending on accurateness of the determined energy correction factors99, which on their turn 

depend seriously on the accuracy of the determination of the absorbed dose in grays. For that 

purpose, we have followed the NCS code of practice in which the IC is calibrated in a 60Co 

source.  

The consistency of the entire methodology of calibration and dose determination has been 

verified by phantom measurements for different irradiation set-ups, leading to a mean ratio of 

TLD versus IC close to unity (i.e. deviation between TLD and IC dose is smaller than 1%), 

which demonstrates the suitability of the detector. 

 

Next, pilot studies of in vivo entrance dose measurements have been performed in our 

radiotherapy department in order to test the new detectors and corresponding entrance dose 

determination methodology at the patient level. The ultimate step includes a run of mailed in 

vivo TLD measurements on a cohort of patients treated in different radiotherapy institutions. 

 

By carrying out a number of mailed in vivo TLD measurements, a large body of information 

becomes available concerning the accuracy in actual dose delivery.  

If deviations occur between measured and planned values, 2 decisions have to be made: 

(a) is the deviation an error, and (b) is the error random or systematic. 

                                                           
99 An additional procedure to determine the energy correction factors can be found in Monte Carlo (MC) 
techniques in radiotherapy. Because it is impossible to develop an analytical expression to described particle 
transport in a medium, using MC simulations of the radiation transport through the different materials (build-up 
cap, TLD capsule, LiF powder) can give us the absorbed TL dose. This method leads us however far away from 
the scope of this work and was not examined.  
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(a) Is the deviation an error? 

 

To make this decision, tolerance levels have to be set. Tolerance levels should be based on 

clinically required accuracy, but can not be smaller than the measurement uncertainty. 

Besides the uncertainty in dose measurement, the uncertainty in entrance dose calculation by 

the centres’ TPS has to be considered. As we do not know the accuracy of the different TPS 

applied in the mailed in vivo study, it is advisable to set the tolerance levels so that the 

measured quality can be confronted with this criterion, which is flexible enough to be adapted 

to situations with decreased or increased performance.  

Using the expanded uncertainty of the detector system, the tolerance levels in this work are 

set to ± 5%100. Deviations outside this tolerance level are considered to be large errors.  

In figure 3.2. (section 3.2., chapter B, Part 2), the global frequency distribution of the 

measured entrance dose deviations is asymmetrical with a mean of 0.999 and SD of 8.9%. 

This result reflects that part of the dispersion around the mean is due to large errors. Yet, the 

assessment of the performance as a whole is less relevant since it shows a mixture of results 

of the different, accurate and less accurate, techniques and various dose calculation 

algorithms, beam energies and treatment machine calibration. A more meaningful analysis of 

the measurements presumes the investigation of the sources of errors for the different 

treatment situations in the participating radiotherapy centres.  

 

Therefore, reproducibility and accuracy in dose delivery have been analysed separately for 

each of the 3 kinds of build-up cap materials (Al, Cu, Ta) used in their respectively beam 

energies (60Co γ-rays, 4-10 MV, 10-18 MV X-rays) per participating centre as well as for 

other subgroups (like tumour site).  

Reproducibility in dose delivery in this study is investigated by taking the difference between 

repetitive checks to their mean. If we look at the random day-to-day variations in TLD 

responses for the patients in this study, the global percent reproducibility is on average 1.80% 

± 1.22% (1 SD), 1.94% ± 1.94% (1 SD), 2.07% ± 1.84% (1 SD), for 60Co γ-rays (figure 

3.3.3.1.5., section 3.3.3.1., chapter B, Part 2), for 4-10 MV X-rays (figure 3.3.3.2.4., section 

3.3.3.2., chapter B, Part 2), for 10-18 MV X-rays (figure 3.3.3.3.2., section 3.3.3.3., chapter 

B, Part 2) respectively.  

                                                           
100 Remark that the tolerance level coincides with the action level, according to the philosophy that any deviation 
larger than 5% must be investigated. 
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The accuracy of daily patient set-up101 by the radiographers and correct positioning of the 

detector have the largest influence on treatment reproducibility102. In most cases, more 

reproducible and accurate results would be achieved if the measurements are done by one 

selected properly-trained person.  

 

In addition, the application of in vivo measurements in treatment fields with wedges can lead 

to less precision, if the detector is not well placed in the beam centre and perpendicular to the 

wedge direction (this is an effect that was also seen in phantom measurements, in section 

3.3.3., chapter A, Part 2, and now in patient measurements). Consequently, the tolerance 

criteria for specific treatments have to be discussed.  

 

If one would wish to set an action level of for instance 5%, the reproducibility should be 

improved to arrive at a SD of 2.5% (on condition that no systematic error did occur). 

Improving the reproducibility is for instance possible by application of better immobilisation 

devices or IGRT techniques like respiratory gating (which aims to synchronise the radiation 

treatment with the patient’s breathing cycle so that the influence of breathing on the TLD 

measurement could be reduced) or on-board imaging (which could be useful to have a quick 

check of not only patient but also detector position before treatment delivery).  

 

Table 3.3.4. (chapter B, section 3.3.4.) gives the Dm/Ds results per treatment site, after 

elimination of systematic errors detected in this study and after correction according the 

information by the centres. Hence, the treatment sites that require tolerances higher than ± 5% 

are: breast (± 6.6%), lung (± 5.6%), sinonasal tumours (± 5.8%), prostate (± 6%), due to the 

use of wedge filters in the treatment fields, to difficulties in positioning of the detector and/or 

to large influence of breathing. 

 

Moreover, for treatment fields with beam energy over 15 MV, an additional margin has to be 

taken into account as large non-reference correction factors for TLDs in Ta build-up caps 

have been found for very small and large treatment field sizes and for large wedges (table 

                                                           
101 Accuracy of target coverage and in particular of daily patient positioning with respect to the radiation beam 
has been studied by [134]. The detected variations in daily patient set-up have an impact on the safety margins 
around tumour volume to determine the target, since random errors in the treated volume can cause an 
underdosage of a small part of the tumour and some normal tissue may receive an unnecessary dose. 
102 According to Mijnheer et al [94], the uncertainty analysis of treatment reproducibility that could be achieved 
in one radiotherapy department led to an evaluated value of 3.2% (random error).  
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3.3.1., section 3.3.1., chapter A, Part 2), while these are not applied in the dose 

determination103.  

These findings are leading to a tolerance level of ± 8%104, to be applied for latter described 

beam geometries with energy over 15 MV as well as for previously mentioned treatment sites. 

 

(b) Is the error random or systematic? 

 

The errors detected at the end of the chain are a mixture of systematic errors, which originated 

between simulation and treatment delivery, and random errors occurring during patient set-up.  

The origin of deviations between actual and described dose can be summarised as follows: 

(1) Errors in the setting up of the SSD, wedge filter, shielding blocks, beam energy, field 

size, treatment time or number of monitor units. 

(2) Human errors in data transfer during the consecutive steps of the treatment 

preparation, namely treatment simulation, data input for dose calculations, preparation 

of the treatment chart, and manual input of data in the record and verify system. 

(3) Unstable accelerator performance, like drift of the machine output or technical 

failures. 

(4) Inaccuracies in dose calculation method or input data of the TPS (acquisition of 

external body contours, water equivalent dose calculations, inhomogeneity correction 

algorithm, tray or MLC transmission correction, wedge algorithm,…) 

In principle, all systematic errors should be corrected, as this type of error can have a large 

impact since it is repeated at each session. Random errors in dose delivery are, by definition, 

not repeated, and may counterbalance each other so that their effect on the total treatment 

dose may be limited.  

 

Regarding the in vivo study in the radiotherapy department of UH Leuven, in only 2 out of 

the 26 patients, the absorbed entrance dose deviates more than ± 5% from the prescribed dose. 

For 1 of these patients, a systematic error has been detected (i.e. forgotten tray factor in the 

computations) which proves the suitability of the in vivo method. The other patient 

                                                           
103 Although much effort has been put in the determination of the non-reference correction factors, which could 
thus be applied as we know the beam energy, wedge filters and field sizes from the data sheets, we prefer to use 
larger tolerance levels for certain treatment set-ups, as we want to avoid wrong entrance dose determinations by 
including possible writing errors of the field set-up details on the data sheet. 
104 The total uncertainty of the TLD system has been estimated at 2.5% for high energy photon beams. Adding 
an uncertainty of 3%, leads to a combined uncertainty of 4%. Using coverage factor 2, the expanded uncertainty 
then equals 8%. 
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measurement with a Dm/Ds just outside 5% could be ascribed to the breathing influence on the 

SSD during treatment. As explained previously (based on the findings in table 3.3.4. (chapter 

B, section 3.3.4.)), it has been decided that for treatment techniques, which are less 

reproducible (like lung treatments), a tolerance level of  ± 8% will be applied, in order to 

decide whether a systematic error occured. 

Finally, the detectors are applied in mailed in vivo entrance dose studies in co-operation with 

22 different radiotherapy centres. Systematic errors on the entrance doses for a group of 

patients have been traced in one centre by TLD measurements in Al build-up caps on patients 

treated in their cobalt unit. Other systematic errors, however with smaller impact, have also 

been found in another centre using TLDs in Al build-up cap (figure 3.3.3.1.1., section 

3.3.3.1., Part 2, Chapter B). Latter errors were confirmed by the IAEA beam output checks in 

a water phantom.  

Not all poor dosimetrical results reflect deficiencies in the dose calculation procedures by the 

TPS, in the calibration of clinical beams or machine faults. Some dosimetry errors would have 

no direct impact on actual doses delivered to a patient as they are caused by common mistakes 

in the TLD irradiation exercise.  

 

To conclude, it is feasible to perform mailed in vivo entrance dosimetry with TLDs and this 

methodology is ready to be applied on broader scale. Yet, this methodology is initially 

developed for conventional and 3D conformal radiotherapy techniques and shows limitations 

with respect to new treatment strategies, like IMRT or helical tomotherapy.  The reason is that 

it is difficult to accurately place an in vivo detector in the intensity modulated beam with high 

gradient areas in a position where a reliable comparison can be made with the entrance dose 

prediction by the TPS105. Furthermore, regarding stereotactic radiosurgery, where a large dose 

is delivered to the tumour in 1 fraction by multiple beam set-ups, it is also not interesting to 

perform in vivo measurements in general, because of the unacceptable perturbation of the 

relatively small treatment fields by the detector. Moreover, in stereotactic radiosurgery 

treatments, the geometrical accuracy of the radiation beam on the tumour is more important 

than having knowledge of the absorbed dose.  

                                                           
105 A more suitable approach for dosimetric verification of IMRT treatment fields lies in the domain of transit 
dosimetry and portal images. For instance, in [135], midplane dose variations in the patient treated with static 
beams can be assessed using films. Further, the application of electronic portal image devices (EPIDs) for 
dosimetric treatment verification in static beams (e.g. [76,89]) are extended to dynamic treatments (e.g. [130]). 
Portal dose images (PDIs) (i.e. 2D arrays with transmission doses) are then derived from images acquired during 
patient treatment with EPIDs, and compared with the corresponding predicted PDIs, using the planning CT-scan 
of the patient. 
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Besides being a valuable quality assurance tool to check the dosimetric accuracy of the whole 

treatment chain (preferably in combination with portal images that confirm the accuracy of 

tumour localisation), the results of present study demonstrate that mailed in vivo dosimetry 

can be a valid method to improve our knowledge on the dose actually delivered to patients in 

different institutions and to detect (and correct) systematic errors, which can have an impact 

on large groups of patients. For departments that already have an implemented in vivo 

dosimetry system, mailed in vivo TLDs could be applied to verify the in-home in vivo 

dosimetry system on a regular base.  Further, mailed in vivo TL dosimetry can be useful for 

patients irradiated in a clinical trial, to guarantee an accurate patient dose delivery for 

comparison of results in multi-centre trials. The strategy is then to perform mailed in vivo 

measurements on a limited number of patients treated according to the trial specification. 
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General discussion 

 
 

Quality Assurance (QA) is generally defined as all planned and systematic actions necessary 

to provide adequate confidence that a product or service will satisfy given requirements for 

quality (ISO 9000)106. The quality of any organisation’s products or services is a key element 

to the success of that organisation. 

 

In the last decade, much effort has been put in quality assurance in a lot of domains in 

industrial but also in medical environments [128]. It is obvious that, both from a deontological 

and a social point of view, quality has to be assured in all health care activities.  

When evaluating the quality of a medical treatment, following questions can be raised: (1) “is 

the treatment available for all patients who could benefit from it?”, (2) “which treatment is 

chosen and is it prescribed correctly?”, and (3) “is the treatment properly performed?”. While 

the first two questions fall outside the relevance of this work, latter question addresses the 

whole treatment process. To evaluate whether a medical treatment has correctly been carried 

out, 3 different parameters can be measured: treatment outcome (which is the final result of a 

process), the structure in which the treatment is given (which encompasses infrastructure and 

staff), and the process followed. The analysis of the process is the study of the delivered 

treatment itself. It covers the evaluation of all intermediate procedures used as well as the 

verification of the treatment delivered at the level of the patient.  

To guarantee optimal treatments, the implementation of continuous quality control107 and 

quality improvement measures are mandatory. 

 

In general, errors in the setting up of individual machine parameters appear to occur at a rate 

of 2-3 per 100 operations, consistently over a long period of time (in conformity with the 

known human norm for repetitive mechanical tasks), although there are significant variations 

from one technician to another [58,84]. 

                                                           
106 The ISO 9000 series is a set of international standards on quality management and quality assurance to help 
companies effectively document the quality system elements to be implemented to maintain an efficient quality 
system.  The ISO 9000 standards were originally published in 1987 by the International Organisation for 
Standardisation, known as ISO, a specialised international agency for standardisation composed of the national 
standards bodies of ninety countries. The standards underwent major revision in 2000 and now include ISO 
9000:2000 (definitions), ISO 9001:2000 (requirements), and ISO 9004:2000 (continuous improvement). (Quality 
management is the application of a formalised system to achieve maximum customer satisfaction at the lowest 
overall cost to the organisation while continuing to improve.) 
107 Quality control is defined as the operational techniques and activities used to fulfil requirements for quality. 
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In radiotherapy, the process involved in treatment prescription, planning and delivery 

concerns several stages and requires co-operation between different professional groups. 

Within that process, the probability of errors is high and therefore careful checking 

procedures have to be established to ensure that the treatment prescribed by the radiotherapist 

is accurately delivered to the patient. This work is situated at the level of the evaluation of the 

radiotherapy process. While the treatment prescription is a purely medical act – and thus 

outside the scope of this thesis – the planning as well as the execution involve a substantial 

part of physical and technological parameters. Each of latter two steps of a radiation treatment 

is subject to a certain degree of uncertainty leading to a cumulative discrepancy between 

“prescribed” and “delivered” dose. In addition to these inherent uncertainties, there are errors 

which can occur either on a systematic or on a random basis. These errors can be the direct 

cause of treatment failures or complications because there is a narrow relationship between 

probability of local tumour control or normal tissue injury and the absorbed dose. 

In every radiotherapy department, some mistakes108 will occur and it is therefore imperative 

to implement rigorous checking procedures in order to minimise the possibility of delivering a 

treatment which is inferior to present quality standards. Moreover, in a multidisciplinary 

group, where the boundaries of responsibilities are often blurred, there can be instances where 

some parts of the process are not checked, or where there is a breakdown in communication. 

Either of these may compromise accuracy. 

 

It has been assumed for many years that the doses delivered to patients are identical to the 

prescribed doses. There were many excuses or good reasons for not admitting uncertainties. 

For instance, non-radiotherapist clinicians as well as patients themselves would probably not 

tolerate the acknowledgement of an error as they believe in “magic numbers”.  

Sometimes the delivered doses were on the safe side in order to avoid in any case 

complications, which policy often resulted in too low tumour doses and associated 

recurrences.  

A few decades ago authors have finally begun to associate estimated uncertainties with the 

doses they report in literature [27].  

 

                                                           
108 A systematic error which is identified but not corrected becomes a mistake. 
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Quality Assurance in radiotherapy has therefore been recognised as vital in ensuring the 

achievement of a safe and efficient treatment [122,123]. Comprehensive QA programs, 

covering all components of the radiotherapy process, are required to provide treatments 

within the clinically-based accuracy requirements (e.g. [94,133]). It must be realised that it 

involves all staff groups which contribute to radiotherapy and it covers all areas of the 

process, both clinical and physical. In addition, QA in radiotherapy has consequences for the 

structure and organisation of a department, it dictates a cooperative multidisciplinary 

approach and it involves ongoing education and training for all groups.  

 

Effort is therefore required at all levels, in order to maintain quality in radiotherapy treatment 

[124]109. Some physics steps (e.g. quality control of external beam treatment units which are 

widely discussed in many sets of national and international recommendations) are subject to 

clearly written QA guidelines, while for other steps in the radiotherapy process (e.g. quality 

control of a treatment protocol or treatment verification) the situation is not so clear as 

medical parameters are difficult to measure. 

 

A firm base has been established in basic dosimetry (e.g. [56]). In recent years, international 

codes of practice based on absorbed dose to water standards have been published for the 

clinical reference dosimetry of external beams. It has become widely accepted that dosimetry 

of therapeutic radiation beams should be based on these standards [4,52]. 

 

Furthermore, QA programs for radiotherapy related equipment should incorporate detailed 

considerations of a number of general areas :  

(i) Specification of the equipment, to include performance characteristics and tolerances. 

(ii) Acceptance testing of equipment, to ensure that the particular item supplied conforms 

to this specification. 

(iii) Any commissioning required to put the equipment into clinical use.  

For example for a treatment machine, this would include calibration and beam data 

acquisition, whilst for a treatment planning system it would include the input of beam 

                                                           
109 QA undoubtedly leads to a gradually increased efficiency and improves more and more the quality of patient 
care. Besides the undeniable relevance of QA, possible negative influences should be noted here. For instance, 
the implementation of new techniques can be slowed down due to standardising all procedures. Reaching 
consensus on the modification (improvement) of a certain procedure can become a labour-intensive and time-
consuming process. It could hinder quick evolution and affect progress in institutions with few manpower. 
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data (on which patient treatments are based) and testing the system against 

measurements and other calculational methods. 

(iv) Establishing an on-going quality control (QC) program where the QC methods and 

expected results are referenced back to a baseline data set obtained at commissioning. 

Test methods should be carefully documented to ensure consistency. Tolerance levels 

and the actions mandated in response to observed deviations should be pre-defined. 

All results, actions, preventive maintenance programs, repairs, replacements of 

sources or units,… should be recorded.  

Internal QC procedures may vary from centre to centre, depending on the philosophy 

(what needs to be measured, at what frequencies, using what methods, equipment and 

time), but should include a minimum series of tests [122]. These are often grouped 

into two main areas: mechanical/geometrical accuracy checks of the treatment units 

(e.g. collimator angle, gantry angle and table positions, alignment of the laser system, 

coincidence between light field and radiation field,…) and verification of the 

dosimetric performance of the units (e.g. beam calibration, control of the flatness, 

symmetry, penumbra of a radiation beam, dose monitoring systems,…). Safety 

systems should however also be included.  

 

Further, the following consensus statement was reported in [49] : a QA program is a 

mandatory prerequisite when aiming at high dose, high precision radiotherapy and includes 

procedures monitored by the local centre staff as well as by independent experts.   

 

This means that whenever possible, consideration should be given to the implementation of 

quality audits of the process. Internal audit actions can be organised within the department 

(e.g. a centre performs a dosimetric intercomparison of its linear accelerators), whilst external 

quality audits can be performed by participation in multi-centre or wider programs organised 

by an independent external body, a national or international organisation, or a peer review by 

qualified medical radiation physicists. For clinical dosimetry, radiotherapy centres should use 

the same protocols. In spite of good protocols, however, still a fairly large difference might be 

observed between the absorbed doses stated by the centre relative to that determined by a 

group of independent observers. 

On the one hand, it is recommended to participate to on-site visits, where institutions were 

visited by a team of radiotherapists and radiation physicists. The pioneer steps in 1982 by the 

Radiotherapy Group of the EORTC established the methodology which remains today the 
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basis of modern radiotherapy quality assurance [7]. Site visits are recommendable during the 

first phase of a QA program. Then, they can be reduced to a few specific instances, such as 

any major unexplained deviation or entry of patients by a new participating centre in a group 

of clinical research [49]. 

On the other hand, in 1987, a vast programme of mailed dosimetry was activated by the 

EORTC to detect, correct and update deviations between the dose values determined by the 

team of radiation physicists of the EORTC and those reported by the institutions. The validity 

of this approach was documented by the disappearance of large deviations and the significant 

reduction of the other deviations observed during follow-up controls. Mailed dosimetry 

replaced the local audits, allowing an increasing number of institutions to profit from the QA 

program [7,42]. Three major TLD networks offer postal dose audits to over 2400 hospitals: 1) 

the IAEA/WHO TLD postal dose audit program operating worldwide, 2) the EQUAL 

(ESTRO QUALity assurance network) system, set-up for the European countries and 3) the 

Radiological Physics Center (RPC) in North America. These organisations have been 

discussed elaborately in the General introduction (section 4). Developing TLD based quality 

audits for radiotherapy dosimetry has led to the improvement of radiotherapy dosimetry 

practices, better quality of radiotherapy patient treatments and reduction in potential 

misadministration of the dose to radiotherapy patients treated in the participating countries 

[66].  

 

Present work is located at the level of mailed dosimetry, where an attempt is made to extend 

the well-codified methodology in basic dosimetry to higher steps in the chain. 

The steps following the check of the beam output and quality in reference conditions with a 

mailed TLD procedure are (a) the mailed verification of other beam data and dose calculation 

procedures with a multipurpose phantom and finally (b) in vivo dosimetry at the individual 

patient levels with mailed dosimeters. 

 

In order to extend the well-established mailed dosimetry in reference to non-reference 

conditions, it was possible to make use of the already existing metrological know-how which 

had to be mastered for the former.  

For the ‘OPERA’ as well as for the in vivo measurements, the actual expertise at the level of 

mailed dosimetry in reference conditions with TLD had to be applied. Our results (Part 1) 

show that the accuracy obtained on this basic step is according to current standards. This 

proves that the critical steps of the TLD systems, like annealing and fading, have been 
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mastered. However, for the mailed in vivo dosimetry, besides repeating what has been 

developed elsewhere, it was also necessary to create something new: high density build-up 

caps covering the TL dosimeters. It should yet not be forgotten that, instead of starting from 

scratch, it was indeed possible to start from the experience acquired with semiconductor 

detectors, frequently commercialised with high density build-up caps. Nevertheless, it was 

necessary to adapt this existing technology to TLD, and a substantial amount of work had to 

be devoted to this task. 

For the ‘OPERA’ measurements, it was also necessary to rely on the existing knowledge at 

the level of mailed film dosimetry. However, as up to now the experience gained with similar 

multipurpose phantoms is not so extensive as for the TLD method (the optimisation of the 

build-up caps not taken into account), the work involved in optimising the film procedure for 

mailed dosimetry has been more extensive. Our results show that a satisfactory accuracy can 

be obtained in our conditions. 

 

Besides the optimisation of the dosimetric methods, another (more difficult) part of present 

work is to develop practical methods to reach the goals settled, which a priori have to be a 

compromise between an optimal accuracy (resulting in an unacceptably high workload for the 

centres, including the measuring centre) and an extreme userfriendliness (results in a 

disappointingly low accuracy).  

Especially for the ‘OPERA’ multipurpose phantom, this compromise was a real problem. At 

the start of present work, the experience gained so far with different types of multipurpose 

phantoms could not be categorised as successful. Miscellaneous reasons can be invoked: too 

long set-up and beam mobilisation times for the participating centres, cumbersome 

preliminary filling of the phantom with water, bad tissue-equivalence of some solid phantom 

types. The challenge was then to design a methodology avoiding or decreasing these 

drawbacks, while still maintaining high enough an accuracy. In this respect ‘OPERA’ has 

been a success: its userfriendliness has been judged as acceptable by the participating centres. 

The price to pay was a substantial reduction of the number of TLD and film dosimeters. This 

explains the substantial effort which has to be devoted to optimise the accuracy of these two 

dosimetric methods. 

With respect to in vivo dosimetry with TLD, a considerable advantage is obtained at the level 

of the workload with respect to semiconductor detectors. The main pro of the latter is their 

on-line information. The drawback is however the necessity to dispose of an electrometer and 

to read and record the signal at the termination of the irradiation (preferably with the patient 
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still on the treatment couch). The advantage of on-line information is on the other hand per 

definition not relevant in a mailed dosimetry scenario, where the dosimetric information will 

be gained by the measuring centre, after receipt of the dosimeters. For the checked 

participating centres, no further manipulation is required at the treatment machine at the end 

of the irradiation. In this respect it should be stressed that no complain was issued by the 

participating centres about the userfriendliness of the TLD mailed in vivo dosimetry method. 

 

Regarding future implementation of the methodology developed in this work, we believe that 

it is interesting to hand the materials and methods to an international instance which has the 

authority and know-how to perform mailed TL dosimetry checks in radiotherapy centres 

worldwide (for instance, EQUAL). By transferring these methods to an acknowledged 

organisation, their basic mailed dosimetry checks can be extended with phantom (‘OPERA’) 

and patient measurements and more centres can profit a global check of the dosimetrical 

accuracy in the radiotherapy treatment process. Although the introduction of the Euratom 

97/43 directive has led to compelled participations of radiotherapy centres in several 

European countries to external audits, it is unfortunately not (yet) mandatory in a lot of 

countries, including Belgium. Belgian medical physicists themselves take the initiative to take 

part in organised audits and dose intercomparisons (e.g. on-site quality audits organised by 

the Belgian Hospital Physicists Association). 

 

Further, the paramount question to address is: how will the developed methods, which are 

accepted by the participating centres in the feasibility runs, be accepted at a broader scale. 

The final aim of present work is indeed to develop methodologies which are realistic for the 

radiotherapy community at large, not only for (good-level) centres willing to participate in 

try-out runs.  

In this respect the uttermost prudence is mandatory with respect to setting of the 

tolerance/action levels. The difference with the QC procedures in basic dosimetry is that this 

type is a purely well-codified physics step, where all centres should fulfil well agreed-upon 

accuracy requirements. By contrast in present QC actions, not only basic physics but also 

other type of parameters do play a role: accuracy of a TPS, data transfer, organisational 

aspects,.... The differences in profile between the centres at a national as well as an 

international level may then be considerable, and this means that the action levels, derived in 

Part 1 and Part 2 of this work, may well be realistic for a centre participating in present study 

but too tight for a centre of a lower-level profile. In the latter centre this will give rise to an 
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irrealistic percentage of out-of-tolerance treatments, producing throughout the staff bad 

feelings towards QC. In order to avoid such pitfalls it is necessary to derive first (albeit not 

necessarily always in a strictly quantitative way) the Gaussian distribution of deviations of a 

participating centre and/or a treatment technique, in order to be able to derive meaningful 

action levels. 

Continuing along this line for in vivo dosimetry, the issue of training and motivation of the 

personnel should be re-addressed. It is obvious that e.g. even if the treatment technique for 

breast is good, owing to the wedge filter bad results will be obtained if the placement of the 

dosimeter is not performed with the necessary care. If this aspect is not successfully tackled, 

the future of in vivo dosimetry for this centre will be compromised due to the high 

percentages of “false positives”. As long as a limited number of patients will be measured, it 

is probably realistic of giving the manipulation on the patient in the hands of one or two duly 

trained, motivated individuals. This however is no more realistic if measurements have to be 

performed on every patient. In a mailed dosimetry scenario the number of patients checked 

will however for practical reasons remain limited. 

In the same psychological context of perception of external audit by a participating centre, the 

delicate position of in vivo dosimetry should not be neglected. Indeed for this type of 

dosimetry it is not a phantom but a patient treatment which is evaluated. That this is an 

important aspect is proven by the difficulty to introduce this type of dosimetry in the “court-

oriented medicine” in some countries.  Indeed, an error on a patient is “unacceptable” and 

when a deviation was detected, the fear of the radiotherapist was sometimes to be called in 

court. Without devoting too much attention to this rather extreme legal context, it should be 

realised that the requirements for respect of anonymity of the centre, already so important for 

results on phantoms, are amplified for results on patients. 

 

As a final remark, present work should be projected in the overall context of the evolution of 

quality assurance in radiotherapy. At present there is a (slow) increase of ISO certifications 

in different hospital departments in the Western world. The same – amplified – trend is also 

seen in industry. Evaluation of the relevance of ISO certification in medicine is by no means 

the ambition of present work. However, the present increase can not be denied.  

We hope – and claim – that for a radiotherapy department in search of such certification, 

present work will help in instoring some steps which will probably be required. 
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Summary 

 

Radiotherapy is one of the important modalities in the treatment of cancer, in both curative 

and palliative settings. The aim of curative radiotherapy is to eradicate tumour cells and to 

spare surrounding normal tissues as much as possible, resulting in a long term survival with 

minimal long term side effects. Using multiple beams of high energy X-rays, an accurately 

localised target volume should be enclosed by a three-dimensional homogenous dose 

distribution. Despite all ballistic efforts it is never possible to irradiate only tumour cells. As a 

consequence radiotherapy is continuously balancing between too low a dose to the cancer, 

which is the cause of recurrence and in many cases failure of treatment, and too high a dose to 

the normal tissues, which can provoke unacceptable complications for the patient. The dose is 

then a very critical quantity.    

Moreover, the administration of a course of radiotherapy requires a whole series of steps 

going from prescription over tumour localisation, treatment simulation, dose calculation, to 

patient immobilisation and multiple daily irradiations. In the course of the implementation of 

the different steps in radiation therapy and during transfer of large amounts of information 

between these steps, errors can occur which can result in systematic or random errors in 

individual patients or in a group of patients.  

Comprehensive quality assurance programs are therefore needed, which are focused in this 

work on the analysis of the delivered treatment. 

 

QA programs should not only include regular internal checks performed by the physicists in 

the radiotherapy centres, but also external audits made by an independent external body. Until 

now, these latter programs relying on postal audit systems are generally limited to beam 

output checks on a regular basis by means of thermoluminescence dosimeter (TLD) 

measurements in a water phantom on the beam axis. To test single-beam dosimetrical 

characteristics off-axis as well, a new method is provided in this work, which uses a water-

equivalent phantom that can be mailed. ‘OPERA’ (Operational Phantom for External 

Radiotherapy Audit) aims at gathering as much relevant information as possible in a 

minimum time span by limiting the number of phantom set-ups as well as dosimeters.  In Part 

1 of the thesis, ‘OPERA’ has been sent to different radiotherapy centres in order to test the 

functionality of this phantom by the assessment of its practical set-up, by the verification of 

the efficiency of the new instruction and data sheets, and by the comparison of the results 

provided by the local treatment planning system with radiographic film and TLD 

measurements in a number of clinical conditions. Both film as TLD have demonstrated to be 

good dosimetrical methods in external audits with ‘OPERA’, in order to check the 

accurateness of the dose calculations and the calibration of the treatment unit. Furthermore, 

the deviations between relative dose profiles of film and computations by the centres’ 

treatment planning system (TPS) generally increase off-axis, hence highlighting the necessity 

of off-axis verifications in addition to on-axis checks.  

 

However, phantom measurements do not reflect by definition the total accuracy of patient 

treatment delivery.  Hence, in vivo dosimetry (i.e. dose measurements in or on the patient) in 
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the well-localised treatment fields should be a complementary part of the quality control 

methods to assess the overall accuracy of the radiotherapy process from prescription to 

delivery. As the skin dose is difficult to calculate, the detector signal is converted to the dose 

at a point which is still close to the skin, but at a certain depth where the accuracy of 

computation by the TPS is more satisfactory: the entrance dose. The TPS calculates the 

entrance dose from the prescribed target dose and if this calculation is correct, an error on the 

entrance dose, detected by in vivo dosimetry, means an error on the tumour dose.  

The detectors which are clinically mainly applied for in vivo dosimetry are diodes and TLDs. 

The latter can be simply transported, and so, the application of TLD in mailed in vivo 

entrance dosimetry studies is investigated for the first time in Part 2 of the thesis. The 

measurement of entrance dose must be carried out with enough material around the TLD. 

Therefore, build-up caps were developed with thickness approximating the depth of 

maximum dose. In order to limit the dimension of the build-up cap, materials of high density 

were used. Different tests revealed that the caps have an adequate shape and thickness and 

that the new detectors (TLD in build-up cap) show a clinically acceptable dose perturbation 

under the detector and give reproducible results. 

In a next phase, the feasibility of the detectors was verified by placing them on a cohort of 

patients treated in the radiotherapy department of the University Hospital of Leuven (chapter 

B). Carrying out two in vivo measurements per patients allows to confirm the reproducibility 

of the delivered treatment field (which was on average better than 2%). The evaluation of 

entrance doses was done by comparing measured and calculated dose, which demonstrated a 

systematic error for one patient, besides random errors due to day-to-day variations in patient 

positioning. Further, the detectors, the instruction and data documents were mailed to 

different European radiotherapy institutions that selected a number of patients treated for 

various tumour volumes. Using a tolerance level of ± 5%, discrepancies between measured 

and calculated entrance doses were found, of which the majority were day-to-day variations 

besides some significant systematic errors. Moreover, from the mailed in vivo dosimetry 

study follows that an adjusted tolerance level for certain clinical indications could be 

desirable, like for instance for breast cancer patients treated with wedged fields where 

incorrect placement of the detectors can lead to significant differences in measurement results. 

 

In this work, we have been successful in our attempt to provide a validated methodology 

which extends the basic mailed dosimetry audits over more complex phantoms to the level of 

patients with the more clinically related checks by mailed in vivo dosimetry with TLDs. 
 



 187 

Samenvatting 

 

Radiotherapie is één van de meest efficiënte behandelingsmodaliteiten in de aanpak van 

kanker, en speelt zowel een rol in de palliatie van kwaadaardige tumoren als in curatieve 

behandelingen. Het doel van curatieve radiotherapie is het genezen van de patiënt door het 

vernietigen van alle tumorcellen waarbij omliggende normale weefsels zoveel mogelijk 

gespaard worden, zodat een langdurige overleving met een minimum aan laattijdige 

nevenwerkingen kan bekomen worden. Via bestraling met hoogenergetische fotonenbundels 

uit verschillende richtingen dient een nauwkeurig gelokaliseerd doelvolume omsloten te 

worden door een zo homogeen mogelijke driedimensionale dosisverdeling. Ondanks alle 

ballistische inspanningen is het echter niet mogelijk om enkel tumorcellen te bestralen. 

Radiotherapie balanceert daarom continu tussen enerzijds de toediening van een te lage dosis 

aan de kankercellen, hetgeen de oorzaak is van onvolledige vernietiging van tumorcellen met 

risico op lokale recidieven en in vele gevallen mislukken van de behandeling, en anderzijds 

de toediening van een te hoge dosis aan de normale weefsels, hetgeen kan leiden tot niet 

accepteerbare complicaties voor de patiënt. De toegediende dosis is bijgevolg een kritische 

grootheid. 

Bovendien is het proces van een radiotherapiebehandeling vrij complex. Het bestaat uit 

verschillende stappen, gaande van bestralingsvoorschrift, tumorlokalisatie, veldaflijning op de 

patiënt, berekening van dosisdistributie tot het immobiliseren van de patiënt voor herhaalde 

dagelijkse bestralingen. Tijdens al deze voorbereidende stappen aan de bestralingstoediening 

en bij de overdracht van grote hoeveelheden informatie tussen de verschillende stappen in het 

radiotherapieproces kunnen fouten gebeuren die aan de basis liggen van systematische of 

willekeurige fouten, die optreden bij individuele patiënten of bij een groep van patiënten.  

Kwaliteitscontroleprocedures dienen bijgevolg opgesteld te worden, die gericht zijn op het 

meten van het proces, namelijk de analyse van de toegediende behandeling.  

 

Kwaliteitscontroleprogramma’s van een radiotherapiecentrum zouden niet enkel interne 

controles dienen te omvatten - die gebruikelijk uitgevoerd worden door de fysici van een 

radiotherapieafdeling - maar ook externe audits, die georganiseerd worden door een 

onafhankelijke organisatie. Tot heden bestaan laatstgenoemde programma’s, die gebruik 

maken van per post verstuurde dosimeters, hoofdzakelijk uit controles van de calibratie van 

klinische fotonenbundels via metingen met thermoluminescentie dosimeters (TLD’s), 

geplaatst in de bundelas in water. Om eveneens dosimetrische karakteristieken van een 

bestralingsveld naast de centrale bundelas te verifiëren via een per post verstuurd scenario, 

werd in dit werk een nieuwe methode voorgesteld, gebruik makende van een waterequivalent 

fantoom. ‘OPERA’ staat voor ‘Operational Phantom for External Radiotherapy Audit’ en 

dient zoveel mogelijk relevante informatie van de stralingsbundel te vergaren in een zo kort 

mogelijke tijdspanne. In deel 1 van de thesis werd ‘OPERA’ naar verschillende 

radiotherapiecentra verstuurd om de functionaliteit van het fantoom na te gaan. Dit gebeurde 

door het beoordelen van de praktische opstelling aan de hand van bijhorende instructie- en 

datadocumenten en door het vergelijken van de berekeningen met metingen door TLD en 
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radiografische film in een aantal klinische bestralingscondities. Zowel filmen als TLD’s 

bleken in externe audits met ‘OPERA’ geschikte meetinstrumenten voor het achterhalen van 

de accuraatheid in dosisberekening en van de calibratie van het bestralingstoestel.  

 

Hoewel de toepassing van ‘OPERA’ geschikt is voor kwaliteitscontroles blijft het moeilijk 

om met een klein aantal fantoomopstellingen de klinische realiteit te controleren. 

De ultieme controle van het gehele radiotherapieproces, namelijk van voorschrift tot 

dosistoediening, kan enkel tijdens de patiëntbehandeling uitgevoerd worden via 

dosismetingen in of op de patiënt (d.i. in vivo dosimetrie) in goed gelokaliseerde 

bestralingsvelden. Terwijl de huiddosis moeilijk te berekenen is, wordt het detector signaal 

geconverteerd naar de dosis op een diepte waar de berekening met het planningsysteem meer 

toereikend is: de ingangsdosis. Het planningssysteem berekent de ingangsdosis uit de 

voorgeschreven dosis aan het doelvolume, hetgeen impliceert dat een fout in de ingangsdosis, 

gedetecteerd door in vivo dosimetrie, een fout in de tumordosis kan betekenen. De detectoren 

die hoofdzakelijk in radiotherapie gebruikt worden voor in vivo dosimetrie zijn diodes en 

TLD’s. Deze laatste kan men gemakkelijk transporteren. Om die reden werd in dit onderzoek 

(deel 2) gebruik gemaakt van TLD’s in per post verstuurde in vivo ingangsdosismetingen op 

patiënten. De meting van de ingangsdosis dient te gebeuren met voldoende materiaal voor en 

rond de TLD op de huid. Hiertoe was het nodig build-up caps te ontwikkelen (hoofdstuk A) 

waarvan de dikte overeenkomt met de diepte van maximum dosis. Om de build-up cap 

dimensies te beperken werd materiaal van hoge dichtheid aangewend (aluminium, koper, 

tantaal). Uit verschillende testen is gebleken dat de caps een adequate vorm en dikte hebben 

en dat de nieuwe detectoren (TLD in build-up cap) een klinisch aanvaardbare lokale 

dosisattenuatie vertonen en reproduceerbare resultaten leveren. 

In een volgende fase werden de detectoren uitgetest op een aantal patiënten behandeld in de 

radiotherapieafdeling van UZ Leuven (hoofdstuk B). Door het uitvoeren van 2 in vivo 

metingen per patiënt kan de reproduceerbaarheid in toegediende bestraling geverifieerd 

worden. Deze bleek gemiddeld lager dan 2% te zijn. De evaluatie van de ingangsdosissen 

gebeurde door het vergelijken van gemeten en berekende dosis en toonde aan dat er, naast 

willekeurige fouten tengevolge van dag-tot-dag variaties in patiëntenpositionering, een 

systematische fout voor 1 patiënt gevonden is. Vervolgens werden de detectoren, de 

instructie- en datadocumenten verzonden naar verschillende Europese 

radiotherapieafdelingen, die elk een aantal patiënten selecteerden met verscheidene 

doelvolumes. Aan de hand van een tolerantieniveau van ± 5% werden er discrepanties 

gevonden tussen gemeten en voorspelde ingangsdosissen, waarvan de overgrote meerderheid 

dag-tot-dag variaties waren met daarnaast enkele significante systematische fouten. 

Bovendien volgde uit de studie dat een aangepast tolerantieniveau voor bepaalde klinische 

indicaties wenselijk is. 

 

In dit werk wordt een gevalideerde methodologie aangereikt, die de bestaande technieken in 

per post verstuurde dosimetrie uitbreidt naar meer complexe fantomen en vervolgens naar 

meer klinisch gerelateerde controles op het niveau van de patiënt. 
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Addendum 1 : ‘OPERA’ instruction and data documents 

 

1) Instruction documents 
 

POSTAL TLD AND FILM DOSIMETRY AUDIT WITH  ‘OPERA’  

 
ATTENTION : To obtain appropriate results IT IS ESSENTIAL TO IRRADIATE  

           THESE DOSIMETERS AND FILMS DURING THE PERIOD : 
 

FROM:   |__|__|  |__|__|  |__|__|__|__| 
    day  month        year 

 
TO:  |__|__|  |__|__|  |__|__|__|__| 

    day  month        year 
 

AND RETURN THEM IMMEDIATELY THEREAFTER to the address given in the covering fax 
forms. Exceeding the time limit entails uncertainties in the results. If you are unable to carry out the 

irradiation, please RETURN  the set, marking it "NON-IRRADITED". 
 

 

WARNING 
 

• Please inform immediately the measuring centre in Leuven, either by fax or e-mail when you 
receive this package (form 1). 

 

• If it was not possible to irradiate the TLD capsules during the indicated irradiation window, 
please contact the measuring centre in Leuven.  

 

• Please inform immediately the measuring centre in Leuven, either by fax or e-mail when you 
return the capsules (form 2). 

 

• Capsules and films must never be exposed to heat (e.g. sunshine, heater), nor stored in a place 
where accidental exposure to radiation can not be excluded. 

 

• The capsules and films marked as “Reference” are for the purpose of checking environmental 
influences on the detectors and films during transport and storage (background) and for fading 
record respectively. Do not irradiate them nor take them out of the box. 

 

• Throughout all procedures, handle the TLD capsules very carefully to prevent opening and 
loss of powder. 

 
Please read all the following instructions carefully before you start irradiating the capsules and 

the films. Also read the DATA DOCUMENTS carefully before answering the questions relevant 

to you. 
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A) Aim of the TLD and film audit 

 
The purpose of present study is to compare the results provided by the local Treatment Planning System (TPS) 
with measurements by film and TLD in a number of clinical conditions with respect to field size, skin curvature, 
air and lung inhomogeneities and use of wedge compensator. 

 

1. REFERENCE CONDITIONS 

 
Measurement of absorbed dose and dose distribution in reference conditions (5 or 10 cm depth, 10×10cm2 field 
size, distance) as recommended in the local protocol in use.  

 

2. ASYMMETRIC FIELDS 

 
Measurements of asymmetric fields, obtained with blocks or with an asymmetric collimator (as in local clinical 
practice). 

 

3. BEAM SYMMETRY AND FLATNESS  

 
Measurement of dose distribution for two symmetric and one asymmetric field. Film dosimetry is used for dose 
profile measurement and penumbra estimation.  

 

4. WEDGE  

 
Measurement of dose distribution with a wedge filter. 

 

5. INFLUENCE OF OBLIQUITY AND INHOMOGENEITY 

 
Measurement of dose distribution with an oblique entrance surface and with inhomogeneities.  

 
       B) Set-up of the phantom  

 
1. The multipurpose phantom is shown in Fig. A. Schematic picture of the phantom set-up is shown in Fig. B. 

For each individual irradiation you have to prepare the appropriate configuration of the multipurpose 
phantom as shown in Fig. 1 to 5. For all irradiations, except the set-up in Fig. 5, the block E is placed under 
the detector to obtain full backscatter. 

 
2.   Adjust the therapy unit to obtain a vertical beam. Adjust the phantom position to place either the detector or 

the phantom surface at the isocentre, following the clinical conditions locally applied. 
 

3. Adjust the centre of the phantom to the central axis of the beam. Check that the blue lines on the phantom 
coincide with the field axes as done for patient positioning. Adjust the collimator opening to the required 
field size. 

 
4.  Irradiation of TL dosimeters: Put the correct TLD into the TLD insert. Identification of the TLD for each 

set-up is given in the data sheet. Then place the insert into the phantom. 
 

5.  Film irradiation: The film insert including metal marks put to upper part of the phantom. Metal marks of 
the insert should touch the film surface. Place the film between the convenient blocks. Positioning of the 
film during irradiation is shown in Fig. C. Check that the blue lines of both film inserts are aligned with the 
lines on lower and upper parts of the phantom. 
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Fig.A : Multipurpose phantom for photon beams Fig.B : Set-up of the multipurpose phantom  

 

Legend

A - polystyrene plate 200 x 200 x 20 mm

B - polystyrene block complementary to block C

C - polystyrene block for oblique phantom

D - polystyrene plate 200 x 200 x 30 mm

E - polystyrene block 200 x 200 x 100 mm with two holes F and G

F - cork block 40 x 40 x 200 mm

G - air hole 20 x 20 x 200 mm
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Density of :        Fig.C : Film orientation during irradiation  

      cork = 0.25 g/cm³              

        air = 0.0012 g/cm³      

 
 

 
 
 
 
 
 
 

Make sure that for irradiation every TLD capsule is put in the right position in the phantom and 

that afterwards it is replaced in the correct position in the storing box. 

 

 

 

TLD irradiation 
 
a)  Insert TLD capsule with appropriate number (see figures) into TLD inserts. 
b)  Calculate the irradiation time or monitor setting using the same procedure as for patient treatment. The 

absorbed dose on the beam axis for each set-up should be as close as possible to 2 Gy (Consider the 

phantom water equivalent).  
c) Irradiate the TLD 
d)  Remove the capsule from the holder by pushing the bottom end of the capsule if it is necessary.  
e)  Replace the TLD capsule in the correct place (number) into their storing box. 
 

TLD insert

Film insert

cork air gap
KODAK film

TLD powder capsule OR !

Label

B

A

C

D

Fixation of upper

film insert

E

 

cork
ork air

Please, keep this position of the film

for each phantom setup

film insert

blue edge of

the film

label on the film
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FILM irradiation 

 
The irradiation time (M.U.) for film should be as close as possible to 1/6 (Dfilm ~ 0.33 Gy) of the 

corresponding value for TLD irradiation.  

 
a)  After TLD irradiation place the correct inserts for film irradiation. 
b)  Insert a film (in its paper envelope) into the phantom at the required depth. 
c)  Make sure that the blue phantom lines under and above the film are aligned with the field axis. 
d)  Irradiate the film. 
e)  Remove the film from phantom. 
f)  Fill out the label (depth, irradiation, time/monitor setting, and date) which is stick on the film. 

 

 

TPS calculation 

 
a)  Mention the time or number of Monitor Units (M.U.) to give 

2 Gy on the central beam axis in the plane of the detectors 
b)  Provide standard clinical isodose output with a step not  
  exceeding 10 % between the isodose values.  
c) If your TPS allows to obtain a dose profile at the level of 

film plane, provide the raw data through the centre of the 
field. (relative dose (%) in function of distance X(mm)) 

 

  

 

Use the following set-up of the phantom to obtain the required geometrical condition: 
 

       
  

   

Overview of the different set-ups: 

 
Nr of procedure Depth (cm) on-axis Nr of irradiations 

with TLD 
Nr of irradiations 

with film 
Phantom set-up 

1 5 or 10 cm 2 1 D or E 

2a or 2b 5 or 10 cm 1 1 D or E 

3 5 or 10 cm 1 1 D or E 

4 8,3 cm ---- 1 F 

5 10 cm ---- 1 G 
 

 

 

Beam profile at the film level
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1) Reference conditions  
 

Fig 1.  
 

Field size: 10××××10 cm2 open field 
Geometrical set-up: see Fig D (depth=5cm)  
or Fig E (depth=10cm) 
 
 
 
TLD at the reference depth 
Irradiation of TLD repeat 2 times 

Film at the reference depth  
One irradiation of film  

 

 

2) Asymmetrical field  
Irradiation with set-up 2a or 2b according to clinical use 
 

Fig 2a. 

 

 

Field size: 7××××10 cm2 asymmetric field 
Geometrical set-up: see Fig D (depth=5cm) 
or Fig E (depth=10cm) 
 
 
 
TLD at the reference depth 
Film at the reference depth 

 
 
 
Fig 2b.  

 
 

Field size: 7××××10 cm2 asymmetric field, collimator opening 10××××10 cm2  
Geometrical set-up: see Fig D (depth=5cm) 
or Fig E (depth=10cm) 
 
 
TLD at the reference depth  
Film at the reference depth 
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3) Wedged fields  
 9W ××××15 cm2 (apply the most frequently used wedge) 

 
Fig 3. 

 
 
 

Field size: 9W××××15 cm2 wedged field 
Geometrical set-up: see Fig D (depth=5cm)  
or Fig E (depth=10cm) 
 
 
TLD at the reference depth 
Film at the reference depth 

 
 

 

4) Oblique phantom-surface 
field size 15 cm ×××× 15 cm 

 
Fig 4.  

 
 
 
 

Field size: 15××××15 cm2 open field, oblique phantom-surface 
Geometrical set-up: see Fig F  
 
 
Film at 8.3 cm depth (on the central beam axis) 

 
 

 

 

 

5) Inhomogeneities   

Field size 15 cm ×××× 15 cm  

 
 
 

 
 
 
 
 

Field size: 15××××15 cm2 open field  
Geometrical set-up: see Fig G  
 
Film at 10 cm depth 
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2) Data documents 
 

POSTAL TLD AND FILM DOSIMETRY AUDIT WITH ‘OPERA’ 

 
It is of a great importance for the evaluation that all information requested in this questionnaire is filled in. 

 
Name of institution:   ...................................................................... 
Address:                      ....................................................................... 
City:                ...................................................................... 
Country:                      ....................................................................... 
Telephone number:   ...................................................................... 
Fax number:   ....................................................................... 
E-mail:    ....................................................................... 

 

Irradiation performed by: 
Name :  ...................................................................................... 
Position:  ....................................................................................... 

 
|__|__|  |__|__|  |__|__|__|__| 
  day  month       year 

Form completed by : 
Name:   ..................................................................................... 
Position:  ...................................................................................... 

 
|__|__|  |__|__|  |__|__|__|__| 

       day  month       year 

 

Previous participation in external audit or intercomparison or beam calibration in 

reference conditions ? 
 

No:  |__|   Yes:  |__| Date :  .............................................. 
    Organizer : ....................................... 

 

A) Characteristics of the treatment unit 

 
a. Type of 60Co (or 137Cs) unit used for intercomparison: …………………………… 
 manufactured by:………………………………………….  

installed in the year: …………………………  
date of the last replacement of the source: ………………. 

 
b. Type of accelerator used for the intercomparison: ……………………………………. 

manufactured by: ………………………………….. 
installed in the year: ……………………………….. 

 
 
The beam quality is characterised by a nominal accelerating potential of .............. MV and is defined by a 
"quality index" of:  

D20/D10 = .....................(10 cm ×××× 10 cm2 at SSD 100 cm) 
- or- 

 TPR20/10 = ................(10 cm ×××× 10 cm2 at a constant source detector distance of……… cm) 
 
(In the subsequent items, "a" and "b" refer to respectively a cobalt or caesium unit and an accelerator) 

 

B) Characteristics of treatment planning system 

 
The planning system used for calculation is of the type  ........................................... 
..................................................................................................................................... 
manufactured by ......................................................................................................... 
installed in the year ..................................................................................................... 
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IRRADIATION TECHNIQUE ( use clinical conditions) 
 

constant SSD: source-surface-distance (SSD) = _ _ _ _ cm 

constant SDD:           source-detector-distance (SDD) = _ _ _ _ cm 

 

TPS calculation 

• Provide standard clinical isodose output with a step not exceeding 10 % 

• If your TPS allows to obtain a dose profile at the level of the film plane, provide 

the raw data through the centre of the field 

 

1) Reference conditions, Field size 10 ×××× 10 cm
2
     

 
Field set-up: Fig 1 (in the Instruction documents) 
Phantom set-up:Fig D (d=5cm) or Fig. E (d=10cm) (according to local protocol  in use) 
Reference depth   =  _ _ _ _ cm 
Source detector distance (SDD)  =  _ _ _ _ cm 

 
Dose rate at the centre of the TLD capsule 
a) for Co60 or 137Cs    _ , _ _ _ Gy/min 
b) for accelerator      _ , _ _ _ Gy/100 monitor units (MU) 

 
Irradiation of 2 TLDs (adjust dose as close as possible to 2 Gy each - considering  phantom as 
water equivalent)  

 
Irradiation 

number 

TLD position in storing box time (or M.U.) for 2 Gy 

1 1M 1 _ _ _ 

2 1M 2 _ _ _ 

 
 Irradiation of film (adjust 1/6 of time or 1/6 of MU given to TLD) 

a) time                     _ _ _  min       
b) monitor units  _ _ _  MU            

 

2) Asymmetric field, Field size 7(blocked direction) ×××× 10 cm
2
    

 
Field set-up: Fig 2a (asymmetric collimator)   or Fig. 2b (block) 
Phantom set-up: Fig D or Fig. E 

 

Reference depth   =  _ _ _ _ cm 
Source detector distance (SDD)  =  _ _ _ _ cm   
 
Achieved with independent jaws  Fig 2.a  ? .                     Yes |__| No |__| 
      or blocks Fig 2.b ?                        Yes |__| No |__| 

 
Irradiation of TLD (adjust dose as close as possible to 2 Gy ) 

 
TLD position in storing box time (or M.U.) for 2 Gy 

2M _ _ _ 

 
 Irradiation of film (adjust 1/6 of time or 1/6 of MU given to TLD) 

a) time                     _ _ _  min       
b) monitor units  _ _ _  MU            
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3) Wedged field, Field size 9W ×××× 15 cm
2 

 
Field set-up: Fig 3 

Phantom set-up: Fig D or Fig E  

 

Reference depth   =  _ _ _ _ cm 
Source detector distance (SDD)  =  _ _ _ _ cm 
wedge angle  =  _ _ _ _  ° 
 
Irradiation of TLD (adjust dose as close as possible to 2 Gy) 

 
TLD position in storing box time (or M.U.) for 2 Gy 

3M _ _ _ 

 
 Irradiation of film (adjust 1/6 of time or 1/6 of MU given to TLD) 

a) time                      _ _ _  min       
b) monitor units               _ _ _  MU            

  

4) Reference field size with oblique phantom surface, Field size 15 ×××× 15 cm
2 

 
Field set-up: Fig 4  

Phantom set-up: Fig F  

 

depth   =  8.3 cm 
Source detector distance (SDD)  =  _ _ _ _ cm   
 

 Time (or M.U.) to give as close as possible 2 Gy  
 at the depth of 8,3 cm on the beam axis :  _ _ _ min or M.U. 
 
 Irradiation of film (adjust 1/6 of time or 1/6 of MU) 

a) time                      _ _ _  min       
b) monitor units  _ _ _  MU            

 
 

5) Open field with inhomogeneities above the detector, Field size 15 ×××× 15 cm
2 

 
Field set-up: Fig 5  

Phantom set-up: Fig G  
 
depth   =  10 cm 
Source detector distance (SDD)  =  _ _ _ _ cm 
 
Time (or M.U.) to give as close as possible 2 Gy at the depth of 10 cm on the beam axis :  _ _ _ min or 
M.U. 

 
 Irradiation of film (adjust 1/6 of time or 1/6 of MU) 

a) time                      _ _ _  min       
b) monitor units  _ _ _  MU            
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Addendum 2 : Terminology, dosimetric quantities and units 

 

Absorbed dose - Absorbed dose is a measure of the biologically significant effects produced 
by ionising radiation. The definition of absorbed dose, or simply dose, is the quotient dE/dm, 
where dE is the mean energy imparted by ionising radiation to material of mass dm.  
The SI unit for absorbed dose is the gray (Gy) and defined as: 1 Gy = 1 J/kg 
 

Target volume – The target volume consists of the demonstrated tumour(s) and other tissue 
with presumed tumour. This is the volume to be irradiated to a specified absorbed dose. The 
target volume should include sufficient margins to allow for the uncertainty in anatomic 
localisation of this volume. 
 
Photon beam quality -  The derivation of absorbed dose in the user’s photon beam, using a 
calibrated ionisation chamber, requires the application of energy dependent factors. The first 
step in the calculation of absorbed dose is to determine the energy distribution of the radiation 
beam, i.e. a specification of the beam quality. In principle, the full energy spectrum should be 
known in order to derive the energy-dependent factors. However, the complete energy 
spectrum of the radiation beam is difficult to measure. Moreover, beams generated by 
different equipment operating at the same nominal energy may vary significantly in their 
spectral distributions. The exact shape of the brehmstrahlung spectrum depends on a number 
of factors other than electron energy, like the target design and construction of the treatment 
head. As linear accelerators do not produce mono-energetic electron beams, the nominal 
accelerating potential of an accelerator poorly characterises a photon energy spectrum.  
The most practical method of determination of the energy spectrum is in terms of penetration 
properties of the beam. For high-energy photons produced by linear accelerators, the beam 
quality can be specified as: 

• TPR20/10 – the Tissue-Phantom-Ratio. This is the ratio of absorbed doses at depths of 20 
cm and 10 cm in a water phantom, measured with a constant source-detector-distance 
(SDD) (or source-chamber-distance (SCD)) of 100 cm (isocentrical technique) and a field 

size of 10 × 10 cm2 at the plane of the ionisation chamber. This quantity is often referred 
as ‘Quality Index’ (QI). 

• D20/D10 – The ratio of absorbed dose at 20 cm and 10 cm depth at fixed source-surface-

distance (SSD) (stationary set-up) and a field size of 10 × 10 cm2 at the water phantom 
surface. 

The 2 experimental set-ups to determine the photon beam quality are shown in figure 1. 
 
 

 

 

 

 

 

 

 

 

Figure 1: Two experimental set-ups to 

determine the quality of photon beams 

(left: isocentrical set-up, right: stationary 

set-up) 
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Field size – The field size is defined as the difference in x-coordinates at the 50% dose values 
of the profile, which is normalised to the central beam axis. The dose value at the central 
beam axis is assumed to be 100%. For an isocentrical set-up, the field size is determined at 
the surface of a phantom, while for a stationary set-up, it is determined at the plane of the 
detector, placed at reference depth in a water phantom at the isocentre of the treatment unit. 
Remark : It is necessary to clearly distinguish between the terms collimator setting and field 

size. The collimator setting is the setting of the secondary collimator or MLC which indicates 
the beam dimensions at the isocentre. The field size refers to the beam dimensions at the 
treatment distance, which may be different from the isocentre distance. 
 
Penumbra – The penumbra is the region at the edge of the radiation beam, that is partially 
shielded from primary photons from the source, and over which the dose rate changes rapidly 
as a function of distance from the beam axis. Penumbra is defined as the lateral distance at the 
major axes between the 80% and the 20% dose values (figure 2). The dose value at the central 
beam axis is defined as 100%. 
 
Flattened region – Flatness and symmetry refer to the flattened region of a beam profile, 
which is defined for photon beams as 80% of the field size region (figure 2). 

• Flatness – The flatness F of a radiation beam is expressed by the following 

equation: %100
min

max ×=
D

D
F , where Dmax and Dmin the maximum and minimum 

dose within the 80% field size region. 
    

• Symmetry – The symmetry S of a radiation beam is expressed by the following 

equation: %100
)(

)(

max

×
−

=
xD

xD
S , where D(x) and D(-x) is the dose at points x 

and -x, lying in the flattened region symmetrical to the central beam axis. 
Symmetry is defined as the maximum ratio within the flattened region times 
100. 

 
Figure 2: Illustration of a beam profile measured with a ionisation chamber in a water phantom in a 

high-energy X-ray beam (field size 15×15 cm
2
). 
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2D algorithm - The 2D dose calculation algorithm (like the Clarkson algorithm110) assumes 
that the photon scatter in the ineraction medium is included in the measured beam data 
parameters. In areas where there are large changes in electron densities, this might be not 
acceptable as scattering of the radiation in a medium cannot be considered as a linear process.  
The dose calculations are a function of tissue maximum ratios, relative output factors and 
single beam profiles. The algorithm uses a 1D pathlength correction to correct for tissue 
density inhomogeneities based on CT Hounsfield units (HU). The HU for the points along the 
calculation axis are determined and the equivalent depth for each beam path is calculated. 
 
Pencil Beam algorithm - The single PB algorithm111 is based on the assumption that the 
photon scatter is implicit to the beam data measurements and that photon scatter does not vary 
significantly with the depth in a medium. The incident beam is divided into small beamlets 
(PBs) for which an individual radiological pathlength correction is performed to take tissue 
inhomogeneities into account. These polyenergetic PB kernels are transformed to momentum 
space by FFT for a 2D convolution with the fluence distribution of the beam. The convolution 
assumes that the PB kernels are invariant in the lateral and longitudinal direction of the beam. 
This assumption might not be correct if the dose is calculated near to inhomogeneities. 
 

Collapsed Cone algorithm – The CC algorithm112 performs the scaling of the primary dose 
(released by the first interaction) kernels for the average density along the path between 
interaction and dose deposition.The multiple scatter dose kernels are scaled for the average 
density of the medium. This kernel distortion is made to take charged particle transport into 
account, i.e. the effect of multiple scatter of the electrons, pair production and 
brehmsstrahlung. 

 

                                                           
110 Clarkson, J.R. A note on depth dose in fields of irregular shape. Br. J. Radiol. 1941;14:265. 
111 Mohan, R., Chui, C., Lidofsky, L. Differential pencil beam dose computation model for photons. Med. Phys. 
1986;13(1):64-73. 
Storchi, P., Van Battum, L., Woudstra, E. Calculation of a pencil beam kernel from measured photon beam data 
Phys. Med. Biol. 44 (1999), 2917-2928. 
112 Ahnesjö, A. Collapsed cone convolution of radiant energy for photon dose calculation in heterogeneous 
media. Med. Phys. 1989;16(4):577-592. 
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Addendum 3 : Instruction and data documents for mailed in vivo 

entrance dose measurements by TLDs 

 
1) Instruction documents 
 

POSTAL TLD AUDIT FOR PATIENT IRRADIATIONS WITH BEAM ENERGIES 

BETWEEN 4 MV AND 10 MV 

 
ATTENTION :  To obtain appropriate results IT IS ESSENTIAL TO IRRADIATE  

THESE DOSIMETERS DURING THE PERIOD : 
 

 FROM:   |__|__|  |__|__|  |__|__|__|__| 
    day  month        year 

 
  TO:  |__|__|  |__|__|  |__|__|__|__| 

    day  month       year 
 

AND RETURN THEM IMMEDIATELY THEREAFTER to the address given in the covering fax forms. 
Exceeding the time limit entails uncertainties in the results. If you are unable to carry out the irradiation, please 

RETURN  the set, marking it "NON-IRRADIATED". 
 

 

WARNING 
 

• Please inform immediately the measuring centre in Leuven, either by fax or e-mail when you 
receive this package (form 1). 

 

• If it was not possible to irradiate the TLD capsules during the indicated irradiation window, 
please contact the measuring centre in Leuven.  

 

• Please inform immediately the measuring centre in Leuven, either by fax or e-mail when you 
return the capsules (form 2). 

 

• Capsules and films must never be exposed to heat (e.g. sunshine, heater), nor stored in a place 
where accidental exposure to radiation can not be excluded. 

 

• The capsules and films marked as “Reference” are for the purpose of checking environmental 
influences on the detectors and films during transport and storage (background) and for fading 
record respectively. Do not irradiate them nor take them out of the box. 

 

• Throughout all procedures, handle the TLD capsules very carefully to prevent opening and 
loss of powder. 

 
Please read all the following instructions carefully before you start irradiating the capsules and 

the films. Also read the DATA DOCUMENTS carefully before answering the questions relevant 

to you. 
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A) Aim of the TLD audit 

 
The purpose of present study is to compare the calculated dose at 2 cm depth with measurements by mailed 
TLD in 10 treatment fields (10 different patients) with beam energies from 4 to 10 MV X-rays. 
 
All 10 TLD measurements should preferably be performed on the same day and treatment unit and repeated on a 
second day. 

 
B) TLD capsules 

 
The labels I,II, III,…,X are for identification of the treatment fields on different patients. The indices a and b 
refer to the first and second TLD measurement (2 treatment sessions). 
 
Example: TLD IV.b is the second measurement for the fourth patient 
 

C) Build-up cap 

 
The build-up cap is a 2 mm thick cylindrical copper tube, which 
corresponds to 2 cm water equivalent thickness. By putting this 
build-up cap (with the TLD capsule) on the patient skin, the dose 
will thus be measured at the depth of 2 cm. 
The effect of dose attenuation of this build-up cap versus an EDP-
20 diode is illustrated in figure 1 by dose profiles at the depth of 5 
cm in a polystyrene phantom. 

 

D) Patient exclusion criteria 

� Cobalt beams, electrons beams or photon beams higher than 
10 MV. 

� Irradiation fields with wedge. 
� Irradiation fields with a block closer than 2 cm to the centre 

of the field. 

 

 
Figure 1:Dose perturbation by copper build-

up cap in perpendicular (a) and parallel (b) 

direction. 

 

E) Irradiation of TLD capsules 
 

NOTE:  Throughout all procedures, handle the capsules very carefully to prevent opening and loss of powder. 

The blue box with all the TLDs should be kept always outside of the treatment room! 

 
1. Before entering the treatment room: Place the TLD, corresponding to the patient number (roman 

figures) and irradiation day (“a” for the first day and “b” for the second day) in the build-up cap. 

2. After positioning of the patient:  

� Read SSD and write it down in the data sheet 

� Fix the build-up cap with TLD in the center of the irradiation field. The flat part of the 

build-up cap is in contact with the patient (or with the mask).  

3. Irradiate the treatment field as usually.  

4. After irradiation of the treatment field remove the capsule from the patient and place the TLD back 

into the corresponding place of the box when you are outside of the treatment room. 

Repeat this procedure for the other 9 treatment fields. 
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1) Data documents 
 

POSTAL TLD AUDIT FOR PATIENT IRRADIATIONS WITH BEAM ENERGIES 

BETWEEN 4 MV AND 10 MV 

 
It is important for the evaluation that all information requested in this questionnaire will be filled out. 

Name of institution :  ...................................................................................... 

Country :     ...................................................................................... 

City:     ...................................................................................... 

Telephone/fax number :  ...................................................................................... 

E-mail :    ........................................................................................ 

 

Irradiation of the TLDs: 

First day:    Performed by: ………………………………………… 

    Position : ….. ................................................................ 

|__|__|  |__|__|  |__|__|__|__| 
 day   month       year 
 

Second day:   Performed by: ………………………………………… 

    Position : ….. ................................................................ 

|__|__|  |__|__|  |__|__|__|__| 
 day   month       year 

Form completed by :   ...................................................................................... 

   Position : ….. ................................................................ 

 |__|__|  |__|__|  |__|__|__|__| 
     day  month      year 
 

 

A) Characteristics of the treatment unit 

 
 The treatment unit used for the intercomparison was of the type ...............................  

 manufactured by ........................................................................................................ 
 and installed in the year ............................................................................................. 

 

The beam quality is characterised by a "quality index" of: 
 

Nominal accelerating potential � ………..MV ………..MV 

D20/D10 

(10 × 10 cm2 at SSD = 100 cm) 
  

                                  OR   

TPR20,10  

(10 × 10 cm2 at a constant SDD of……… cm) 
  

 
 
B) Previous participation in external audit or intercomparison on this   treatment unit  

 
For photon beams : 
 

No : |__| Date(last intercomparison) :   .............................................. 
 
Yes : |__|   Organizer : .............................................. 
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C) Requested patient data 

 

 
TLD 

capsule 

Target 
volume and 
field name 

Beam  

energy 

Calculated 
Monitor units 
Block/MLC 

Field size (cm 
X cm) 

SSD (cm) for 
MUcalculation 

SSD (cm) 
measured 

during 
patient 

positioning 

Calculated 
dose (Gy) at 2 

cm depth 

I.. a  ……...MV …..…..MU …….X…… ……..cm  

I.. b  Block/MLC : Yes – No SSD :………. ……..cm  

II. a  ……...MV …..…..MU …….X…… ……..cm  

II. b  Block/MLC : Yes – No SSD :………. ……..cm  

III. a  ……...MV …..…..MU …….X…… ……..cm  

III. b  Block/MLC : Yes – No SSD :………. ……..cm  

IV. a  ……...MV …..…..MU …….X…… ……..cm  

IV. b  Block/MLC : Yes – No SSD :………. ……..cm  

V. a  ……...MV …..…..MU …….X…… ……..cm  

V. b  Block/MLC : Yes – No SSD :………. ……..cm  

VI. a  ……...MV …..…..MU …….X…… ……..cm  

VI. b  Block/MLC : Yes – No SSD :………. ……..cm  

VII. a  ……...MV …..…..MU …….X…… ……..cm  

VII. b  Block/MLC : Yes – No SSD :………. ……..cm  

VIII. a  ……...MV …..…..MU …….X…… ……..cm  

VIII. b  Block/MLC : Yes – No SSD :………. ……..cm  

IX. a  ……...MV …..…..MU …….X…… ……..cm  

IX. b  Block/MLC : Yes – No SSD :………. ……..cm  

X. a  ……...MV …..…..MU …….X…… ……..cm  

X. b  Block/MLC : Yes – No SSD :………. ……..cm  
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Addendum 4 : Instruction and data documents for an additional 

mailed in vivo dosimetry study by TLDs for a specific treatment 

technique 

 

1) Instruction documents 

 
EORTC Trial 22922/10925 : 

Mailed in vivo TLD measurements for standard IM-MS irradiation 

 
ATTENTION :  To obtain appropriate results it is essential to irradiate the TL dosimeters during the period : 

 
 FROM:   |__|__|   |__|__|   |__|__|__|__| 

    day   month        year 
 

TO:  |__|__|   |__|__|   |__|__|__|__| 
    day   month        year 

 
and return them immediately thereafter to the address given in the enclosed fax forms. 

Exceeding the time limit entails uncertainties in the results! 
 

 

WARNING 
 

• Please inform immediately the measuring centre in Leuven, either by fax or e-mail when you 
receive this package (form 1). 

 

• If it was not possible to irradiate the TLD capsules during the indicated irradiation window, 
please contact the measuring centre in Leuven.  

 

• Please inform immediately the measuring centre in Leuven, either by fax or e-mail when you 
return the capsules (form 2). 

 

• Capsules and films must never be exposed to heat (e.g. sunshine, heater), nor stored in a place 
where accidental exposure to radiation can not be excluded. 

 

• The capsules and films marked as “Reference” are for the purpose of checking environmental 
influences on the detectors and films during transport and storage (background) and for fading 
record respectively. Do not irradiate them nor take them out of the box. 

 

• Throughout all procedures, handle the TLD capsules very carefully to prevent opening and 
loss of powder. 

 
Please read all the following instructions carefully before you start irradiating the capsules and 

the films. Also read the DATA DOCUMENTS carefully before answering the questions relevant 

to you. 
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A) Aim of the TLD audit 

 
 1. The mailed in vivo TLD measurements 

The purpose of present study is to compare the calculated dose at 2 cm depth with the dose measured 
by the TLD in a build-up cap in a standard IM-MS treatment field. 
Three different patients, which are treated with an IM-MS field (4-10 MV photons) on the same 

treatment unit, have to be selected randomly. On each patient, TLD measurements have to be carried 
out on 2 different days. The first 3 TLDs (Ia, IIa, IIIa) must be irradiated on the same day.  The 
irradiation of the TLDs Ib, IIb, IIIb has to be performed (preferably) the day after. 

 

 2. The reference TLDs 

Since thermoluminescence dosimetry is a relative dosimetry, 3 TLD caps, noted as R1, R2 and R3, 
have to be irradiated in the build-up cap (at the same treatment unit as the patient irradiation is 
performed) on polystyrene blocks of about 15 cm thickness (for backscatter reasons). 

 
B) TLD capsules 

 
The labels I,II, III are for identification of the different patients. The indices a and b refer to the first 
and second TLD measurement (done on different days) 

Example: TLD II.b is the second measurement for the second patient, treated in an 

IM-MS photon beam. 

 
C) Build-up cap 

 
The build-up cap is a 2 mm thick cylindrical copper tube, which corresponds to 2 cm water equivalent 
thickness and is suitable for a certain range of beam qualities, such as 4-10 MV. Hence by putting this 
build-up cap (with the TLD capsule) on the patient skin, the dose will be measured at the depth of 2 
cm. 

 

D) Patient exclusion criteria 

• See protocol 22922/10925 

• Alternative irradiation techniques of the IM-MS lymph node chain. 

 
E) Guidelines  

 
1. Guidelines for the mailed in vivo TLD measurements 

 
These are the guidelines for correct positioning of the TLD in the copper build-up cap on the patient at 
2 consecutive treatment sessions a and b. The procedure is the same for 3 patients (I, II, III), which are 
treated with a standard IM-MS treatment field set-up. 

 
Note: The blue box with all the TLDs should be kept outside of the treatment room! 

 

� Before entering the treatment room: 
- Take the first TLD for patient 1 (Ia) out of the box and insert it into the copper build-up cap 
 
� After positioning of the patient: 
- Position the flattened side of the build-up cap, with TLD inserted, on the patient skin. Very 

important: the centre of the detector has to be placed at 2 cm distance from the blocks and 
centred along the central beam axis (more details in the figures below). 

- Deliver the IM-MS treatment field. 
- Remove the detector from the patient  
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- Read the SSD, which is measured on the patient skin at the position of the removed detector 
and write it down on the data sheet. 

� Outside the treatment room: 
- Put the irradiated TLD back in the box (Ia). 
- Similar procedure for the patients 2 (IIa) and 3 (IIIa) and repeat this procedure for the 

irradiation of TLDs Ib, IIb, IIIb at the following treatment session (preferably the day after). 

 
 

 

 
 

Right treatment field       Left treatment field 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Guidelines for the reference TLDs 

 
For the irradiation of the reference TLDs, the same treatment unit and beam energy has to be used as 
for the patient irradiations. 
Calculate with your TPS the amount of MU to give 2 Gy at the depth of 2 cm, write it down on the 
corresponding place on the data sheet and deliver this amount of MU to the TLD in the build-up cap in 
the centre of the field with 10 x 10 cm

2 and SSD = 100 cm as illustrated below.  
 
 
 
 
 
 
 
 
 
 
 

 

 
Perform the irradiations of the reference TLDs preferably on the same day as the irradiations of 

patients I, II, III (a or b), to avoid influences on the results from accelerator irregularities over the 

days. 

Note: Since the prescription point for photons is defined at 3 cm depth on the beam axis, be sure that you 
provide us the dose, which is calculated with your TPS at 2 cm depth, and indicate it in the table of the 
corresponding data sheet page. 

SSD=100 cm 

Field size 
10x10 cm2 

Polystyrene block (± 15 

cm thick) 

Build-up cap with TLD 

inserted 

2 2
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F)  Protocol 

 
The levels of deviation between measured and stated dose (Dm/Ds) and the corresponding actions are 
specified as follows: 

• Optimal level: deviation Dm/Ds is ≤ ± 5% 

• Tolerance level: deviation is > ± 5% and ≤ ± 10 

• Emergency level: deviation is > ± 10% 
If the level of deviation of a participating centre is optimal, the full detailed results are mailed to the 
responsible physicist, with a certificate of compliance signed by the EC Network physicists. If some 
deviations are outside tolerance level or at emergency level, the responsible physicist will be contacted 
by an EC Network physicist, who only indicates the deviation level and no exact values. A recheck is 
recommended in case of systematic deviations for the 3 patients and a new set of dosimeters will be 
mailed. Recommendations will be given to the physicist to look carefully at the possible causes of 
deviation and to send any comments. The responsible physicist is requested to inform the radiation 
oncologists of the possibility of dose deviation. 

 

2) Data documents 
 

EORTC Trial 22922/10925 : 

Mailed in vivo TLD measurements for standard IM-MS irradiation 

 
It is important for the evaluation that all information requested in this questionnaire will be filled out. 

 
  Name of institution : ..................................................................................... 

  City :      ..................................................................................... 

  Country:      ..................................................................................... 

  Telephone number : ..................................................................................... 

  Fax number :  ..................................................................................... 

  E-mail :                  .................................................................................... 

 
Irradiation of the TLDs: 

First day:    Performed by: ………………………………………… 

    Position:  ....................................................................... 

|__|__|  |__|__|  |__|__|__|__| 
 day   month       year 
 

Second day:   Performed by: ………………………………………… 

    Position:  ....................................................................... 

|__|__|  |__|__|  |__|__|__|__| 
 day   month       year 

 

Form completed by :   ..................................................................................... 

 Position :  ..................................................................................... 

  Responsible physicist : ......................................................................... 
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A)  Characteristics of the treatment unit 

 
The treatment unit used for the mailed in vivo TLD audit is of the type 
.......................................................................................................................…........ 

 manufactured by ........................................................................................................ 
 and installed in the year ............................................................................................. 

 
The beam quality is characterised by a "quality index" of: 

 
Nominal accelerating potential � ………..MV ………..MV 

D20/D10 

(10 × 10 cm2 at SSD = 100 cm) 
  

                                  OR   

TPR20,10  

(10 × 10 cm2 at a constant SDD of……… cm) 
  

 

 

B)  Previous participation in external audit or intercomparison on this treatment unit 
 

Yes : |__|  Date (last intercomparison) :   .............................................. 
No : |__|  Organiser : .............................................................. 

 

C)  Requested patient data 

 
N° of 

capsule 

Field size  

(cm x cm) 

 

SSD (cm) 

used for 

MU 

calculation 

Calculated 

MU 

 

SSD (cm) 

(read after 

removing 

TLD from 

skin) 

Calculated 

dose (Gy) at 2 

cm  

depth (TPS) 

I.. a ….x… SSD :……  SSD :……  

I.. b    SSD :……  

II. a …. x … SSD :……  SSD :……  

II. b    SSD :……  

III. a …. x … SSD :……  SSD :……  

III. b    SSD :……  

 
Provide a copy of the print out of the dose calculation at 2 cm depth by the treatment planning system (TPS). 

 
The TPS used in routine : ...................................................... manufactured by………………… 
.......................................................................... version : ……………………………………. 
and installed in the year : ............................................................................................................... 

 
 

D) Requested data for reference TLD capsules R1, R2, R3 

 
Beam set-up: Field size 10x10 cm2, SSD = 100 cm, 

TLD R1, R2, R3 in build-up cap on top of polystyrene plates (±15cm) in centre of the field 
Calculated MU (TPS) to give 2 Gy at the depth of 2 cm: …………………….. 
 
This amount of MU was given to R1, R2, R3 consecutively, on the same treatment unit and with the same 

beam energy as for the IM-MS irradiation. 

Provide a copy of the printout of the MU calculation by the treatment planning system (TPS) for this beam 

geometry. 


