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Conformal radiotherapy 

Conformal radiotherapy (CRT) aims at delivering a high dose to the target, 
while at the same time sparing the surroundings organs at risk. CRT is defined 
in this thesis as the procedure of high-precision irradiation of a target volume 
where the 95% isodose distribution conforms as closely as possible to the 
shape of the target volume in three dimensions. The aims of CRT are 1) to 
achieve a lower complication rate compared to conventional radiotherapy by 
reducing normal tissue doses and 2) to allow a higher dose to the target 
volume, thereby increasing tumour control probability without increasing the 
complication rate. The process of implementing and improving procedures of 
CRT requires high quality standards regarding geometric and dosimetric 
uncertainties of the treatment.   

Clinical implementation of conformal radiotherapy 

In 1988 we achieved our first three-dimensional (3D) treatment planning 
system (TPS). During the initial phase of implementing conformal 
radiotherapy in the clinic, a lot of attention was paid to the three-dimensional 
aspects of treatment planning, which was a new issue at that time. Also the 
quality assurance of the new tools of the TPS was investigated extensively 
before applying these for patient planning. For instance, improvement of the 
target expansion algorithm and the monitor unit calculation algorithm was 
required before CRT of prostate cancer could be implemented at a larger 
scale. In 1993 the Top Clinical Care Project, or as it is called in Dutch the 
Top Klinische Zorg (TKZ) project started in the Division of Radiotherapy of 

the Netherlands Cancer Institute. The first aim of this project was to 
implement new CRT procedures and to improve existing techniques of 
conformal radiation therapy for various tumour sites in a safe and consistent 
way in the clinical setting of the Radiotherapy Department. For this purpose 
conformal techniques have been designed and introduced into the clinic by 
monitoring the setup accuracy by means of a portal imaging protocol (1-5), 
and by measuring the delivered dose applying an in vivo dosimetry protocol 
(6-10). The second aim of this project was to investigate the benefits of CRT 
compared with conventional treatments and to quantify the additional 
workload required to perform accurate CRT. In most cases the comparisons 
concern treatment plans and theoretical calculations of normal tissue 
complication probabilities (NTCP), but clinical results of the CRT treatments 
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were also scored. The project was also designed to implement and evaluate 
the results of other existing projects. For example, within the scope of a 
research project, a five-field multi-segment prostate irradiation technique was 
developed to reduce rectal toxicity for patients with concave target 
volumes (11,12). After thorough validation of the new irradiation technique, 
this approach was clinically embedded in the project and has now become 
standard clinical practice for prostate patients with a large overlap between 
the planning target volume and the rectal wall. Such a project may therefore 
also be regarded as an important link between groups involved in research and 
development, and persons taking care of the clinical routine in the 
Netherlands Cancer Institute.  

Improvement of treatment planning 

Radiotherapy treatment planning is the entire process to prepare the radiation 
treatment of a cancer patient. This process includes imaging studies, 
definition of target volumes, design and optimisation of the irradiation 
technique, evaluation of the treatment plan and implementation of the plan on 
the treatment unit. It is an essential step in the radiotherapy treatment process, 
especially in conformal radiotherapy where a high geometrical and dosimetric 
accuracy is required. The planning process generally starts with the 
determination of the target volume within the patient. Although the advent of 
computed tomography and magnetic resonance imaging has been an 
important step forward in our ability to visualize the human anatomy, target 
volume delineation is still a weak link in the planning process. Within the Top 
Clinical Care Project, various studies are associated to a better target volume 
definition; multiple CT scans are used for prostate treatments to account for 
time trends and more recently the use of PET scans is introduced to 
discriminate normal tissue from malignant lung tissue (13).  
Other studies concern the optimisation of irradiation techniques. The effects 
of conformal radiotherapy compared to conventional radiotherapy for the 
elective nodal irradiation of lung tumours are investigated by means of dose-
volume histogram analysis. For the head and neck treatments, new advanced 
salivary gland sparing techniques were developed with multiple (three to 
eleven) beam directions each having several (two to four) segments. The 
relative beam weights of these segments were optimized using an inverse 
planning programme having cost functions for target dose inhomogeneity, 
spinal cord dose and salivary gland dose.   
In general, improvement of treatment planning techniques may lead to the 
ability of dose escalation. In 1998, a combined Phase III randomized trial 
started at The Netherlands Cancer Institute in Amsterdam and the Doctor 
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Daniel den Hoed Cancer Center (DDHCC) in Rotterdam, to test the 
hypothesis that higher radiation doses lead to a higher local control rate of 
prostate cancer. The results are also applied to validate normal tissue 
complication probability models of rectum and bladder. The prostate patients 
are randomized between a dose prescription of 68 Gy and 78 Gy.   

Improvement of dose delivery 

Inaccuracies in dose delivery may influence the outcome of any radiotherapy 
treatment, due to the steepness of dose effect curves for both local tumour 
control and normal tissue complications (14). A high precision in dose 
delivery is of essential importance in conformal treatments where generally 
high dose values are applied. Particularly in dose escalation studies or other 
types of clinical trials where the homogeneity in dose delivery to a patient 
group is often a prerequisite for the success of those studies, both systematic 
and random uncertainties in dose delivery should be minimized. 
The first requirement of high precision in dose delivery is that the treatment 
machine is performing according to its specifications. For that purpose a 
comprehensive quality control (QC) programme of megavoltage radiation 
equipment is required to ensure the safe and efficacious application of 
radiation for patient treatments. In this thesis the various QC programmes 
currently applied (15-17) {Kutcher, Coia, et al. 1994 ID: 271}{Ding, 
Verstraete, et al. 1995 ID: 97}are compared resulting in recommendations for 
sets of QC tests required for conformal radiotherapy. 
A number of errors in a radiotherapy treatment may still occur despite a 
careful analysis of all steps in the chain determining the planning and the 
delivery of that treatment. In order to verify the actual dose delivery to a 
patient, in vivo dosimetry (IVD) measurements are often performed to 
monitor the dose delivery independent of treatment-planning and monitor unit 
calculation programs. Such an in vivo dosimetry protocol should guarantee a 
dose delivery for a specific type of treatment within a specified interval on an 
individual patient basis, resulting in patient groups having uniform dose 
levels. Statistical analysis of the overall results should make it possible to 
identify small systematic errors. Correction of these errors will not only 
benefit the patients in these studies, but will also improve the treatment 
quality of all future patient treatments.   
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Purpose of this study 

The studies described in this thesis resulted from limitations in clinical and 
physical issues related to the safe and efficient implementation of conformal 
techniques in the clinic. The common factor in the separate studies is that they 
are all focussed on minimizing geometrical and dosimetric uncertainties in the 
radiotherapy process of predominantly urogenital tumours. For this purpose it 
was necessary to obtain a complete understanding of geometrical and 
dosimetric uncertainties involved. From the geometrical perspective, this 
knowledge required a thorough analysis of a large number of geometrical data 
(CT data including organ definitions and portal imaging results) of many 
patients treated with CRT. The first aim of this study was therefore to 
quantify the three-dimensional data on target delineation, organ motion, and 
patient setup required for conformal radiotherapy of urogenital tumours. In 
order to implement these findings in the treatment planning process, 
especially designed software tools had to be developed for a better 
determination of 3D dose distributions in target volume and organs at risk, 
which was a second aim of this project. From the dosimetric perspective, the 
actual delivered dose of many patients had to be measured and analyzed. To 
assess the merit of in vivo dosimetry, i.e., to trace and improve errors in the 
treatment chain of urogenital tumours, was another aim of this study.   

Outline of this thesis 

This thesis consists of three parts; the first two deal with improving the 
treatment planning process and the third aims at improving treatment delivery 
of high-precision radiotherapy of urogenital tumours. Firstly, three-
dimensional data on target and organs at risk delineation for prostate cancer 
treatment were compared in two centres participating in a clinical trial 
(chapter 2). Three-dimensional data on target delineation, organ motion, and 
patient setup are analysed to incorporate into the planning process of bladder 
cancer (chapter 3). Secondly, several tools are developed to help the treatment 
planner in assessing more accurately than before 3D dose distributions over 
the target volume and organs at risk. In chapter 4 an algorithm is presented to 
extract the 3D dose distribution only in the rectal wall from that in the whole 
rectum. If portal imaging is applied for setup verification, an additional 
amount of radiation is delivered to the patient. In chapter 5, a method is 
presented to take this extra amount of radiation dose already into account 
during the treatment planning process. Finally, the impact of various quality 
assurance programmes on the delivery of conformal treatments was assessed. 



Introduction

 

17 

In chapter 6, a comparison is made of the various QA programmes applied in 
The Netherlands. From this study a set of minimum guidelines for a QC 
programme is formulated. In chapters 7 and 8 the results of accurate in vivo 
dosimetry programmes during conformal treatments are reported. All studies 
aim at reducing the uncertainties in the various steps involved in these high 
precision treatments.   
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Abstract 

Purpose:  
To minimize differences in the treatment planning procedure between two 
institutions within the context of a radiotherapy prostate cancer trial. 

Patients and methods: 
Twenty-two patients with N0 M0 prostate cancer underwent a computed 
tomography (CT) scan for radiotherapy treatment planning. For all patients, 
the tumor and organs at risk were delineated, and a treatment plan was 
generated for a three-field technique giving a dose of 78 Gy to the target 
volume. Ten of the 22 cases were delineated and planned in the other 
institution as well. The delineated volumes and dose distributions were 
compared. 

Results:  
All treatments fulfilled the trial criteria. The mean volume ratio of the gross 
tumor volumes (GTVs) in both institutions was 1.01, while the mean volume 
ratio of the planning target volumes (PTVs) was 0.88. The three-dimensional 
(3D) PTV difference was 3 mm at the prostate apex and 6-8 mm at the 
seminal vesicles. This PTV difference was mainly caused by a difference in 
the method of 3D expansion, and disappeared when applying an improved 
algorithm in one institution. The treated volume (dose 

 

95% of isocenter 
dose) reflects the size of the PTV and the conformity of the treatment 
technique. This volume was on average 66 cm3 smaller in institution A than in 
institution B; the effect of the PTV difference was 31 cm3 and the difference 
in technique accounted for 36 cm3. The mean delineated rectal volume 
including filling was 112 cm3 and 125 cm3 for institution A and B, 
respectively. This difference had a important impact on the relative dose 
volume histogram (DVH) of the rectum. 

Conclusion:  
Differences in GTV delineation were small and comparable to earlier 
quantified differences between observers in one institution. Different 
expansion methods for generation of the PTV considerably influenced the 
amount of irradiated tissue. Strict definitions of target and normal structures 
are mandatory for reliable trial results.  
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Introduction 

Dose escalation affects the outcome of radiation therapy for localized prostate 
cancer (1-5). Perez et al. (1, 2) demonstrated a reduction of local failure with 
higher dose. More recently, this was confirmed by several other investigators 
(3, 4, 6). Zelefsky et al. (3) reported a higher prostate-specific antigen (PSA) 
relapse-free survival in patients with intermediate and unfavorable (>T2, 
pretreatment PSA >10 ng/ml) prognosis with irradiation to a dose of more 
than or equal to 75.6 Gy versus a lower dose. Hanks et al. (4) reported at the 
same time a 5-year biologically disease-free survival of 35% at 70 Gy versus 
75% at 76 Gy for patients with a pretreatment PSA of 10-19.9 ng/ml. 
The disadvantage of a higher tumor dose is a higher dose to the surrounding 
tissues. The most frequently reported normal tissue complications of radiation 
treatment of the prostate are urological and gastrointestinal (GI). The high 
dose, as reported by Perez et al., Schultheiss et al., and Hanks et al. (1, 4, 7), 
resulted in both a higher GI and urological complication rate. However, not 
only the dose determines the complication rate; the volume of irradiated 
rectum affects the risk of GI complications as well (8-13). Boersma et al. (10) 
and Hartford et al. (12) demonstrated a dose-volume relationship for rectal 
mucosal bleeding with increasing risk of bleeding with higher volumes and 
higher doses to the rectum. 
Both a high dose to the target and an adequate shielding of the organs at risk 
is therefore important for the outcome of radiation therapy of the prostate. 
This requires, first of all, an accurate and consistent delineation of both the 
target areas and organs at risk, especially in multicenter trials. 
Several authors assessed the interobserver variation and intermodality 
variation of the delineated target volume (13-16). The main regions of 
uncertainty are the apex and posterior aspect of the prostate (13-15). The 
posterior border of the target volume is likely to influence the amount of 
irradiated rectum, and a systematic difference in outlining of the prostate will 
therefore result in a different complication rate. Furthermore, if the 
complication rate is estimated from the calculated dose to the rectum, and the 
relative volume of the rectum receiving that dose or more, an accurate and 
reproducible delineation of the rectum is important as well. 
In 1997, a Dutch multi-institutional Phase III trial (CKVO 96-10) was 
initiated comparing 68 and 78 Gy for localized prostate cancer. The main 
patient eligibility criteria were T1-4, N0, M0, PSA <60 ng/ml, and biopsy-
proven adenocarcinoma of the prostate. The patients were divided into four 
prognostic groups dependent on the T-stage, pre-treatment PSA level, and 
Gleason sum, with group 1 for patients with a low T-stage, PSA, and Gleason 
sum, and group 4 for patients with T3b -T4 stage (TNM 1997 classification), 
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and any PSA and Gleason sum. The dose to the various target volumes was 
delivered according to the randomization and the prognostic groups 
(Table 2-1). 
As part of a quality assurance procedure prior to the start of the trial, the 
delineation of the various volumes and the treatment planning of the two 
institutions already enrolled in the study were compared. During the trial, an 
additional random sample of 12 of the first 120 randomized cases was 
reviewed by the nontreating institution. 
The purpose of this study is to detect and minimize differences in the 
treatment planning procedure between the two institutions.  

Patients and methods 

General 
A pelvic computed tomography (CT) scan was generated of 22 patients with 
localized prostate cancer. The patients were randomly selected from a Dutch 
multi-institutional trial (CKVO 96-10), randomizing between a dose of 68 Gy 
versus 78 Gy, specified at the ICRU reference point (17). The CT scans were 
made with 3-5 mm adjacent slices. The CT matrix size was 512 x 512 for 
patients from institution A and 256 x 256 for patients from institution B. No 
contrast enhancement was used. The gross tumor volumes (GTVs) and 

Table 2.1: Prognostic group, GTV, and dose to the different PTVs for each patient. For 
irradiation to a dose of 68 Gy, only PTV1 and / or PTV2 are irradiated. 

Patient # group GTV 1 GTV 2 PTV 1 PTV 2

 

PTV 3

 

PTV 4 

1,6 1 yes no 68 Gy - 10 Gy - 
2,5,7,10 2 yes yes 18 Gy 50 Gy 10 Gy - 

3,8 3 yes yes - 68 Gy 10 Gy - 
4,9 4 no yes - 68 Gy - 10 Gy 

 

GTV 1 = prostate 
GTV 2 = prostate and seminal vesicles 
PTV 1 = GTV 1 + 10 mm expansion 
PTV 2 = GTV 2 + 10 mm expansion 
PTV 3 = GTV 1 + 0 mm expansion posterior and + 5 mm elsewhere 
PTV 4 = GTV 2 + 0 mm expansion posterior and + 5 mm elsewhere 
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normal structures were delineated on the CT scan by each institution 
independently. The GTV1 was defined as the prostate, GTV2 was defined as 
the prostate and seminal vesicles. The rectum, including filling, was 
delineated from the most caudal slice where the tuber ischiadicum was still 
visible to the most cranial slice, where the rectum was still adjacent to the 
sacrum, or at the most caudal level of the sacroiliacal joints. The bladder was 
delineated without specific instructions. The femur was delineated from the 
femoral head down to the level of the tuber ischiadicum. 

Methods of three-dimensional (3D) expansion 
The planning target volumes (PTVs) were generated by 3D expansion of the 
GTV in each institution independently (Table 2-1). The methods of expansion 
of the GTVs were fully 3D in both institutions, but differed between the two 
institutions in the methodology of the expansion. In institution A, a 
triangulated surface was generated from the GTV contours. At a distance of 
10 mm from the center of each triangle, and perpendicular to its surface, a 
new point was generated; subsequently, the PTV was generated from these 
points. In institution B, a 3D-coverage matrix was determined over the 
delineated GTV (18). The PTV was generated by placing spheres with a 
radius of 10 mm at the centers of all voxels. Theoretically, the expansion 
method of institution B is better than the method of institution A; especially at 
sharp edges of the GTV, the margin of institution A will be too small. 
Therefore, a new algorithm in institution A, similar to the algorithm applied in 
institution B, was used additionally for expansion of the GTVs of institution 
A.  
The volume increases from GTV to PTV depends greatly on the shape and 
size of the GTV. A measure for the shape of the GTV is the ratio of the 
volume and the surface. For comparison of the shape of the GTVs, this ratio 
was assessed. For the volume, the radius of a sphere with the same volume 
was calculated. Likewise for the surface, the radius of a sphere with the same 
surface was calculated. These two radii were then expressed as a ratio called 
the equivalent sphere volume / surface ratio (i.e., nominal length). This ratio 
ranges between 0 and 1, with 1 for a perfect sphere. 
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Treatment planning 
For each patient, individual isocentric three-field (AP and two lateral), 
conformal treatment plans were generated with a dose of 78 Gy (Table 2-1) at 
the ICRU reference point (17). In institution A, this was performed utilizing 
the U-Mplan (University of Michigan) planning system with the data from an 
EOS SL20 (Elekta Oncology Systems), 8- and 18-MV dual- energy linear 
accelerators and a 1-cm wide multileaf collimator. In institution B, this was 
performed with the Cadplan (Varian) planning system with the data of a 
Racetrack Microtron, 25-MV photon beam, and a 1.25-cm wide multileaf 
collimator. 

Dose and delineation comparison 
Twelve of the 22 patients were critically reviewed for compliance with the 
trial protocol. The remaining 10 cases were exchanged between the two 
institutions. The mean age of these 10 patients was 74 years (range 70-78), 
the T-stage ranged from T1c to T3. The mean PSA level was 11 ng/ml (range 
5.6-27.4). No hormonal treatment was given to any of the patients prior to 
treatment. The GTVs and PTVs were determined in the other institution again 
and a treatment plan was generated for both PTVs, resulting in three treatment 
plans for each case (Table 2-2). In summary, for patients 1-5, a treatment plan 
by institution A on the PTV of institution A, a treatment plan by institution B 
on the PTV of institution B, and a third treatment plan by institution A on the 
PTV of institution B was generated (Table 2-2). For patients 6-10, institution 
A and B are reversed (Table 2-2).  

Table 2-2: Mean treated volume 

 

95% for the two techniques and the two PTVs. For 
example: the mean treated volume 

 

95% for the technique of institution B to irradiate the 
PTVs of institution A is 331 cm3 and only available for patients 1-5. The mean difference 
due to differences in PTV is ((28 + 34)/2) = 31 cm3, the mean difference due to differences 
in technique is ((28 + 44)/2 ) = 36 cm3.  

PTV of institution A PTV of institution B difference (cm3) 
Technique of 
institution A (cm3)  320  302  340  - -   - - -  384  - -   - -   44 
Technique of 
institution B (cm3)  - -   331  - -   388  360   418  - -   28  - -  
Difference (cm3) - -  28 - -  - - - - -  34 - -  - -  - -  
Patient # 1-10 1-5 6-10 1-10 1-5 6-10 1-10 1-5 6-10 

  



Comparison of prostate irradiation 

27 

The delineated normal structures, the GTVs, and the PTVs were compared. 
The intersection (i.e., the largest volume common to two volumes) (Fig. 2-1) 
and the union(i.e., the smallest volume encompassing two volumes) (Fig. 2-1) 
were calculated. The surfaces of the GTVs and PTVs were scanned using 
polar coordinates 

 

(angle of the vector in the coronal plane, for each 7.2 
degrees, from 0 to 360 degrees) and 

 

(angle of the vector out of the coronal 
plane, for each 3.6 degrees, from -90 to 90 degrees). This method was 
described earlier by Rasch et al. (14) and Remeijer et al. (19). For each patient 
and delineating institution, the distance in a specific direction ( , ) was 
measured from the average center of gravity of the prostate to the edge of the 
delineated prostate and plotted on a two-dimensional (2D) map (Fig. 2-2a). 
The systematic institutional difference was defined as the average difference 
in distance from the center of gravity of the prostate to the edge of the GTV 
and PTV as delineated in institution A and the edge delineated in institution 
B. The standard deviation (SD) of this difference was calculated for each 

 

and . The dose-volume histograms (DVHs) of the PTVs and normal 
structures were generated for each treatment plan and compared. 

U n io n

In te rs e c tio n 

Figure 2-1: Union and intersection  



Chapter 2 

28  

Results 

Prostate 
The volume of the prostate (GTV1), and the volume of the prostate and 
seminal vesicles (GTV2) were about equal in both institutions (Table 2-1, 
2-3). The average ratio was 1.01 and 1.03 for GTV1 and GTV2, respectively. 
No significant statistical differences from 1 could be demonstrated. The mean 
equivalent sphere volume/surface ratio was 0.89 and 0.85 for the GTV1 of 
institution A and institution B, respectively, and 0.78 and 0.76 for the GTV2s 
(i.e., the shape of the GTVs was similar in the two institutions). 
The planning target volumes (PTV1 - 3) (Table 2-3) were smaller in 
institution A than in institution B. The ratio was 0.87, 0.93, and 0.85 for 
PTV1, PTV2, and PTV3, respectively. All were significantly different from 1 
(p=0.003, p=0.01, p=0.0003). Because a PTV4 was drawn only for two 
patients, this volume was not further analyzed. 
For comparison of the 10-mm expansion routines in the institutions, the 
GTV2 as delineated by institution B was expanded by institution A using the 
old expansion routine as described in the Patients and Methods section. The 

mean ratio of these PTVs (expansion of institution A/ expansion of institution 
B) was 0.88 (SD 0.08, p=0.005). The new expansion algorithm of 
institution A was more comparable with the expansion algorithm of institution 
B. The ratio of the expanded GTVs was 0.98 (SD 0.02).  

3D comparison 
The mean 3D GTV1 (prostate only) institutional difference (institution A -
institution B) (8 patients) (Table 2-1) was -4 mm (SD 5 mm) (Fig. 2-2b) at the 
base of the seminal vesicles ( =-30 degrees and =0-120 degrees) and -3 mm 
(SD 4 mm) at the apex ( =10 degrees and =300 degrees) (Fig. 2-2b) (Table 
2-4). When comparing the GTV2 (prostate and seminal vesicles) (8 patients) 
(Table 2-1), the differences were similar (Fig. 2-2c) (Table 2-4). The mean 
PTV1 (prostate + 10 mm) institutional difference was largest at the base of 
the seminal vesicles, -8 mm (SD 6 mm) (Fig. 2-2d) (Table 2-4). At the apex, 
the difference was comparable to the difference at the GTVs, -3 mm (SD 3 
mm) (Fig.2-2d) (Table 2-4). The mean PTV2 and PTV3 differences were 
similar to the PTV1 difference (Fig.2-2e) (Table 2-4). 
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The mean difference of the GTV2 + 10 mm (PTV2) as expanded by 
institution A, and the same GTV2 as expanded with 10 mm by institution B (8 
patients) is demonstrated in Fig. 2-2f. The largest mean difference was 4 mm 
(SD 5 mm), located at the junction of the seminal vesicles.  
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Figure 2-2: Map of the prostate surface in polar coordinates. The various regions of 
interest are indicated (upper left). The mean difference in delineation of GTV1 
(institution A 

 

institution B) (upper right) and GTV2 (mid left). The mean difference in 
PTV1 (mid right) and PTV2 (lower left). The mean difference in distance to the surface 
from the GTV2 as expanded with 10 mm by institution A minus the same GTV2 as 
expanded with 10 mm by institution B is shown in the lower right graph.  
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Organs at risk 
The mean rectal volume for the 10 patients was 112 cm3 for institution A and 
125 cm3 for institution B. This volume difference was located mainly 
superior-anterior (i.e., at the sigmoid). The mean ratio between the rectal 
volume in institution A and the rectal volume in institution B was 0.88 (SD 
0.18) which differs significantly (p=0.03) from 1. The ratio of the union and 
intersection for the rectum was 1.42 (SD 0.22). The mean bladder volume was 
233 cm3 for institution A and 227 cm3 for institution B. The ratio between the 
bladder volume in institution A and the bladder volume in institution B was 
1.03 (SD 0.04, non significant (n. s.)). The ratio of the union and intersection 
for the bladder was 1.11 (SD 0.04). The delineated hipbones differed little. 

Dose 
The trial prescription for the dose homogeneity within the PTV was as 
follows: 99% or more of the PTV is to be irradiated to 95% or more of the 
prescribed dose, where the prescribed dose is defined by the dose at the ICRU 
reference point (17). The maximum dose within the PTV is 107% . Both 
institutions fulfilled this criterion for irradiation of their own PTVs. The mean 
dose to the high-dose PTV (prescribed dose 78 Gy) was between 77.4 and 
77.7 Gy for both institutions. 
In all cases, institution B, using the beams designed for their own PTV, would 
have irradiated the PTVs of institution A according to the trial prescription. 
This is as expected, because their own PTVs were larger than the PTVs of 
institution A. On the other hand, although the technique was designed for 
their own (smaller) PTVs, institution A would have irradiated the PTVs of 
institution B according to the trial prescription in 8 of 10 cases.  

Table 2-3: Comparison of GTV and PTV for the two institutions. (* n.s. = non-significant).  

GTV 1 GTV 2 PTV 1 PTV 2 PTV 3 

No. of patients 8 8 6 6 8 
Mean volume of 
institution A 

79 cm3 110 cm3 218 cm3 299 cm3 118 cm3 

Mean volume of 
institution B 

78 cm3 107 cm3 250 cm3 323 cm3 138 cm3 

Mean volume ratio 
(A/B) (SD) 

1.01 (0.09) 
n.s.* 

1.03 (0.10) 
n.s.* 

0.87 (0.10) 
p = 0.003 

0.93 (0.09) 
p = 0.01 

0.85 (0.09) 
p = 0.0003 

Union / intersection 
mean (SD) 

1.28 (0.08)

 

1.28 (0.06) 1.26 (0.11)

 

1.22 (0.07)

 

1.32 (0.10) 
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The mean treated volume 

 
95% was 320 cm3 (patients 1-5: 302 cm3, patients 

6-10: 340 cm3 ) (Table 2-2) for institution A on the PTVs of institution A, and 
388 cm3 (patients 1-5: 360 cm3, patients 6-10: 418 cm3) (Table 2-2) for 
institution B on the PTVs of institution B. The mean treated volume (

 
95%) 

outside the PTV (mean volume 

 
95% - mean volume of high dose PTV) was 

(320-135) = 185 cm3 for institution A and (388-159) = 229 cm3 for institution 
B. 
The treated volume 

 

95% for institution A on the PTVs of institution B 
(patients 6-10) was 384 cm3 (Table 2-2) and for institution B on the PTVs of 
institution A, 331 cm3 (patients 1-5) (Table 2-2). In other words, the mean 
effect of the PTV differences on the treated volume 

 

95% was ((384-
340)+(360-331))/2= 36 cm3 (= 10%) (Table 2-2). The effect of the different 
techniques on the mean treated volume 

 

95% was ((331-302)+(418-384))/2 
= 31 cm3 (= 9%) (Table 2-2). 
The dose to the rectum was restricted in the trial protocol; no more than 40% 
of the rectal volume should receive a dose greater or equal to 74 Gy. All 
techniques fulfilled this criterion. The mean rectal volume receiving 

 

74 Gy 
was 21 cm3 (Fig. 2-3, Table 2-5) for the technique of institution A on the 
PTVs of institution A and the rectum delineation of institution A. This high-
dose volume was nearly the same when the rectum delineation of institution B 
was used. For the technique of institution B on the PTVs of institution B, the 
high-dose volumes were larger: 27.5 cm3 and 26 cm3 for the rectum 
delineation of institution A and B, respectively. 

Table 2-4:Mean institutional 3D differences. Difference in distance from the center of 
gravity of the prostate between institution A and B.  

Apex mean difference 
(SD) (mm) 

Seminal vesicles mean 
difference (SD) (mm) 

GTV 1 -2 (3)  -3 (5) 
GTV 2 -2 (3)  -3 (4) 
PTV 1 -3 (3)  -8 (6) 
PTV 2 -3 (3)  -6 (4) 
PTV 3 -2 (2)  -6 (5) 
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Table 2-5: Comparison of the rectum volume receiving 

 
74 Gy for the technique of 

institutions A and B and for the rectum definitions of institutions A and B.   

Technique  
Rectum definition A B Difference 
A 21 cm3 26 cm3 5 cm3 

B 22 cm3 27.5 cm3 5.5 cm3 

Difference -1 cm3 -1.5 cm3  

    

Fig. 2-3: Graphical presentation of the dose to the rectum as calculated for two techniques 
(institution A and B) and two definitions of the rectum (rectum 1 and 2).  

Quality control during the trial 
A random selection of 12 cases of the first 120 patients was critically 
reviewed by the nontreating institution. In 3 cases, the reviewing institution 
considered the GTV more than 5 mm too small at the apex region. In 1 case, 
the treating institution thought this was correct, in retrospect. In 6 cases, the 
rectum was either delineated too small or too large. The differences all 
appeared at the top end of the rectum towards the sigmoid. In 1 case, a 
different delineation of the rectum would have lead to a calculated dose of 

 

74 Gy to 47% of the rectum. This is above the acceptable level according to 
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the trial protocol, and would have led to a reduction in the number of fractions 
and dose to the PTV.  

Discussion  

The main differences between the institutions were the PTV size, the rectum 
delineation, and the treated volume  95% of the prescribed dose. 
The GTVs did not differ much; the main areas of differences in delineating 
the prostate occurred at the apex and the base of the seminal vesicles. These 
areas correspond with the areas of uncertainty found in the literature (14-16). 
The magnitude of these differences is comparable to the interobserver 
variation between observers in one institution (14). 
Finding a mean PTV volume ratio of 0.9 was unexpected. Because 
comparison of the two expansion modules produced a similar PTV ratio 
(0.88), and the GTV equivalent sphere volume/surface ratio was similar for 
the two institutions, the discrepancy could not be explained by differences in 
shape of the GTV. By visual comparison of the PTVs, this proved to be true; 
in case of a considerable difference of GTV contours between two adjacent 
slices, the 3D margin generated by institution A was smaller than the 
prescribed 10 mm. The largest mean difference was located at a clinically 
important area (i.e., toward the junction with the rectal wall). This location is 
the same as described earlier by Stroom et al. (21) when comparing a 2D-
expansion algorithm with a 3D algorithm. Although the expansion routines in 
the current study were 3D from the start, the new, improved expansion 
algorithm of institution A proved to overcome the differences and will be 
used in the future at institution A. 
The mean treated volume 

 

95% was smaller for institution A than for 
institution B (320 cm3 vs. 388 cm3) (Table 2-2). This difference can be 
attributed to difference in the PTV and differences in the technique. The 
difference in PTV was responsible for 36 cm3. This effect is fully due to the 
differences in expansion routines. The difference due to the variations in 
technique (31 cm3) is of a similar magnitude (Table 2-2). Investigation of the 
exact cause of this effect is beyond the scope of this study; a possible 
explanation could be the larger leaf dimension (1.25 cm vs. 1.0 cm) in 
institution B. 
The ratio of the delineated rectum volumes (including filling) was 0.88. The 
relative DVH of the rectum (volume in a dose bin/total delineated rectum 
volume) has a similar ratio. The delineation of the rectum (including filling) 
therefore greatly influences the relative DVH of the rectum. Because the 
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rectal complication rate depends both on the volume and the dose (3, 8-10, 
20), the results of this study stress the importance of clinically relevant and 
reproducible definitions of rectum delineation for an accurate complication 
estimation. As a result of this study, the delineating instructions of the rectum 
are adapted;  the rectum is delineated from the level of the tuberosities till 
the level of the inferior border of the sacroiliacal joints, or when the rectum is 
no longer adjacent to the sacrum . A new structure, sigmoid, is delineated for 
that part of the (recto)sigmoid adjacent to the delineated rectum till the lower 
border of the sacroiliacal joint and the anterior border of the femoral head. 
This structure is used for evaluation of the trial results only. No dose 
restrictions apply to the sigmoid. The dose/volume criterion for the rectum 
(no more than 40% of the rectal volume receives 74 Gy or more) is based on 
the new rectum definition.  

Conclusion  

Differences in delineation of the prostate between observers of different 
institutions are small, and are comparable to the differences between 
observers in the same institution. The different expansion routines in the 
planning systems lead to considerably different PTVs. The differences in 
expansion are mainly located near the base of the seminal vesicles and the 
base of the bladder, and lead to a 10% difference in treated volume. A similar 
difference in treated volume is caused by differences in technique. 
Differences in delineation of the rectum greatly influenced the calculated risk 
of rectal complications. Applying a stricter definition for delineation of 
organs at risk will therefore improve the reliability of the trial results.  
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Abstract 

Purpose:  
To quantify in three dimensions the geometrical uncertainties of bladder 
irradiation, i.e., uncertainties in target delineation, organ motion and patient 
setup.  

Materials and methods:  
Pelvic CT images were obtained for 10 male bladder patients. Apart from the 
initial planning CT scan, three follow-up scans were made for each of the 
patients. The bladder volumes in planning CT scan were outlined by seven 
radiation oncologists. One observer also delineated the bladder volumes in the 
follow-up scans. 2D scalar maps of the interobserver variation and organ 
motion of the bladder surfaces were constructed. The setup errors were 
derived from the portal imaging results of the pooled group of bladder and 
prostate patients.  

Results:  
All bladder volumes were consistently outlined by all observers. Generally 
small variations occurred (1.5 mm 

 

3 mm, 1 SD), although in 50% of the 
patients larger discrepancies were observed in discriminating the bladder from 
the base of the prostate. Analysis of portal imaging data showed setup errors 
up to 3 mm (1 SD). Organ motion is the predominant geometrical uncertainty 
in the radiotherapy process (5 mm, 1 SD, at the cranial side of the bladder), 
although nine out of ten patients were able to preserve a fairly reproducible 
bladder volume during the complete treatment course. 

Conclusion:  
Anisotropic margins between the CTV and PTV are needed in conformal 
radiotherapy of the bladder. Especially at the cranial side of the bladder larger 
margins are needed because of the impact of bladder shape variation. 

Key Words:  
Bladder cancer, margin widths, conformal radiotherapy 
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Introduction 

Radical radiotherapy of urinary bladder cancer can present serious side 
effects. The rate of severe acute bowel complication requiring surgery or at 
least 30 days of hospitalization is 2-17% (1-5). The crude rate of patients with 
major late events as ileus, peritonitis and fistula after radiotherapy is about 
3.5-8% (5-8). Conformal irradiation of the bladder may potentially reduce 
these complication risks. The advantage of using conformal radiotherapy 
rather than conventional therapy is better shielding of normal tissues, such as 
rectum and bowel. However, ensuring adequate coverage of the clinical target 
volume (CTV) remains necessary. This coverage strongly depends on the 
target volume delineation, organ motion, setup accuracy and the applied 
margins between the CTV and the planning target volume (PTV). 
Unfortunately, very few clinical data on geometrical uncertainties for bladder 
cancer patients are present. Miralbell et al. (9) examined the relevance of 
bladder volume changes for boost treatments and found that a minimum of 2 
cm margins around the tumor may compensate for extreme bladder volume 
changes. Turner et al. (10) also concluded that no less than a 2 cm margin 
should be allowed, based on the measurements in transverse cross-sections of 
the bladder in three repeat scans at thirty patients, but bladder movements in 
the cranio-caudal directions were not investigated. In another study by Sur et 
al. (11), it was found that based on the analysis of bladder volumes in a 
second CT scan performed halfway through the treatment course, bladder 
movements of 1.5 cm or more primarily occur in the cranial direction. Logue 
et al. (12) analyzed two whole bladder volumes as delineated by three 
radiologists and eight radiation oncologists and they concluded that besides 
organ motion, bladder delineation may be a potentially weak link in the multi-
step radiotherapy process of bladder cancer. All studies demonstrate the need 
for a substantial margin between CTV and PTV, but this margin could not be 
quantified based on the presented data.  
Because of the poor knowledge on the geometrical uncertainties in bladder 
tumors, a wide range of margins between CTV and PTV can be observed in 
current clinical practice (1.5 cm 

 

3 cm) (5). The impact of these variations in 
margin size on the resulting PTV volume is even more outspoken, when we 
examine the variation in PTV volumes as a result of the differences in applied 
margins. For example, a bladder CTV of 100 cm3 with a margin of 1.5 cm 
results in a PTV of 400 cm3, while a margin of 3 cm yields a PTV of 
approximately 1000 cm3. These variations emphasize the need for a distinct 
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recommendation on the margin size at bladder tumors involving the complete 
bladder. 
The aim of the present study is to acquire 3-dimensional data on all 
geometrical uncertainties of the bladder, i.e., uncertainties in target 
delineation, organ motion and patient setup. The data on delineation 
uncertainties are obtained from the 3D-variation in bladder volumes in a 
multi-observer study. The organ motion of the bladder is quantified by 
analyzing bladder volumes at different moments during the treatment. The 
data on setup uncertainties of bladder patients are extracted from portal 
imaging results of a pooled bladder and prostate patient population.   

Materials and Methods  

Pelvic CT images were obtained for 10 male bladder patients. The mean age 
of the patients was 74 years (range 60 

 

82) and the T-stage ranged from 2 to 
4a. All scans were performed with the patient in supine position. Patients 
were instructed to empty their bladder prior to the scan. The maximum time 
allowed to elapse between the voiding of the bladder and acquisition of the 
scan was 30 minutes. The patients were irradiated up to a dose of 60 Gy in 
fractions of 2.4 Gy. The CT scan was made by scanning at an interval of 3 
mm in the bladder region and 5 mm in the remaining region of interest. The 
resolution within a single slice was 512 

 

512 pixels. Furthermore, three 
follow-up scans were made in week 1, 3 and 5 of the treatment. The scan data 
were used to analyze the interobserver variation and organ motion. The setup 
variation of bladder patients was derived from portal imaging data. In the 
analysis of the results, the geometrical deviations were separated in a 
systematic and a random component. The systematic deviations have their 
origin in the preparation phase and mainly result from the fact that the target 
shape and position with respect to the isocenter are based on a single 
measurement. For example, if we assume that the real target volume in a CT 
scan is defined by the averaged volume as delineated by a large number of 
observers, than the difference between the target volume as defined by the 
treating physician and the real target volume will cause a systematic error 
affecting the dose delivery in all treatment fractions. Furthermore, the target 
volume within the patient often varies from day to day and the difference of 
the target volume as frozen at the planning CT and the averaged target 
volume also causes an systematic error in the dose delivery to the patient. 
Finally, the setup deviation of the patient during the acquisition of the CT 
scan also introduces a systematic error. The combined systematic error effects 
all treatment fractions of a single patient in the same way. Although each of 
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these deviations is systematic for each patient, they obey a stochastic nature 
for a whole population and cannot be quantified in advance for a single 
patient.  
Random deviations occur for each fraction in the treatment execution phase 
and are separated in day-to-day deviations due to organ motion and random 
setup deviations. The interobserver variation has no random component, since 
the delineated target volume is unchanging over the complete treatment 
course. Random variations lead to a blurring of the dose distribution, while 
the systematic deviations lead to a displacement of the dose distribution with 
respect to the CTV. In the next sections the standard deviation of the 
systematic errors is addressed by a capital sigma ( ), while the standard 
deviation of the random errors are denoted by a small sigma ( ). 

Interobserver variation 
The bladders in the planning CT scans of all patients were contoured by 7 
radiation oncologists. We used a methodology previously described Remeijer 
et al. (13) for the three-dimensional analysis of interobserver variation. This 
methodology can be summarized as follows.  
Firstly, an average center of gravity for all bladder volumes is established. 
Secondly, each of the 3-D bladder surfaces is rendered by means of a 
triangulation. Since the bladder volumes are more or less spherical, each point 
on the outlined bladder surface can be quantified in polar coordinates r(r, , 

) using the average center of gravity as the origin. This polar coordinate 
system is defined in such a way that 

 

= 90

 

corresponds to the cranial 
direction, 

 

= 0

 

and 

 

= 0

 

to the anterior direction and 

 

= 90

 

and 

 

= 0

 

to 
the direction of the left (Fig. 3-1). 
In the next step, the complete bladder surface is projected onto a 2D map, 
where 

 

and 

 

span the 2D map and the radius is represented by a color. For 
each distance (r) in a specific direction ( , ) the interobserver variation for 
patient j is expressed as:  
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rr
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where S the number of observations per patient (S=7 in this study) and 
S

rSr
1i

j

i

j

obs (/1( the radius averaged over all observations. This 

standard deviation for each patient is defined in radial direction from the 
average center of gravity of the seven delineated bladder volumes. For 
reasons of readability, the suffix ( , ) is omitted from now on. The standard 
deviation of the local variation perpendicular to the mean bladder surface is 
calculated using the practical approximation: 
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where cos j

 
is the inner product of a unit vector normal to the averaged 

delineated bladder surface (generated by averaging all seven 2D distance 
maps) and a unit vector in radial direction. Strictly speaking, Eq. 2 only holds 
for the situation that each surface element of each individual bladder is 
parallel to the corresponding surface element of the averaged bladder. Non-
parallel surfaces lead to either an over- or underestimation of each individual 
term in the summation in Eq. 2, but the net effect on the standard deviation is 
expected to be small, since in general there is no systematic over- or 
underestimation (i.e., each overestimation in the summation is on average 
counterbalanced by an underestimation).  
The overall interobserver variation is expressed as:  
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,  (3)  

where P the number of patients. 

Organ motion 
Apart from the initial planning CT scan, three follow-up scans were made in 
week 1, 3 and 5 of the treatment. To cut down scanning time and disk space, 
the patients were scanned with a 5-mm slice thickness. One observer 
delineated all the bladders in the follow-up scans. The bony structures of the 
follow-up scans were automatically segmented and matched onto the first 
scan using 3D chamfer matching (14,15). The match results were qualitatively 
judged and approved by one observer using a dedicated 3D viewing software 
tool.  
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After the matching, an expression analogous to Eq. 3 was used to approximate 
the random component of the organ motion perpendicular to the mean bladder 
surface: 

)1(
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1j 1k

2jj

CT

j

k
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motionorgan 

motionorgan NP

rr

P

P NP

,  (4) 

with N, the number scans per patient (N=4 in this study). Note that in this 

equation 
N

rNr
1k

j

k

j

CT /1 refers to the average between multiple scans, whereas 

j
obsr  in Eq. 1 refers to the average between multiple observers.  

In addition, the bladders were screened for systematic differences between the 
size and shape at the planning CT time and the average size and shape during 
treatment. 2D scalar maps were constructed of the difference between the 
initial bladder surface (as delineated at the planning CT scan) and the mean 
bladder surface, measured perpendicular to the mean bladder surface:  
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with j
0r the radial distance in the planning CT of patient j. 
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represents the common organ motion of all 
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Figure 3-1: The alignment of the polar coordinate system  
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bladders. The systematic component of the organ motion perpendicular to the 
mean bladder surface is then expressed as: 

11
1j

2

motionorgan 
j

motionorgan 

motionorgan PN

N

P

 
,  (6) 

where the factor N/(N-1) corrects for the fact that j
CTr  describes a sample mean 

instead of the actual mean of patient j.  

Setup inaccuracies 
The data for setup inaccuracies were extracted from the portal imaging results 
of a pooled population of 340 prostate and bladder patients treated in our 
clinic during the period January 1997 until December 1999. The 3D patient 
setup of each patient was quantified at least once a week by analyzing an 
anterior-posterior and right-to-left portal image (16,17). The patient setup was 
off-line corrected when the averaged 3D deviation is larger than a shrinking 
action level (18). A 2D scalar map of the random setup error perpendicular to 
the surface of the mean bladder shape are calculated, using the approximation:  
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,  (7) 

with setup,x, setup,y and setup,z, the anterior-posterior, left-right and cranial-
caudal component respectively of the measured random setup error and xn , 

yn and zn , the corresponding components of the vector normal to the surface 

of the overall mean bladder shape (Fig. 3-2). Similarly, a map of the 
systematic setup error is derived. 

Planning target volume estimation  
Based on the geometric deviations, a margin for the bladder CTV can be 
defined, to ensure that the majority of all patients receive an adequate dose 
distribution over the CTV. The applied recipe for this margin is developed by 
van Herk et al. (19) and quantifies the impact of the geometric deviations in 
terms of the minimum dose delivered to the CTV. If the deviations are 
described by translations only, they show that, to ensure a minimum dose to 
the CTV of 95% for 90% of the patients, a margin between CTV and PTV is 
required of: 
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m 7.05.2PTV ,    (8) 

with 2

setup

2

motionorgan 

2

verinterobser , the combined standard deviation of 

all systematic errors and 2

setup

2

motionorgan , the total standard deviation of 

all random errors (organ motion and setup error). The third term 

 

(which is 
not incorporated in the original formula) represents the systematic difference 
averaged over all patients between position and shape of the CTV as defined 
in the treatment preparation phase and the position and shape of the mean 
CTV in the treatment phase.  is the linear sum of interobserver, organ motion and 

setup.  
The difference between 

 

and 

 

is that 

 

has a stochastic character for each 
individual patient, while 

 

is identical for all patients; or to put it differently, 
where

 

is a measure for the unknown deviations of the bladder shape and 
position, 

 

is a measure for the known deviations in bladder shape and 
position. Note that whereas 

 

can have only positive values, 

 

can both 
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Figure 3-2 Schematic drawing of a 2D expansion with an elliptical kernel parameterized 

by 1yx 2

y

22

x

2 . The distance of the expansion perpendicular to the surface ( ) 

can be approximated by the distance between the center of the ellipse and the intersection 
of the normal vector (nx, ny) with the ellipse.  
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increase and decrease the margin. Since, the average delineation is our golden 
standard in this study, interobsever is set to zero for all angles 

 
and 

 
in this 

study. Similarly, setup is set to zero for all directions as well, since setup is 
very small and is different for each institution and there is no reason to 
assume that setup averaged over all institutions differs from zero. Note that 

PTVm , , 

 

and 

 

are all vectors, thus allowing Eq. 8 to be used for defining 
non-isotropic margins. 
However, the interobserver variation and the organ motion is not 
characterized by translations only. This means that a margin of  or 

 

is probably not correct to appropriately account for the (systematic) 
interobserver variation and the systematic organ motion, respectively, if 

 

is 
equal to 2.5. Indeed estimates of the target coverage as a function of alpha 
indicated (data not shown) that both for interobserver variation and organ 
motion, an alpha of 2.5 corresponds to a coverage of about 80 % of the 
patients instead of 90%. Therefore, we used Eq. 8 to derive margins, although 
it was not strictly proven that with this margin recipe a minimum dose of 95% 
is given to the bladder CTV for 80% of the patient population. 
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Results 

For 10 patients a planning CT and 3 three repeat scans were made. The bony 
anatomies in the repeat scans were successfully matched on the bony anatomy 
in the planning CT. The bladder volume in the planning CT varied from 
71 cm3 (patient 3) to 252 cm3 (patient 4), indicating a wide spread in the size 
of the bladder and/or the ability of the various patients to empty their bladder. 
The average bladder volume was 130 cm3 (SD 53 cm3).  
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Figure 3-3: Bladder volume for each patient as delineated by the different observers in 
the planning CT scan.  
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Figure 3-4: 2D scalar maps of the various geometrical quantities measured perpendicular to the 
averaged bladder surface: (a), the (systematic) interobserver variation, (b), the systematic organ 
motion, (c) the random organ motion, (d), the common systematic difference between the 
initial bladder surface and the mean bladder surface, (e) the uncorrected systematic setup error 
and (f), the random setup error. 
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Interobserver variation 
The bladder in the planning CT scan was delineated by seven radiation 
oncologists. The delineated bladder volumes are given in Fig. 3-3. The 
standard deviation is 11.8 cm3. The delineated target volumes were slightly 
but significantly below average for observer A and D and above average for 
observer E and F (p<0.005). 
Although the volumes in terms of cm3 of the targets are well reproduced by 
the different observers, locally the delineation differences are more 
pronounced (Fig. 3-4a). The transition between the bladder and the prostate 
could not unambiguously be determined for 50% of the patients, yielding a 

verinterobser of 2.5 mm locally at the caudal side of the bladder (

 

< -45

 

and/or 

 

= 180 ). This delineation problem is illustrated in Fig. 3-5 showing a 
transversal and sagittal view of the bladder of patient 6. Furthermore, 
interpretation differences occurred at the cranial part of the bladder ( >45 ) 
for patient 2 and patient 5. Another source of interobserver variation was 
caused by the limited delineation time that was available for each observer in 
combination with their manual dexterity in coping with the contouring 
technology (Fig. 3-4a). However, in general this effect is only of limited 
influence on the total interobserver variation, affirmed by the close agreement 
in the delineation of the left and right border of all bladders ( interobserver< 
0.15 mm). 

    

(a)      (b) 

Figure 3-5: Transversal (a) and sagittal (b) view of the interobserver variation of the 
bladder delineation near the transition to the prostate for patient 6.     
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Organ motion  
All patients, except patient 4, were able to maintain an acceptable 
reproducible bladder volume throughout the treatment course (Fig. 3-6). 
Patient 4 had a highly dysfunctioning urinary outflow and completely failed 
to empty his bladder prior to the third CT scan, resulting in a bladder volume 
of 390 cm3. If the volume data of patient 4 were not taken into account, the 
intrapatient variation of the bladder volume over all patients was 28 cm3 

(1 SD) and 14 cm3 (1 SD). Patient 4 is therefore considered as an outlier, and 
the data obtained from the repeat scans of patient 4 are excluded in the further 
analysis. The organ motion is predominantly observed at the cranial part of 
the bladder ( >45 ) and at the posterior side of the bladder ( =180 ), where 
the bladder can unobstructedly exchange space with the sigmoid and rectum 
(Fig. 3-4b and 3-4c). At the ventral-caudal side of the bladder ( =-45 , =0 ), 
the smallest variation is observed. This is because at this location the bladder 
abuts on the symphysis (Fig. 3-5). Furthermore, a systematic difference 
between the bladder volumes outlined at the planning CT scan and the follow-
up CT scans is observed (Fig. 3-4d). On average, the bladder surface shifts in 
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Figure 3-6: Bladder volume for each patient during the treatment period as delineated by a 
single observer in four CT scans.  
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the cranial direction with 5 mm, whereas the posterior bladder surface shifts 
5 mm ventrally.   

Patient setup 
The portal images of 317 prostate and bladder patients were routinely 
analyzed in our clinic, to quantify the setup accuracy and to correct the patient 
setup according to an off-line correction protocol. The systematic setup error 
is approximately 1.5 mm (Table 3-1) in all directions. After elimination of the 
effect of the setup corrections, the setup errors are substantially larger 
(2.5 mm 

 

3.0 mm). The day-to-day random setup errors are slightly smaller 
than the uncorrected systematic errors. The 2D scalar maps of the systematic 
and random errors perpendicular to the averaged bladder surface (Eq. 6 and 7) 
are plotted in Fig. 3-4e and 3-4f.  

Planning target volume estimation 
Margin maps are constructed (Fig. 3-7) for both the situation that a setup 
correction protocol is applied and the situation that the setup of patients is not 
corrected during the treatment (see Table 3-1). In both cases, the required 
margin to obtain adequate dose coverage is the highest (20 mm) in the cranial 
direction ( =90 ). The cranial margin is mainly necessary to compensate for 
the contractions and expansions of the bladder in this region. The smallest 
margin is required at the anterior-caudal part of the bladder, where the bladder 
borders the symphysis. As a consequence of a setup correction protocol, the 
margins in the left-right direction can be reduced from 9 mm to 6 mm (Fig. 
3-7c). With regard to the cranial margin, the systematic setup errors are 
completely overshadowed by the organ motion, meaning the net effect of a 
setup correction protocol in this direction is negligible.  

Table 3-1: Bladder volume for each patient during the treatment period as delineated by a 
single observer in four CT scans.   

setup (mm) 

including corrections 

setup (mm) 

corrections removed 

setup (mm) 

Left- right 1.6 3.0 2.2 
Cranial-caudal 1.4 2.5 1.5 
Anterior-
posterior 

1.5 2.7 1.8 
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Figure 3-7: 2D scalar maps of the margin between the bladder CTV and PTV 
without setup correction protocol (a) and with setup correction protocol (b). The 
difference is plotted in c. 
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Discussion 

The acquired results on the geometrical uncertainties show that organ motion 
is the most important uncertainty for the bladder in the multi-step 
radiotherapy process. Although the bladder filling in terms of volume could 
fairly well be reproduced for 9 out of 10 patients, locally the bladder surface 
can move with a standard deviation of 8 mm for a single patient and 4 mm for 
the whole patient group. These shifts are primarily observed at the posterior 
and cranial side of the bladder. It is remarkable to notice that a clear change in 
the shape of the bladder is observed, when comparing the bladder shape at the 
planning CT scan with the bladder shape averaged over all four scans (Fig. 
3-4d). On average the bladder becomes 4 mm more elongated in the cranial 
direction, whereas the posterior border shifts 4 mm ventrally. It is not clear 
what mechanism underlies this phenomenon, but this systematic deformation 
should not be neglected when defining margins that assure adequate dose 
coverage. 
All observers consistently delineated most bladders, although for some of the 
bladders, the boundary with the prostate was difficult to discriminate. A 
number of the physicians indicated though that, in a clinical setting when the 
transition with the prostate is hard to recognize, additional diagnostic 
information (e.g. a diagnostic CT scan) would be consulted.  
Comparison of bony anatomy at the portal images with the bony anatomy at 
the DRRs showed a systematic setup error of about 3 mm in the three main 
directions. When using an off-line correction protocol, this error could 
approximately be halved. The day-to-day random setup errors at the linear 
accelerator were slightly but significantly smaller than the uncorrected 
systematic setup errors. This might be due to the fact that the systematic 
errors also incorporate a switch from the CT scanner to the treatment unit, 
while the day-to-day random setup errors originate from setup variations at 
the treatment unit only. 
The 3D analysis clearly illustrates the need for anisotropic margins for 
bladder cancer in conformal radiotherapy. The largest margin should be 
applied at the cranial side of the bladder. This is predominantly due to organ 
motion of the bladder, which is expressed almost completely at the cranial 
and posterior side of the bladder. The reason why the posterior organ motion 
is not reflected in a large margin width at this site, is because of the 
systematic difference between the bladders outlined at the planning CT scan 
and the bladders outlined at the repeat scans (Fig. 3-4d). This systematic 
difference causes a margin width reduction at the posterior side, whereas it 
increases the margin width at the cranial side. 



Geometrical uncertainties of the bladder 

55 

The smallest margin can be applied at the border with the symphysis. It 
should be noted that even though the bladder surface can be very well 
discriminated and that no bladder expansion is possible at this site, still a 
margin of 1 cm should be applied as a result of the setup inaccuracies. The 
application of a setup correction protocol can reduce this margin to about 7 
mm. The effect of a setup correction protocol on the margins at the cranial 
and posterior side of the bladder can be ignored, since the reduction of the 
setup error is completely surpassed by the organ motion. One may conclude 
that a setup correction protocol is ineffectual for bladder cancer irradiations, 
but this is only partly true, since a setup correction protocol is still very useful 
in detecting the few patients with a large setup error. One might though 
consider a more simplified protocol for bladder cancer patients, that monitors 
the patient setup for example only two or three times at the beginning of the 
treatment instead of weekly (20), just to detect the outliers. 
The cranial margin width greatly influences the resulting volume of the PTV, 
especially if we take into account the flattened shape of an empty bladder. 
One way to reduce the high dose region in the normal tissue cranial of the 
bladder and simultaneously ensure that the entire CTV is adequately 
irradiated is by conforming the field contours to the actual shape of the 
bladder at the moment of the irradiation. CTV localization during the 
treatment session could be performed using cone beam CT scanner integrated 
with a linear accelerator (21). 
The application of the derived margin map is not easily clinically 
implemented in the sense that the margin widths are defined perpendicular to 
the bladder surface as a function of the azimuth angle ( ) and zenith angle ( ). 
However, the 3D expansion as described by the margin maps can be 
approximated by a 3D ellipsoidal convolution expansion, which is 
implemented in an increasing number of modern treatment planning systems 
(Table 3-2). 
It is important to realize that acceptable dose coverage of the bladder can only 
be obtained if the patient is able to empty his or her bladder in reproducible 
manner prior to the treatment session. If not, analysis of the repeat scans of 
patient 4 revealed (no data shown) that margins larger than 4 cm are 
sometimes required, otherwise the cranial side of the bladder does probably 
not receive the prescribed dose. Non-invasive ultra sound equipment may be 
used for diagnosing urinary outflow dysfunction (22-25).  
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Conclusions 

Three-dimensional analysis of the geometrical uncertainties in the 
radiotherapy process of bladder cancer was performed. Although 9 out of 10 
patients were able to preserve a fairly reproducible bladder volume during the 
complete treatment course, analysis of the local bladder surface revealed that 
organ motion is the predominant geometrical uncertainty in the radiotherapy 
process (5 mm, 1 SD, at the cranial side of the bladder). The interobserver 
variation was relatively small (1.5 mm  3 mm, 1 SD), although in 50% of the 
patients discrepancies were observed in discriminating the bladder from the 
base of the prostate. Analysis of portal imaging data showed setup errors up to 
3 mm (1 SD).  
The spatial variation of the geometrical uncertainties demonstrates the need 
for the use of anisotropic margins in conformal radiotherapy of bladder 
cancer. Especially at the cranial side of the bladder larger margins are needed 
because of the impact of bladder shape variation.  
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Table 3-2: Parameter values for a 3D ellipsoidal convolution expansion of the bladder.   

Without correction 
protocol 

With correction 
protocol 

cranial 2.0 cm 2.0 cm 
caudal 1.2 cm 1.0 cm 
left 1.0 cm 0.7 cm 
right 1.0 cm  0.7 cm  
anterior 1.0 cm 0.7 cm 
posterior 1.4 cm 1.3 cm 
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Abstract 

Purpose:  
To develop an accurate method to generate a dose-volume histogram of the 
rectum wall, solely based on the outer contours of the rectum wall. 

Materials and methods:  
A mathematical model for the rectum wall is developed, incorporating the 
stretching of the rectum wall due to variable rectal filling and neighboring 
structures. The model is based on the assumption that the amount of cross-
sected rectum wall tissue normal to the central axis of the rectum is constant. 
The main objective of the model is to determine the thickness of the rectum 
wall in each wall element.  
Two approaches are described, yielding both a DVH of the rectum wall, only 
based on the delineated outer contours of the rectum. In the first approach, the 
model is used to create a set of inner contours out of the axial outer contours. 
Both sets of contours are used to derive a dose-wall histogram (DWH) of the 
rectum. In the second approach, the model is used to generate a normalized 
2D sampling space, which is subsequently binned into a normalized dose-
surface histogram (NDSH). 
The model is verified using 20 sets of CT data (5 patients 

 

4 scans) in which 
both outer and inner contours of the rectum are carefully delineated. The 
DWHs and NDSHs are compared with DVHs of the rectum wall, which 
require contouring of the outer and inner surfaces of the rectum wall and with 
DVHs of the total rectum (including rectal filling). The variation between 
DWHs, NDSHs and DVHs is investigated using normal tissue complication 
probability (NTCP) calculations. 

Results:  
(A) The local wall thickness of the rectum as outlined on CT data is in 
conformity with the described rectum model. (B) The amount of rectum wall 
tissue per unit length rectum varied considerably between patients (27%, 
1SD). (C) In all analyzed patients, the DWHs and NDSHs correspond well to 
the DVHs of the rectum wall. (D) Much more discrepancies are observed 
between the DVHs of the total rectum and the DVHs of the rectum wall. 

Conclusion:  
The applied methods yield accurate dose distributions of the rectum wall, 
without delineating the inner surface of the rectum. This reduces both the 



Chapter 4 

64 

workload and variations due to inaccurate delineation of the rectum wall. The 
DWH and NDSH are effective tools to evaluate 3D-dose distributions of the 
rectum wall and to estimate the complication probability of the rectum in high 
dose conformal radiotherapy.  

Key Words:  
Dose-surface histogram, Rectal complications, Conformal radiotherapy, 
Prostate cancer 
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Introduction 

Dose-volume histograms (DVHs) are widely used in conformal radiotherapy 
to evaluate the normal tissue complication probabilities (NTCPs) and 
moreover to optimize the 3D-dose distribution in 3D-treatment plans. The 
predictive value of a DVH highly depends on the accuracy by which the 
volume of the organ is delineated. The delineation of a hollow organ, like the 
rectum, presents special difficulties. The rectum is the terminal portion of the 
intestinal tract, about 12 cm in length and extending from the sigmoid colon 
to the pelvic diaphragm (1-3). For most of its length, the rectum presents on 
its inner wall a number of longitudinal folds of submucosa covered with a 
layer of fast dividing mucosal glands. The submucosa is lined with an outer 
coat of circular smooth muscle (4, 5).  
For a correct evaluation of DVHs, both the outer and inner surface have to be 
delineated (6-8), but this is difficult for two reasons. First, the CT numbers of 
the rectum wall are often very similar to the CT numbers of the filling, 
making it hard to distinguish the submucosa and mucosal glands from the 
lumen, even with optimal settings for window and level. Secondly, the rectum 
wall can be extremely thin (< 2 mm) at some places (9), making a careful 
delineation of the wall volume a difficult task. The delineation of the outer 
bounds of the muscularis is in general less problematic. For that reason the 
rectum is often delineated as a solid organ resulting in less meaningful DVHs. 
Thus the wall surface of the rectum can be accurately determined, but 
problems occur for the delineation of the local wall thickness. 
Because the wall thickness is hard to delineate and since the vast majority of 
rectum tissue is located near the surface of the rectum, Lu et al. (10) 
introduced the concept of binning surface elements as an alternative for 
binning volume elements. In their study, surface elements were generated by 
dividing the rectum (and bladder) contours on each CT slice into segments of 
0.5 cm in length. This implies a linear relationship between the length of the 
contour segment in a slice and the amount of wall tissue represented by this 
segment. Ting et al. (11) investigated a similar approach, by sampling volume 
elements in a rectum shell with a constant thickness of 0.125 cm. MacKay et 
al. (12) pointed out that this may not be valid for the rectum wall. They 
introduced the normalized DSH (NDSH), by keeping the number of dose 
points fixed in each contour to ensure that all outlined sections of the rectum 
contribute equally to the DSH. This approach, however, does not account for 
the curving nature of the rectum. Another problem is that NDSH in this 
concept is dependent on the orientation of the CT slices. 



Chapter 4 

66 

The first goal of this study is to develop a mathematical model for the rectum, 
which specifies the local wall thickness for each surface element. The 
underlying assumptions of the model are verified using anatomical 
information obtained from CT data, in which both outer and inner surfaces of 
the rectum wall are carefully delineated. The second goal is to use the model 
to generate an accurate DVH of the rectum wall, based on the delineated outer 
surface without the necessity of delineating the inner surface. Finally, the 
resulting DVHs are compared with DVHs of the manually delineated rectum 
wall and with DVHs of the total rectum (including filling).   

(a) (b) (c) 

Figure 4-1: Schematic representation of the rectum; each square represents a fixed amount of 
rectal wall tissue: The shape of the rectum is in principle cylindrical (a). The rectum wall 
stretches because of variances in filling, but the rectum length is conserved; only the width of 
the squares changes, the height remains constant (b). Due to neighboring organs, the central 
axis is curved (c), but the additional stretching is assumed to be negligible.  
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Materials and Methods 

To create a rectum wall volume out of delineated contours of the outer surface 
of the rectum, a mathematical model is developed, which specifies the relative 
local thickness of the rectum wall for each position on the rectum surface. 
This model is based on some physiologic characteristics of the smooth 
circular muscularis of the rectum. The length of the fibers within the 
muscularis rectum may increase without a concomitant increase in tension, 
i.e., receptive relaxation (5, 13). This viscoelastic length-tension characteristic 
makes it possible for the muscularis to elongate firmly, but as the muscularis 
and vascular submucosa are stretched, the rectum wall narrows. In the model 
discussed below it is assumed that this narrowing compensates the elongation 
in such a way that the rectum wall volume is preserved.  

Rectum model 
In the description of the anatomy of the rectum wall three assumptions are 

d d

r

L L

ss

v n   

(a)       (b) 

Figure 4-2: A cylindrical rectum wall segment perpendicularly (a) and obliquely (b) cross-
sected. L, d and s

 

denote the circumference, wall thickness perpendicular to the 
circumference, and the tangent to the circumference respectively. The superscript   refers 
to their equivalents in cross-sections perpendicular to the central axis. r

 

denotes the local 
radius in perpendicular cross-sections. v and n are vectors denoting the direction of the central 
axis and the direction normal to the cross-section, respectively.  
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made: 
1. The basic shape of the rectum is a hollow cylinder (Fig. 4-1a).  
2. Rectal filling only stretches the rectum wall transversely, i.e., 

perpendicularly to and symmetrically around the central axis of the rectum. 
Displacements of wall elements along the rectum axis are neglected1. 
Consequently, the rectal filling does not affect the length of the rectum 
(Fig. 4-1b). 

3. Due to the presence of neighboring organs, the central axis of the rectum is 
curved. The additional stretching imposed by these structures is assumed to 
be negligible with respect to the stretching due to variances in rectal filling 
(Fig. 4-1c). 

Summarizing, we assume that: 
The total amount of cross-sected rectum wall tissue in every cross-section 

perpendicular to the central axis is constant throughout the entire rectum

 

If we consider every cross section perpendicular to the central axis to be 
cylindrical, with a local radius r (Fig. 4-2a), then: 

A =  
2

r

 

- ( r - d )2 ,    (1) 

and 
L = 2 r ,      (2)  

with A the rectum wall area in every cross-section perpendicular to the 

central axis, d

 

the thickness of the rectum wall perpendicular to the central 
axis and L , the outer circumference perpendicular to the central axis. Since 
d r , this results in the single solution :  

2

4
11

2 L

AL
d .    (3) 

The minimum value of L

 

is A4 , which occurs if locally the rectum filling is 

zero. If the local rectum filling increases, the rectum may lose its cylindrical 
shape. However, for large amounts of filling ( AL 4

2
), d

 

is approximated 
by LA / (first-order Taylor series expansion), which is a good measure for all 

loop-shaped surfaces with small width. Therefore, Eq. 3 is not limited to 
cylindrical rectum walls only.  

For oblique cross-sections, A is equal to the projection of the wall area A upon 

the plane perpendicular to the central axis: 
                                          

 

1 Various simulations using finite element analysis showed that the longitudinal stretching 
is always less than 20% of the transverse stretching for Poisson ratios varying between 0.3 
and 0.5.  
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),cos( nvAA ,     (4) 

with v, n vectors denoting the direction of the central rectum axis and the 
direction normal to the cross-section (Fig. 4-2). The notation cos(v,n) denotes 
the cosine of the smallest positive angle between v and n. Similarly: 

),sin( d),cos( dd svss sss

    

(5) 

with s and s vectors denoting the tangent to the in-plane circumference and 
the projection of s to the plane normal the central axis. Consequently,  

ss
s

s
sL

LLL

d),sin(d
d

d
d sv ,   (6) 

The wall thickness perpendicular to the circumference in oblique cross-
sections, d, varies along the circumference (Fig. 4-2b). It is easy to show that, 
since sdA dd  and sdA dd , d can be expressed as, 

),cos(

),sin(

ds

d

d

d

nv
sv

d
s

A

A
dd ,    (7) 

Substituting Eq. 6 into 3 and subsequently 3 into 7 yields ),,,,( nsvLAdd , 

which indicates that the thickness of the rectum wall in an arbitrary cross-
section can be expressed as a function of a rectum wall characteristic A and 

the geometry of the 2D outer surface of the rectum. 
In this section, we use the above-described model to generate a DVH of the 
rectum wall. Two distinct methods to construct a sampling space are 
presented, both based on the delineated outer rectum contours. The first 
method uses Eqs. 3, 6 and 7 to construct a set of inner contours out of the 
outer contours of the rectum. Subtracting the enclosed volumes of the inner 
surface from the enclosed volume of the outer surface yields the volume of 
the rectum wall. This volume is subdivided into small voxels on a Cartesian 
grid, which are subsequently binned to their dose in the conventional manner. 
The resulting histogram is addressed as a dose-wall histogram (DWH), to 
distinguish the histogram from the standard DVH, in which the inner surface 
is manually delineated.  
In the second approach, the model is used to subdivide the outer surface into 
small normalized surface elements, each representing a fixed amount of wall 
tissue. The surface elements are binned to their dose, yielding a normalized 
dose-surface histogram (NDSH). To subdivide the outer surface into small 
normalized surface elements, we derive a sample point density function 

),( sv

 

for each axial contour of the rectum. The sample point density 

function describes the distribution of sample points on each contour. For 
reasons of simplicity, it is assumed that in every CT slice a contour is defined. 
The sample point density function is then defined by: 
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ds

d
),(

N
sv ,     (8) 

with N, the total number of sample points on a contour. This can be rewritten 
by: 

ds

d

d

d
),(

V

V

N
sv ,     (9) 

with V the rectum wall volume within a slice. The derivative dN/dV represents 
the volumetric sample point density and is constant. Since slicewAV , with 
wslice the slice width, Eq. 8 becomes, 

s
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d
),( slicesv ,     (10) 

or in terms of Ad / sd , 
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Since Ad / ds  = LA / , substituting Eqs. 4 and 5 into 11 yields, 
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1
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,   (12) 

and after substitution of Eq. 6, 

L

wC
)ds,sin(

),sin(
),( contour sv

sv
sv ,    (13) 

 with, wcontour=wslice/cos(v,n), the distance between the centers of gravity of 
two subsequent contours. The constant C, AVNC d/d , represents the 
number of sample points per unit length rectum along its central axis. In this 
study C is set to 100 sample points per cm rectum, yielding a total number of 
sample points of 1500 per rectum.  
The density function is used to generate a sample point distribution for each 
outer contour of the wall. The sample points are subsequently shifted towards 
the inner surface by half the wall thickness (Eq. 7). Finally, the NDSH is 
generated by binning each sample point to its dose.  
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Patients 
In order to verify the hypotheses of the rectum model, five different T3 
prostate cancer patients with three repeat scans were investigated. These 
patient data were obtained from a previous study of the variation in volumes, 
DVHs and NTCPs of rectum and bladder (8). The patients were treated 
conformally using a simultaneous boost technique (14). In this three field 
technique (one anterior-posterior and two lateral fields), boost fields and large 
fields were delivered simultaneously using partial transmission shielding 
blocks. The dose to the prostate and seminal vesicles region and to the pelvic 
node region by the transmission blocks was 70 Gy and 46 Gy, respectively. 
One hour before the planning CT scan, the patients were instructed to drink 
500 ml of contrast fluid. Apart from the initial planning CT scan, three 
follow-up scans were made in week 2, 4 and 6 of the treatment. The CT scan 
for treatment planning was made by scanning at an interval of 3 mm in the 
prostate and seminal vesicles region and 5 mm in the remaining region of 
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Figure 4-3: Enclosed areas of the outer and inner rectum contour per slice of the 2nd scan of 
patient A. The open circles denote the delineated rectum wall area in each slice, i.e., the 
area between the outer and inner rectum contour. The dotted line denotes cos(v,n). The 
calculated values for A  are denoted by the diamonds.  
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interest. To cut down scanning time and disk space the patients were scanned 
with a 5 mm slice thickness over the whole region during the follow-up scans. 
The bony structures of the follow-up scans were automatically segmented and 
matched onto the first scan using 3D chamfer matching (15, 16).  
The outer wall as well as the inner wall of the rectum were contoured in each 
CT slice by one of the authors (MvdB). The cranial border of the rectum was 
defined as the location where the rectum turned horizontally into the sigmoid 
colon. The caudal border was defined as 15 mm caudal to the apex of the 
prostate. For all rectum structures (20 in total), the rectum wall was delineated 
in each slice. The hypothesis that A is constant throughout the entire rectum 

is verified and the variation of A among different patients was measured. 

Subsequently, the variation between the DWHs, NDSHs and the DVHs is 
analyzed by means of NTCP calculations based on different dose 
distributions. The NTCPs were calculated using the model of Lyman (17) and 
Kutcher et al. (18), with the following parameters: TD50 = 80 Gy, n = 0.12 
and m = 0.15. All patients were treated with a simultaneous boost technique 
up to a dose of 70 Gy, but to increase our data, additional histograms were 
generated based on a similar technique where the transmission shielding 
blocks were replaced by full thickness Cerrobend blocks (4% transmission 
instead of 65%). NTCPs were calculated for both techniques for both 70 Gy 
and 80 Gy dose prescriptions.  

Results 

Rectum wall contours 
For each patient the outer contours as well as the inner contours of the rectum 
were delineated in every CT slice. There was considerable variation in the 
enclosed area of both the outer and inner contours from slice to slice, Aout and 
Ain, respectively, (Fig. 4-3 and 4-4). This variation was mainly caused by the 
variation in rectum filling within a single scan. The relative (and absolute) 
variation in the delineated rectum wall area,  A, in each CT scan was much 
less, as is indicated by the error bars in Fig. 4-4. The variation of Aout and A in 
a single scan was on average 52% and 21% (1 SD), respectively. 
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The direction of the central axis of the rectum is retrieved from the centers of 
gravity of the subsequent contours in a CT scan. The cosine of the angle 
between the central axis and the scan direction is used to obtain a value for 
A  in each slice (Fig. 4-3). No correlation between A and cos(v,n) was found, 

although it was expected that more rectum wall intersects with a slice in the 
parts where the rectum is more obliquely cross-sected. A small positive 
correlation (r=0.43) between the delineated wall area and the circumference 
of the rectum contour was demonstrated (no data shown).  
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Figure 4-5: DWH of the rectum in the 2nd scan of patient A for three different values of A  
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Figure 4-4: Mean enclosed area of the outer rectum contour, 
scanoutA , and the mean 

delineated rectum wall area, 
scan

A , for the 20 CT scans. The error bars denote 1 SD. 
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The daily fluctuations in rectum filling caused a variation between the repeat 
scans of the mean enclosed area of the outer contours,

scanoutA , where the 

brackets denote the average over all CT-slices of a single scan. The mean 
delineated wall area in a CT-slice, 

scan
A , was closely reproduced in the 

repeat scans (7%, 1SD). This small variation is attributed to the drawing 
accuracy. The mean delineated wall area for the individual patient, 

patient
A , 

ranged between 2.2 cm2 for patient B and 4.9 cm2 for patient A, indicating a 
considerable interpatient variation in rectum wall volume in a CT-slice. The 
overall mean delineated wall area, 

overall
A , was 3.6 cm2. The calculated values 

for 
patient

A ranged between 1.6 cm2 and 3.3 cm2 with an overall mean of 

2.7 cm2 and an interpatient variation of 0.7 cm2 (1SD). Fortunately, the 
deviation of the resulting DWH due to the uncertainty in A is small, as is 

illustrated in Fig. 4-5. Similar results are observed using other treatment 
techniques, e.g. multi segmented IMRT (no data shown). This is because, 
independent of the treatment technique, the dose difference between the inner 
and outer wall surface is relatively small in relation to the total dose 
differences in the anterior-posterior and cranio-caudal direction within the 
rectum wall.  
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Figure 4-6: Cumulative DVH of the total rectum versus DVH of the rectum wall and DWH 
and NDSH of the rectum (2nd scan patient A) 
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DWH and NDSH versus DVHs 
Fig. 4-6 shows the DWH, NDSH, DVH of the rectum wall and the DVH of 
the total rectum including filling as delineated in the 2nd scan of patient A. 
Since the sampling space of both the DWH and the NDSH are based on the 
same rectum model, these histograms should coincide over the entire dose 
domain. Fig. 4-6 shows that indeed the choice of sampling space does not 
effect the resulting histogram. The DWH and NDSH are mutual 
exchangeable. 
The DWH (and NDSH) closely resembles the DVH of the rectum wall. The 
DVH of the total rectum including filling, however, clearly underestimates the 
high dose fraction, in this example, since the latter histogram also accounts 
for the dose distribution in the rectal filling, which is mainly positioned 
outside the high dose region. 
To analyze the differences between the DVHs of the rectum wall, DVHs of 
the total rectum, and DWHs of the rectum, NTCPs were calculated based on 
four different dose distributions, yielding a total of 3 histogram types  4 dose 
distributions 

 

20 scans = 240 NTCP-values. The ratio of the NTCP based on 
the DWH (and the DVH of the total rectum) and the NTCP based on the DVH 
of the rectum wall are determined for all rectum-dose combinations. The 
frequency distribution of these ratios is plotted in Fig. 4-7. The average ratio 
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Figure 4-7: Frequency distribution of the ratio of NTCP-values based on DWHs or DVHs 
of the total rectum and NTCP-values based on the DVHs of the rectum wall 
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of the NTCP based on DWH and the NTCP based on the DVH of the rectum 
wall was 0.98 ± 0.11(1SD). The average ratio of the NTCP based on DVH of 
the total rectum and the NTCP based on the DVH of the rectum wall was 0.97 
± 0.30(1SD). 

Orientation of data sets 
If a rectum and a dose distribution are defined in a 3D space, then the 
resulting DVH should not be dependent on the orientation of the data set. In 
Fig. 4-8, the contours of rectum of the 2nd scan of patient A are shown 
together with the beam set up. Besides the original contours, the outer rectum 
is also sliced into a data set that is rotated by 30o. From both sets of contours 
an NDSH is generated. If the number of sample points in each slice is fixed 
and the mutual sample points are equally spaced in each slice (approach 
MacKay et al. (12)), the two DSHs substantially differ (Fig. 4-9). If the 
number of sample points in each slice and its distribution is adapted to the 
angle of intersection (Eq. 5), the influence of the orientation of the data set is 
drastically reduced.  

 

Figure 4-8: A lateral view of a rectum contoured in an axial data set and in a data set that is 
rotated by 30o 
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Discussion 

We described a method for generating a DVH of the rectum wall, based on 
the outer contours of the rectum only. A mathematical model is used to 
specify the wall thickness for each contour segment. A measure for the 
average wall thickness is obtained from 20 sets of CT data of 5 patients. Two 
different approaches of volume sampling are presented. In the first approach a 
set of inner contours is constructed, which is used for outlining the rectum 
wall volume. This volume is used to create a DWH. Although there is a linear 
relationship between the average wall thickness and the wall volume, the 
resulting DWH is not very sensitive to this parameter (Fig. 4-5). 
In the second approach, the model is used to subdivide the outer surface into 
small normalized surface elements, each representing a fixed amount of wall 
tissue, yielding an NDSH. Li et al. (19) pointed out that, due to partial volume 
effects, a DSH from an outer or inner rectum surface may considerably differ 
from a DWH of the rectum if high dose gradients over the rectum wall occur. 
These differences are much reduced by shifting all sample points towards the 
inner surface by half the wall thickness. The DWH and the NDSH are both 
based on the same rectum wall model and therefore, both curves coincide  
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Figure 4-9: NDSHs of one rectum (2nd scan patient A) defined in two different datasets, 
without and with a correction for the angle at which the rectum is locally intersected. 
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over the entire dose domain (Fig. 4-6). The DWHs (and NDSHs) correspond 
reasonably well to the DVHs of the rectum wall based on manual delineation 
of both the outer and inner contours. This is shown in Fig. 4-7, where NTCP-
values of both histograms are compared. This result was also found for other 
dose distributions from e.g. multi segmented irradiation techniques (no data 
shown).  
DVHs of the total rectum including filling are not appropriate for analyzing 
the complication probability of the rectum (Fig. 4-7). Differences up to a 
factor 2 occur, when comparing NTCP calculations based on the DVH of the 
rectum wall with NTCP calculations based on the DVH the total rectum. 
Especially in cases where one or more beams graze the rectum wall, large 
differences between the DVH of the total rectum and the DVH of the rectum 
wall occur.  
It is difficult and time-consuming to accurately outline the inner surface of the 
rectum wall. Inaccuracies in a DVH of a manually delineated rectum wall are 
likely to occur, since the CT numbers of the rectum wall are often very 
similar to the CT numbers of the filling, making it hard to accurately outline 
the inner surface. This is illustrated by the fact that no correlation was 
observed between the delineated rectum wall area A and the angle of cross-
section of the rectum. Thus, the variances in wall thickness in a single slice 
due to oblique slicing cannot be observed in a single CT-slice. In addition, at 
positions with large filling, the rectum wall becomes extremely thin (2 mm or 
less), making it hard to accurately depict a rectum wall. It is therefore 
reasonable to assume that the observed correlation between the local cross-
sected rectum wall A and the local circumference, i.e., local filling, is an 
delineation artifact. In addition, an observer usually restricts himself to the 
2D-image information of a single slice, when delineating the rectum wall, 
while the DWH (and NDSH) algorithm takes the full 3D-geometry of the 
rectum surface into account for determining the wall thickness. Because of 
these delineation uncertainties of the inner surface, the dose distribution over 
the rectum wall is probably better represented by a DWH or NDSH, than by a 
(conventional) DVH of the rectum wall. DWHs and NDSHs have the 
additional advantage of a lower workload, since only one set of contours has 
to be delineated.  

Conclusions 

A new method of analyzing the dose distribution over the rectum wall is 
developed based on solely the outer contour information defined in the axial 
CT slices and the anatomical properties of the rectum wall. The dose-wall 
histograms and normalized dose-surface histograms of the rectum correspond 
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well to the DVHs of the rectum wall. They both have the advantage over a 
DVH that only the outer contours of the rectum have to be delineated, 
resulting in a lower workload and a reduction of variations due to delineation 
inaccuracies of a thin rectum wall. The dose-wall histogram and normalized 
dose-surface histogram are useful dosimetric tools in clinical practice to 
estimate the complication probability of the rectum in high dose conformal 
radiotherapy. 
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Abstract 

Purpose:  
Portal images of conformal treatment fields are often not suitable for setup 
verification purposes because they contain insufficient bony structures. 
Therefore, additional rectangular fields are frequently applied for setup 
verification purposes. It is the aim of this study to reduce the dose distortions 
induced by these extra fields by appropriately adjusting the beam weights and 
wedge angles of the treatment fields. 

Materials and methods:  
A second treatment plan for the setup verification session is generated, with 
an identical beam setup as the original plan, but which also includes two 
orthogonal setup verification fields. An algorithm is developed, based on 
vector analysis methods, that adjusts the beam weights and wedge angles of 
the treatment fields in such a way that both the dose at the isocenter and the 
dose homogeneity over the PTV are conserved. 

Results:  
The algorithm was applied to three clinical cases. The number of MUs for the 
setup verification fields, using a liquid filled electronic portal imaging device, 
varied between 16 MU in the head and neck region up to 34 MU for lateral 
images in the pelvic region. In all cases, the method yielded a treatment plan 
including two orthogonal setup verification fields with a similar dose 
distribution over the PTV as the original treatment plan without the setup 
verification fields. 

Conclusion:  
The dose distortions resulting from the acquisition of orthogonal verification 
imaging can be neutralized by modifying the original beam weights and 
wedge angles of the treatment fields. 

Key Words:  
portal imaging, treatment planning, optimization.  
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Introduction 

An increasing number of institutions is using portal imaging systems to 
monitor the setup accuracy. The treatment fields are often not suitable for 
matching purposes because the amount of bony structures in conformal 
treatment fields is often too small or the images are too vague (1) to be used 
for matching purposes. Furthermore, portal images for setup verification 
purposes are frequently acquired with AP or lateral beams, which generally 
do not coincide with the treatment fields (2). 
The number of monitor units required to obtain a portal image of satisfactory 
quality highly depends on the system used. Electronic portal imaging systems, 
based on fluoroscopy generally only need 3 to 4 MU to outline the bony 
structures, but organ motion studies involving radio-opaque markers (3-5), 
show that 20 MU for large fields and 30 MU for smaller fields are needed to 
get adequate images for marker localization (6). Film measurements usually 
require also more MUs. An exposure of 15 MU to 30 MU is common using 
conventional films for megavolt imaging, although new types of fast film also 
give good results at lower exposures (4 MU-8 MU). 
The exposure for image acquisition in scanning matrix systems is generally 
non-negligible as well. The portal images in our institution are acquired with 
a matrix ionization detector (Varian PortalVisionTM (7)). Two orthogonal 
verification images (approximately 15 

 

15 cm2) are taken to determine the 
patient s position. The number of MUs for the setup verification fields varies 
between 16 MU (2 frames, 125 MU/min) in the head and neck region up to 34 
MU (4 frames, 200 MU/min) for lateral images in the pelvic region.  
These orthogonal setup verification fields distort the planned dose distribution 
in three ways. Firstly, the target dose increases, due to the additional dose 
delivered by the setup verification fields. Secondly, the dose homogeneity 
over the PTV is affected, due to the dose gradients of the fields, and finally, 
the dose to the tissues surrounding the target increases, due to the larger field 
size of the setup verification fields. This large field size is necessary to 
identify sufficient bony anatomical landmarks on the verification image. 
Consequently, the dose increase to the tissues surrounding the target can only 
be minimized by a reduction of the number of MUs for the setup verification 
fields. 
The first aspect can be dealt with in several ways. The most elementary 
method of compensating the increase of total tumor dose is by omitting a 
treatment session. This procedure is only appropriate if the total dose 
contribution of the given number of setup verification fields approximates the 
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fraction dose. Consequently, the possibilities to increase (or decrease) the 
total number of verification images during the treatment course are limited. In 
addition, the dose per fraction in setup verification sessions is higher than in 
normal sessions, which is undesired from a biological point of view. A 
somewhat more sophisticated method is to compensate the additional dose 
contribution during the setup verification session itself by a proportional 
reduction of the original number of MUs of the treatment fields, yielding an 
unaltered dose at the isocenter. The second problem of increased dose 
inhomogeneity over the PTV still remains, however. To overcome this 
problem, we can generate an additional treatment plan for the setup 
verification sessions, with an identical beam setup as the original plan, but 
which also includes two orthogonal setup verification beams.  
It is the aim of this study to develop a method to acquire new beam weights 
and wedge angles for the treatment fields in this setup verification plan, 
without the workload of manually optimizing these parameters. An algorithm 
is developed which optimizes the beam weights and wedge angles of the 
treatment beams. The algorithm is implemented in a software routine that is 
integrated in our 3D treatment planning system (9).  

b2   ,w2
OP OP

b3   ,w3
OP OP

b3   ,w3
SVP SVP

b2   ,w2
SVP SVP

b4
SVP

b1   ,w1
OP OP

b5
SVP

b1   ,w1
SVP SVP

Figure 5-1: Schematic representation of the original plan, OP, (left) and the setup verification 
plan, SVP, (right). The tumor (dark grey) is situated in the crossfire, while the organ at risk 
(black) is kept outside the treatment fields 
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Materials and Methods  

Consider a multi-field technique, with all fields conformed to the PTV 
(Fig. 5-1a). We refer to this treatment plan as the original plan (OP). The 
associated setup verification plan (SVP) contains the treatment fields of the 
OP and two additional orthogonal setup verification fields (Fig. 5-1b). The 
beam weights of both plans are defined at the isocenter and are normalized to 
1 (

i
ifractionii 1;/ bDDb ). The aim is to determine a new set of beam 

weights and wedge angles for the SVP, without affecting the dose distribution 
over the PTV as produced by the OP. This is accomplished in five steps: 
1. Wedged beams are decomposed into an open segment and a segment with 

the maximum physical wedge angle available. 
2. Beam weights of the setup verification beams are derived from the number 

of MUs required for portal imaging. 
3. Dose gradients of each segment are determined. 
4. New sets of beam weights for the SVP are determined based on these dose 

gradients and an optimization algorithm is used to find the optimal set of 
beam weights. 

5. Corresponding open and wedged segments are merged. 
In the next section, each of these steps is described in more detail. 

1. Decomposing wedged beams 
Each wedged beam with beam weight bi and wedge angle wi is decomposed 
into an open segment (bopen,i) and a segment with maximum wedge angle 
(bwmax,i) using the following expression (10,11) 

1
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where f denotes the ratio of the slopes of the central-axis depth-dose curves 
for the open and wedged fields. f differs from unity due to the presence of 
scattered radiation and beam hardening. For most clinical field sizes (5 

 

5 
cm2 

to 15 

 

15 cm2), f ranges between 1.00 and 1.08. The expression in Eq. 1 
can therefore be approximated by: 
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In this way, a set of p beams with p beam weights and q wedge angles (with 
p q) is converted to a set of (p+q) beam segments with (p+q) beam weights. 
The wedge angle of each segment is either zero or maximal. 
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2. Determination of verification field beam weights 
Since the sum of the beam weights of the SVP is one, the beam weights of the 
setup verification fields can be calculated using the following expression 
based on the ESTRO formalism (12): 

fractionRiRfraction

SVP

i

SVP

i /),()(/ DczTcOUDDDb ,   (3) 

with  SVP

ib = beam weight of setup verification field i,   
SVP
iD  = dose contribution of setup verification field i 

Dfraction = dose per fraction, 

RD  = dose per MU under reference conditions, 

iU = desired number of MUs for setup verification field i, 
OR(c) = output ratio in full-scatter conditions for field size c, 
T(z,c) = tissue-phantom ratio at depth z and field size c. 
An additional correction is applied to account for tissue inhomogeneities. The 
magnitude of this correction is calculated by our treatment planning system. 

3. Dose gradients 
Two dose distributions defined in a certain volume are identical, if the 
following two conditions are simultaneously true: a) somewhere in the 
volume the dose values are identical and b) the dose gradients are identical 
over the entire volume. The dose gradient at a single point can be decomposed 
into the dose gradients induced by the individual beam segments. A number 
of simplifying assumptions are made, previously described by Sherouse (13), 
regarding the dose gradient induced by a single beam segment within the 
crossfire: (1) The incidence of each beam segment is perpendicular to the 
patient s surface. Consequently, the induced dose gradient of an open beam 
segment is axial, i.e., coincides with the central axis. (2) The addition of a 
wedge induces a transaxial component in the dose gradient, i.e., perpendicular 
to the central axis, without affecting the axial component. (3) All beam 
segments of equal beam quality have the same axial specific dose gradient in 
the region of the crossfire.  
The specific dose gradient iD

 

of a beam segment i is defined as the dose 
gradient divided by the dose contribution of the beam segment at the isocenter 
( iii / DDD ). The axial component of the specific dose gradient, ai,D , is 

directed towards the focus. The magnitude of the axial component for each 
beam quality at the isocenter is obtained from PDD-curves (SSD = 90 cm, 10 

 10 cm2) and varies between 0.043 cm-1 for 18 MV-beams and 0.056 cm-1 for 
4 MV-beams. For the wedged beam segments, a transaxial gradient is 
induced, ti,D , perpendicular to the axial gradient. The radial orientation is 
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dependent on the wedge orientation and collimator angle. The magnitude of 
the transaxial component for the wedged segments is expressed as: 

)tan( imax,ai,ti, wDD

     
(4) 

Consequently, the magnitude of the total specific dose gradient for a wedged 
segment is given by: 

)cos(/ imax,ai,

2

ti,

2

ai,i wDDDD .   (5) 

4. Solution space of beam weights 
The condition that the dose distributions over the PTV of the OP and SVP are 
similar, requires an identical dose gradient of both distributions throughout 
the PTV. Since the PTV is within the cross-fire of all beams, the resulting 
dose gradient at the isocenter is the vector sum of the dose gradients induced 
by the separate beam segments, or: 
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where the fourth equation expresses the normalization constraint. The indices 
x, y and z denote the right-left, feet-head and dorsal-ventral direction in the 
patient system respectively. The transformation of ai,D

 

and 

ti,D into xi,D , yi,D and zi,D is determined by the collimator, gantry and 

turntable rotations (Appendix A). The right-hand terms in the first three 
equations are theoretically zero, since this implies a zero dose gradient at the 
isocenter, which is equivalent to the treatment planning optimization criterion 
of a homogeneous dose distribution over the PTV. Since we neglect the 
effects of non-perpendicular beam incidence and tissue inhomogeneities in 
calculating the specific dose gradients, the calculated dose gradients of the OP 
and the SVP at the isocenter may differ from the actual dose gradients. 
However, the actual dose gradients of the OP and SVP are very similar if the 
calculated dose gradients of the OP and SVP are equal, because of the 
correlated beam setup. 
This set of equations has n unknowns ( SVP

1b SVP
nb ) and usually has no 

solutions for n<4. For n=4, there exists generally one single solution. For 
most clinical conformal beam setups n is greater than 4 and for these cases, no 
unique solution is expected. Usually, there is a n-4 dimensional family of 
beam weight solutions. This solution space can be found using a set of 
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singular value decomposition techniques (Appendix B.1). A cost function in 
combination with an optimization algorithm is used to select the combination 
of beam weights for the optimal SVP (Appendix B.2 and B.3). 

5. Merging corresponding open and wedged segments. 
After establishing a set of beam weights for the open and wedged segments of 
the SVP, Eq. 5 is used again for merging corresponding open and wedged 
segments into a single beam. The inverse transformation yields a continuous 
spectrum of wedge angles. The returned wedge angle has therefore to be 
rounded off to the nearest wedge angle that is clinically available.  

Results 

The algorithm is applied to three clinical cases, a prostate case, a lung case, 
and a brain case. The dose per fraction was 2 Gy for all cases and all fields 
were conformally shaped to the PTV. 

Prostate case 
The prostate patient, who participated in a dose escalation study, was 
conformally irradiated up to a dose of 68 Gy to the isocenter on the prostate 
and seminal vesicles plus a 10 mm margin. In addition, the patient received a 
coned down boost (prostate + no margin towards the rectum and 5 mm 
elsewhere) of 10 Gy. A three-field technique was applied with an 8 MV 
anterior-posterior beam and two wedged lateral 18 MV beams. Fig. 5-2a 
shows the beam setup and dose distribution of the original plan for the first 68 
Gy. In 10 out of 39 fractions, verification images were recorded of an open 8 
MV anterior-posterior and a 18 MV right lateral field (both 16 

 

16 cm2). 20 
MU and 34 MU were delivered for the anterior and lateral setup verification 
field, respectively. The dose contribution at the isocenter of these setup 
verification fields was 43 cGy. 
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(a) 

(b)

 

(c) 

Figure 5-2: Three-field prostate technique as optimized by the dosimetrist (a). The black 
arrows symbolize the individual dose gradients of the decomposed beam segments. The dose 
distribution of the setup verification treatment obtained by a proportional reduction of the 
numbers of MUs is displayed in (b). The white arrows denote the dose gradients induced by 
the setup verification fields. The dose distribution of the optimized setup verification plan is 
displayed in (c).  
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The dose increase due to the setup verification fields can easily be 
compensated by multiplying the numbers of MUs of the original plan with a 
factor 0.785 ( (200-43)/200) (Table 5-1). This renormalization does, 
however, not compensate the dose gradients induced by the setup verification 
fields (Fig. 5-2b). In addition, a dose increase of 10% to the right femoral 
head is observed, i.e. 2 Gy in 10 setup verification sessions. This is also 
undesirable. The optimized SVP has a similar dose distribution in the PTV as 
the original plan (Fig. 5-2c). As might be expected, the algorithm subtracts 
the beam weights from the additional setup verification fields completely 
from the open segments of the treatment fields with corresponding gantry 
angles. As a consequence, the dose to the right femoral head does not 
increase. Since the beam weights of the wedged segments remain unaltered, 
the wedge angle of the right lateral field increases. If the treatment fields have 
other gantry angles or turntable angles than the setup verification fields, it is 
not evident, to what extent the individual beam weights and wedge angles 
have to be adjusted. This is illustrated in the next cases. 

Lung case 
The patient discussed here was treated up to a dose of 68 Gy. The OP 
consisted of two wedged beams, AP and right-lateral, and one open oblique 
beam, all 8 MV (Fig. 5-3). The corresponding SVP had in addition two 
orthogonal fields (AP and left lateral), both 15 

 

15 cm2. The number of 
monitor units required for these setup verification fields was 18 MU for each 
field resulting in an additional 30 cGy at the isocenter. As for the prostate 
case, this supplementary dose can be compensated by a renormalization of the 
beam weights (Table 5-2), but again, this correction does not counterbalance 
the induced dose gradients over the PTV (Figs. 5-3a and 5-4). In the 
optimized SVP, the dose gradients induced by the setup verification fields are 
neutralized by a reduction of the beam weight of the oblique beam (Figs. 5-3b 
and 5-4) 

Table 5-1: MU-prescription, beam weights and wedge angles of the original prostate plan, 
the setup verification plan obtained by a proportional reduction of the MU numbers and the 
optimized setup verification plan.   

OP SVP  
(proportional reduction) 

optimized SVP 

 

MUopen, 

MUwedge 

beam 

 

weight 

wedge  

angle 

MUopen, 

MUwedge 

beam  

weight 

wedge  

angle 

MUopen, 

MUwedge 

beam  

weight 

wedge  

angle 

AP 118, 0 0.46 0º 93, 0 0.35 0º 97, 0 0.37 0º 
right 39, 144 0.27 40º 31, 113 0.22 40º 0, 149 0.15 60º 
left 39, 142 0.27 40º 31, 111 0.22 40º 39, 142 0.27 40º 

AP setup - - - 20, 0 0.08 0º 20, 0 0.08 0º 
right setup - - - 34, 0 0.13 0º 34, 0 0.13 0º 

total  1.00   1.00   1.00  
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Brain case 
This patient was treated with a non-coplanar technique up to a dose of 30 

 

2 
Gy. The OP consisted of four obliquely incident 8 MV wedged fields. The 
corresponding SVP had in addition two orthogonal fields, AP and left lateral, 
both 14 

 

11 cm2 (Fig. 5-5a). The number of monitor units applied for these 
setup verification fields was 16 MU, resulting in a dose of 28 cGy at the 
isocenter. The differences in the dose distributions over the PTV of the SVP 
and the OP are negligible (Fig 5-5b).  

R L

R L

(a)

 

R L(b)

R L

 

Figure 5-3: Three-field lung technique including two orthogonal setup verification fields 
indicated by the dashed lines. The isodose lines indicate the percent dose difference between 
the setup verification plan obtained by proportional reduction and the original plan (a). In 
(b) the percent dose difference between the optimized setup verification plan and the 
original plan is plotted.  
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Discussion 

Dose distributions 
A method is developed to correct the distorted dose distribution induced by 
the acquisition of verification images. A new setup verification plan (SVP) is 
constructed, that includes the dose distribution of the setup verification fields. 
The beam weights of these setup verification fields are directly related to the 
desired number of MUs. An iterative optimization process adjusts the 
remaining beam weights. In the resulting SVP, the setup verification beams 
have to be regarded as large treatment fields, with relatively small fixed beam 
weights (Tables 5-1, 5-2 and 5-3). The SVPs produce similar dose 
distributions over the PTV as the corresponding original plans (OPs) (Fig. 5-
2). This means that the OP and SVP are mutually exchangeable as far as it 
concerns the dose distribution over the PTV. The total number of verification 
images to be taken can therefore be adjusted almost freely during the 
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Figure 5-4: Dose volume histograms of the PTV of the original lung plan, the setup 
verification plan obtained by a proportional reduction and the optimized setup verification 
plan. 
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treatment course. The dose increase to the irradiated volume outside the PTV 
is limited, but still may lead to a restriction of the total number of verification 
images to be taken, if the dose to organs at risk in the OP is critical. 

Clinical implementation 
The algorithm is implemented in a software routine that interacts with our 3D 
planning system. After the dosimetrist has made a copy of the OP and has 
added the setup verification fields to this copy, the dosimetrist enters the 
desired number of MUs for the setup verification fields and the dose per 
fraction. The new beam weights are subsequently calculated (within a second) 
and the old beam weights are replaced. After a check of the resulting dose 
distribution, the MU-prescription for the SVP is calculated. The additional 
workload for the dosimetrist to generate the SVP and recalculate the MU-
numbers in this procedure is estimated to be about 15 minutes per patient. 
This is considered to be reasonable in relation to the total workload of several 
hours per patient for the dosimetrist. 

Other applications 
With a small modification, the presented method can also be used to quickly 
generate a set of beam weights and wedge angles for an arbitrary beam setup, 
resulting in a fairly homogeneous dose distribution over the PTV. If we 
replace the right hand terms of the first three equations in Eq. 6 by zero, the 
corresponding beam weight solutions theoretically have no dose gradient at 
the isocenter. This method yields fine results in homogeneous patients with 
perpendicularly incident beams (Appendix C). The presence of tissue 
inhomogeneities and obliquely incident beams may degrade the dose 
homogeneity. In any case, this application can be a useful planning aid for 
dosimetrists to quickly find a set of initial beam weights and wedge angles for 
any isocentric treatment technique and shall be subject of further 
investigation. 

Table 5-2: MU-prescription, beam weights and wedge angles of the original lung plan, the 
setup verification plan obtained by a proportional reduction of the MU numbers and the 
optimized setup verification plan.   

OP SVP  
(proportional reduction) 

optimized SVP 

 
MUopen, 

MUwedge 

beam 

 

weight 

wedge  

angle 

MUopen, 

MUwedge 

beam  

weight 

wedge  

angle 

MUopen, 

MUwedge 

beam  

weight 

wedge  

angle 

AP 50,162 0.45 35º 41, 133 0.39 35º 48, 156 0.44 35º 
oblique 55, 0 0.25 0º 45, 0 0.21 0º 26, 0 0.12 0º 

left 32, 154 0.30 40º 16, 127 0.25 40º 31, 149 0.29 40º 
AP setup - - - 18, 0 0.08 0º 18, 0 0.08 0º 
left setup - - - 18, 0 0.07 0º 18, 0 0.07 0º 

total  1.00   1.00   1.00  
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Conclusions 

The dose distortions resulting from the acquisition of orthogonal verification 
images can be neutralized by modifying the original beam weights and wedge 
angles of the treatment fields. An algorithm is developed that performs the 
appropriate modification. This algorithm corrects for both the increase in 
absolute dose at the isocenter and for distortions of the dose gradient in the 
PTV. The modified treatment fields and orthogonal verification fields are 
combined in a second treatment plan. The second plan yields a dose 
distribution over the PTV similar to the original plan. Both plans are therefore 
mutually exchangeable as far as it concerns the dose distribution over the 
PTV. This allows the physician to adjust the number of treatment sessions 
during which orthogonal verification images are taken, without worrying 
about the additional dose to the PTV. Attention should be given to a possible 
dose increase to organs at risk resulting form the verification fields. 
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Figure 5-5: Four-field brain technique including the orthogonal setup verification fields (a). 
Dose volume histograms of the PTV of the original brain plan and the optimized setup 
verification plan (b). 
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Appendix 

A Coordinate transformation 
The specific dose gradient of a beam segment is decomposed into an axial 
( ai,D ) and a transaxial ( ti,D ) segment. The axial component is directed 

towards the focus, while the transaxial component is directed towards the thin 
edge of the wedge filter. In order to determine the specific dose gradients in 
the patient system in Eq. 5, we make use of three intermediate coordinate 
systems originally described by Siddon (14): the fixed system (F-system), the 
gantry system (G-system) and the collimator system (C-system). These 
Cartesian right-handed systems all have their origin at the isocenter. The F-
system is fixed to the treatment room. The zF-axis is directed vertically 
upwards and the yF-axis is horizontal and directed towards the gantry. The G-
system is stationary with respect to the gantry. The zG-axis passes through and 
is directed to the radiation source. The yG-axis coincides with the yF-axis. The 
C-system is stationary with respect to the collimator. The zC-axis coincides 
with the zG-axis. The yC-axis is directed towards the thin end of the wedge. 
Our patient system (P-system) is defined to be stationary with respect to the 
isocenter. For supine positions, the zP-axis is directed vertically up and the yP-
axis is directed in the feet-head direction. 
Accordingly, 

CG

100

0cossin

0sin-cos

xx  ,    (7) 

GF

cos0sin-

010

sin0cos

xx

  

,   (8) 

FP

100

0cossin-

0sincos

xx

  

,   (9) 

with ,

 

and 

 

the collimator angle, the gantry angle and turntable angle, 
respectively. Note that all coordinate systems are identical when all angular 
positions are set to zero (Fig. 5-6). Substituting (7) and (8) into (9) yields: 
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ai,

ti,

(P)

zi,

(P)

yi,

(P)

xi,

cossinsin

sinsinsincossincoscos

sincossincoscoscossin

D

D

D

D

D

, (10) 

since C

xi,D = 0, C

yi,D = ti,D and C

zi,D = ai,D . 

B Determination of the beam weights for the SVP 

B.1 Singular value decomposition methods 
In most clinical conformal beam setups, the number of freely adjustable beam 
segments is larger than 4. This means that no unique solution is expected for 
Eq. 6. Usually, there is an n-4 dimensional family of beam weight solutions. 
This solution space can be found using a set of singular value decomposition 
techniques (15). First, Eq. 6 is rewritten in matrix notation, 

z
y

x 

Figure 5-6: The different coordinate systems with all angular positions set to zero. The 
rotation angles of the collimator, gantry and table are denoted by , and , respectively.  
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or, 
cbA SVP ,    (12) 

where the n n matrix A and the vector c are known, while the vector bSVP is 
unknown2. We now have a singular set of n equations and n unknowns. A can 
be written as (16),  

TVWUA ,     (13) 

with U and V orthonormal n n matrices or, 
IVVVVUUUU TTTT ,   (14) 

and W a diagonal n n matrix with positive or zero elements at its diagonal. 
Various routines can be found in literature, that perform the decomposition of 
A into U, V and W (15-18). The columns of V, corresponding to the diagonal 
elements of W with a zero value, are the basis vectors whose linear 
combinations span the subspace of the beam weight space, which is mapped 
to zero by A. This subspace is called the null space. The solutions of 
A b cSVP  consist of any particular solution plus any vector in the null space. 

B.2 The cost function 
If a whole class of beam weight solutions exists, a cost function is defined 
which rates each solution. The ideal SVP would have beam weights identical 
to the OP, since this, trivially, results in the same dose distribution over the 
entire irradiated volume (including the organs at risk) as optimized by the 
dosimetrist. This SVP evidently does not exist, because this set of beam 
weights is not a solution of Eq. 6. We therefore define the optimal SVP as the 
solution of Eq. 6, that: a) has beam weights close to the beam weights of the 
OP, b) has no negative beam weights and c) has no beam weights that are 
larger than the corresponding beam weights in the OP. Increasing beam 
weights should be avoided, since these may result in an additional dose to the 
organs at risk. Furthermore, a beam weight can only increase if the remaining 
beam weights decrease more. This in turn only enlarges the disparity between 
the SVP and OP.  

                                          

 

2 Note: bold lower-case characters denote vectors while bold upper-case characters denote 
matrices. 
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A cost function is derived that evaluates the beam weight differences between 
the SVP and the OP and adds a cost for each negative beam weight. The cost 
of bSVP is determined in three steps. 
1.  Each negative beam weight is penalized with a cost proportional to its 

magnitude or:  
n

i

SVP
i

SVP
i11 )( bbaCost

    

(15) 

with ( )x  the step function: 

0          0)(

0          1)(

xx

xx

     

(16) 

Each negative beam weight is subsequently truncated to zero and the remaining 
(positive) beam weights are scaled so that the normalization constraint is fulfilled 
again. 

2. If a beam weight exceeds its original value, a cost proportional to the 
difference is added or: 

n

i

OP

i

SVP

i

OP

i

SVP

i22 )()( bbbbaCost

   

(17) 

This costlet penalizes solutions with increasing beam weights. 

3. Each beam weight that differs from its original value, is supplementary 
penalized with a cost proportional to the square root of the absolute value 
of the difference or: 

n

i

OP

i

SVP

i33 bbaCost     (18) 

The total cost of a beam weight solution is the sum of the costlets Cost1, Cost2 

and Cost3. The ratio between the penalization weights a1, a2 and a3 is derived 
from experiments and was set in this study to 5:5:1. However, the outcome of the 
optimization process, discussed in the next section, turned out not to be very 
sensitive to this ratio. 

The first two costlets penalize solutions with either negative or increased beam 
weights. The third costlet is used for fine tuning and rewards solutions with 
many unaffected beam weights. In addition, it induces a non-zero cost gradient 
over the entire solution space, which facilitates the search of a minimum. In 
general, the solution with the lowest cost is the solution with the least number of 
altered beam weights. 
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(0,1)

(1,0)(0,0)

 

Figure 5-7: A schematical representation of the downhill wandering of a simplex in a 2D 
solution space for a three-field prostate technique. The brightness of each point symbolizes 
the total cost of the corresponding beam weight set. Note that no local minima exist. The 
initial simplex is displayed in black. By means of reflections, extrapolations and contractions, 
the simplex converges to a minimum.  
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B.3 The optimization process 
The downhill simplex method (19) is applied to find an appropriate solution. 
A simplex is a geometrical figure consisting of m+1 non-degenerate points in 
m-dimensions. By reflections away from the high cost point and contractions 
towards the low cost point, the simplex wanders downhill through the m-
dimensional topography, until it encounters a local or global minimum.  
It can be shown that:  

)(' SVP

sol

SVP

ii bbVs T     (19) 
or inversely, 

i
SVP
sol

SVP
i 'sVbb

 

.     (20) 
where b i

SVP is an n-dimensional vector in the solution space and si is an m-
dimensional vector in a m-dimensional space S. SVP

solb can be any particular 

solution in the solution space. 'V

 

is the m n matrix, that is constructed by 
omitting all columns of V that have non-zero elements in the corresponding 
column of W. The initial simplex is defined in S by m+1 arbitrary, but non-
degenerate, vectors si.  
The optimization process is illustrated for the prostate case. The three-field 
technique consists of 5 segments (3 open segments and 2 wedged segments). 
Since all beams are coplanar, the solution space S is of dimension 2. The 
initial simplex is a triangle (s1 = (0,0), s2 = (0,1) and s3 = (1,0)). In Fig. 5-7 the 
solution space S with the initial simplex is displayed. Eq. 19 is used to 
calculate SVP

1b , SVP
2b and SVP

3b . The local cost is indicated by the brightness. By 
reflections, extrapolations and contractions, the simplex converges to a small 
triangle trapped in the minimum. The optimization process is terminated if the 
decrease in cost function value is fractionally smaller than a certain tolerance 
value (i.e. 10-6). 
The disadvantage of this optimization process is that it may get trapped in a 
local minimum instead of a global minimum. This implies that the resulting 
solution may not be the best possible. We have the impression, however, that 
local minima are not likely to occur, because of the relatively straightforward 
character of the cost function. In addition, the clinically importance of 
possible differences between the resulting solution and the solution 
corresponding to the global minimum is questionable. 

C Generating uniform dose distributions for an arbitrary isocentric 
beam setup 
If we omit the setup verification beams and replace the right hand terms of the 
first three equations in Eq. 6 by zero, we have:  
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Theoretically, the corresponding beam weight solutions have no dose gradient 
at the isocenter. These constraints can be used in combination with the single 
value decomposition techniques and the optimization algorithm to construct a 
set of beam weights and wedge angles of an arbitrary isocentric technique 
resulting in a fairly homogeneous dose distribution over the PTV. This can 
illustrated for the previously discussed lung case. 
Consider the beam setup of Fig. 5-3. We will start with a plan with equal 
beam weights and equal wedge angles (Table 5-3). This (arbitrary) 
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Figure 5-8: Dose volume histogram of the lung PTV before optimization, after optimization 
and as optimized by the dosimetrist.  
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combination of beam weights and wedge angles yields a non-uniform dose 
distribution over the PTV as expected. The dose inhomogeneity over the PTV 
is considerably decreased with the optimization method described above (Fig. 
5-8). The resulting beam weights and wedge angles are comparable to those 
optimized by the dosimetrist. Discrepancies are due to a) the oblique 
incidence of the left lateral beam and b) the improvement by the dosimetrist 
of the dose homogeneity over the entire PTV while accepting a non-zero dose 
gradient at the location of the isocenter.  
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Abstract 

In order to have insight in the current practice of quality control (QC) of 
medical electron accelerators in The Netherlands, an extensive questionnaire 
on QC procedures of medical electron accelerators was completed by all (21) 
radiotherapy institutions with questions related to safety systems, mechanical 
parameters, beam profiles, beam energy, absolute dosimetry, wedge filters, 
the dose monitor system and radiation leakage. Large variations in time spent 
on QC exist, especially for accelerators having dual energy photon beams and 
several electron beam energies. This diversity is mainly due to differences in 
philosophy with regard to QC and the differences in resources and machine 
time available. Furthermore large variations in test frequencies and test 
methodologies were observed. The staffing level involved in the QC 
measurements was evaluated and compared with recent recommendations 
provided by EFOMP-ESTRO. The data of the questionnaire were compared 
with recommendations given in national and international reports on QC of 
electron accelerators. From these recommendations and the results of the 
questionnaire a set of minimum guidelines for a QC programme was 
formulated and implemented in all radiotherapy institutions in The 
Netherlands. 

Key words:  
Quality control; Electron accelerators; Minimum requirements; Staffing levels 
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Introduction 

In The Netherlands there are 21 radiotherapy institutions (after finalizing this 
work an additional radiotherapy center started patient treatment in April 1996) 
of different capacities, each having their own quality assurance (QA) 
programme, to ensure the safe and efficacious application of radiation for the 
treatment of cancer. One of the aspects of such a QA programme is the 
quality control (QC) of megavoltage radiation equipment. Up to now each 
institution applies its own criteria for QC programmes, guided by the many 
directives published on this subject (2,4-9,11,12,17,19,20). Because of the 
various guidelines employed and the differences in individual interpretation, a 
large variety of QC procedures may be expected. It seemed therefore 
worthwhile to investigate whether differences exist in the current practice of 
QC of accelerators. 
Recently the project `Development and implementation of guidelines for 
quality control in radiotherapy in The Netherlands' was initiated by the 
Netherlands Society on Clinical Physics, supported by the Netherlands 
Commission on Radiation Dosimetry, the Netherlands Society on 
Radiotherapy, the Dutch Society for Radiographers and financed by the 
ministry of Health, Welfare and Sports of the Dutch government. The 
principal goal of this project is to achieve consensus in the different QC 
programmes and to establish a set of minimum national guidelines on QC 
procedures in radiotherapy, not only for medical electron accelerators, but 
also for other equipment applied in radiotherapy institutions such as 
simulators, CT-scanners and treatment planning systems. This was done in the 
framework of the directives 84/446 of the European Community in which the 
need for national guidelines regarding treatment machines at radiotherapy 
centers is discussed. 
To obtain insight in the currently employed QC protocols for electron 
accelerators in all centers, a questionnaire was sent to all institutions. The 
questionnaire concerned methods, frequencies and time required for the tests, 
tolerance levels (wherever relevant) as well as the training of the personnel 
performing these measurements. The questions covered many topics such as: 
safety systems, mechanical parameters, dosimetric aspects and radiation 
leakage. In addition, information was requested about the medical physics 
staffing levels. 
The results of the questionnaire were analyzed to provide insight in the 
current practice of QC of accelerators. The second aim of this work was to 
use these results to formulate a set of minimum guidelines that would easily 
be adopted by all radiotherapy institutions in The Netherlands. 
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Results 

Time spent on QC activities 
In 1993 about 30,000 new patients (new patients are defined as those patients 
who receive a referral to a radiotherapy center due to a tumor diagnosis and 
who are irradiated for the first time at this tumor) were treated with 
megavoltage equipment (61 linear accelerators and one cobalt unit) in 21 
radiotherapy institutions in The Netherlands. The distribution of these patients 
over the institutions is represented in Fig. 6-1. 
The institutions were asked how much time they monthly spent on QC 
activities of their accelerators (i.e., time spent on verifying performance 
characteristics plus time spent on adjusting parameters due to detected 
deviations). When different accelerators within a single institution required a 
different amount of time spent on QC, each accelerator had to be specified 
according to its variation in radiation modalities. To make a fair comparison 
between the time monthly spent on quality control of an electron accelerator, 
the treatment machines are subdivided into three classes: 

 

Figure 6-1: Distribution of new patients treated with electron accelerators in 1993 among 21 
radiotherapy institutions in The Netherlands 
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class I : accelerators with one photon beam and no electron beams  
class II  : accelerators with one photon beam and several electron beams 
class III  : accelerators with two (or more) photon beams and several electron 
beams  

Fig. 6-2 represents the (machine) time monthly spent on QC for these 
different classes of electron accelerators in The Netherlands. The average QC 
time monthly spent is 13.2 hours for class I accelerators, 18.1 hours for class 
II accelerators and 22.0 hours for class III accelerators. It should be noted that 
most values are rough estimates and sometimes it is very hard to distinguish 
time spent on preventive maintenance from time spent on quality control. 
Nevertheless the differences in QC time are striking, especially for class III 
accelerators and can be mainly attributed to large differences in test 
frequencies and rigor of methodology (e.g. the number of field sizes or gantry 
angles at which the constancy of a parameter is checked).  
Fig. 6-3 shows the differences in time spent on QC of linear accelerators 
expressed in the percentage of the total time of all staff involved in QC. The 
large academical centers spent relatively less time on QC of accelerators in 

 

Figure 6-2: Distribution of the time spent each month on quality control of class I, II and III 
accelerators in The Netherlands 
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relation to the total number of QC personnel. On the other hand, smaller 
centers can be distinguished where the QC of accelerators could take up to 
11% of the total time available of the staff involved in QC. This may indicate 
that the larger centers may profit from synergies and may have the availability 
of expensive and user-friendly hardware. 

Medical physics staffing levels in The Netherlands 
All QC activities on accelerators are supervised by clinical physicists in The 
Netherlands. The actual measurements are often performed by other persons 
including physics assistants and accelerator technicians. In seven centers, 
radiographers are also involved in some daily checks regarding dosimetry, 
laser positioning, cross-hair alignment. Fig. 6-4 shows the actual medical 
physics staffing levels compared with the staffing level as recently 
recommended by the EFOMP-ESTRO (1). Calculating the total staff 
according to these recommendations was not an easy task in most institutions. 
The main problem was that maintenance of accelerators is not part of the core 
tasks in the EFOMP-ESTRO recommendations while it is generally a 
substantial part of the tasks of a medical physics team. In addition, some of 
the tasks arising from an individual new patient are carried out by specialized 

 

Figure 6-3: Distribution of the percentage of QC staff time spent on QC of linear 
accelerators in The Netherlands 

 



Chapter 6 

114 

radiographers (dosimetrists) in some institutions. The corresponding workload 
was in these cases added to the actual number of physics staff in Fig. 6-4. 
Consequently, the comparison between recommended and actual staffing 
number is difficult and has an estimated uncertainty of approximately 20% 
(one standard deviation). The comparison of the recommended to actual total 
staff shows that on the average the actual staff is about 87% of the 
recommended figures, while this is 61% for the number of qualified medical 
physicists. These differences suggest that several checks attributed to the 
clinical physicist in the EFOMP-ESTRO recommendations, e.g. routine QC 
of accelerators, are often delegated to other members of the physics team. No 
correlation could be demonstrated between the ratio of the EFOMP-ESTRO 
recommendations and actual staffing number within an institution and the 

  

Figure 6-4: Comparison of the EFOMP-ESTRO recommendations and the actual medical 
physics staffing levels in The Netherlands 
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time monthly spent on QC of linear accelerators. 

 Test frequencies and tolerance levels 
Many QC measurements are performed within office working-hours (i.e., 
between 8:00 and 17:00 hour), but most centers replied that not enough time 
could be scheduled and these activities often are diverted to the evenings or 
weekends (sometimes up to a 100%). This is particularly of importance if 
more time consuming tests have to be performed. This is illustrated in Fig. 6-
5 in which the distribution is given of the highest test frequencies in each 
center at which the symmetry of photon beams is checked, together with the 
applied method. Consequently, if the center in question also performs a 
simpler symmetry check at a shorter time interval, an annual check with a 
water phantom, for example, is not represented in this figure. 
An extremely large variation in test frequency can be found in the beam 
quality check for photon beams, where the test intervals vary from one week 
up to two years. A possible explanation for this wide spread of test 
frequencies is that the photon beam energy is implicitly checked during other 
checks, e.g. the output determination and the flatness check, since different 

 

Figure 6-5: Distribution of the highest test frequencies in each centre at which the symmetry 
of photon beams is checked, together with the method applied 
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energies yield different beam profiles. Consequently, various concepts may 
lead to the need for additional tests. 
A much greater uniformity exists with respect to calibration of dose monitor 
systems, where almost every center performs checks at a weekly interval 
according to the protocol of the Netherlands Commission on Radiation 
Dosimetry (13,14); four institutions have a(n) (additional) daily check 
procedure, often performed by radiographers. Three institutions determine the 
absorbed dose only once every two weeks. The tolerance level during the 
weekly control is 1% for 18 out of 21 centers for photon beams (see Fig. 6-6).  
The questionnaire covered a lot of subjects; a summary of the current median 
test frequencies of the most relevant parameters is given in Table 6-2. 
Parameters with a relative high test frequency are: some elementary safety 
checks, checks of the alignment of the cross-hair projection and laser system 
and the accuracy of the optical distance indicator and collimator jaws. It is 
remarkable, however, that many institutions do not regularly check the patient 
table specifications, such as the slope of the tabletop and the horizontal shift 
during vertical motion. 

 Discussion 

A QC protocol is a planned series of activities that should in principle not be 
too different for linear accelerators of the same class. However, due to 
differences in guidelines, local conditions and experience, a lot of variation in 
QC protocols occurs. This variation can often be reduced to differences in test 
frequency, tolerance level and methodology. The methodology should surely 
be taken into account when comparing the different test frequencies of a 
parameter. For example, when a center has the availability of a dosimetry 

 

Figure 6-6: Distribution of the various output tolerance levels 
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system with five ionization chambers, which can be used to check the dose in 
two orthogonal directions, it might be a weekly routine to perform a 
symmetry check. On the other hand a complete flatness check by measuring 
beam profiles in a water phantom and comparing these to reference scans, are 
often performed at lower frequencies. This large diversity in test frequencies 
was also observed during a survey carried out in 1991 in the United Kingdom 
(10). 
The large differences in time spent on QC per accelerator and variations in 
test frequencies could not be correlated to the size of the center. However, the 
smaller centers with one or two accelerators often do not have the availability 
of expensive QC devices, such as a linear detector array or a digital film 
scanner. Neither could a connection be established between the make and type 
of accelerator and the extensiveness of a particular QC programme. 
Consequently, the diversity in protocols is mainly due to differences in 
philosophy with regard to QC and the differences in resources, including man 
power and machine time available. Tolerance levels for dosimetric, 
geometrical and mechanical parameters are mostly limited by technical 
boundaries with the prerequisite that the total of allowed uncertainties has to 
be perceived as clinically acceptable. These technical boundaries are almost 
the same among all centers in The Netherlands. As a consequence, the spread 
in tolerance levels are generally much smaller than in test frequencies. 

Table 6-1: Test parameters as recommended in various protocols; the test frequencies (D, 
daily; W, weekly; M, monthly; A, annually) are followed by the tolorance levels)   

AAPM (11)

 
Brahme et al (2) DIN 6847-5 (4)

 
IPSM 54 (8) NCS 8 (15) SFPH 4 (19) 

Cross-hair 
position 

M, Ø2 mm W, Ø2 mm 3M D/W, Ø2mm M, Ø2 mm M, Ø2 mm 

Lasers D, ±2 mm W 3M M, ±2 mm - - 
Isocentric 
table rotation 

A, Ø2 mm 6M, Ø2 mm A - A, Ø2 mm M, Ø2 mm 

Scales table M, ±2 mm M A W/M, ±2 mm A, ±2 mm 6M, ±2.5mm 
Emergency 
stop 

M D - M A D 

Arc therapy A 6M 6M M M, 5% or 
3° 

M, 5% or 3° 
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This phenomenon is also visible when evaluating recommendations provided 
by national and international organizations. In Table 6-1, a few examples of 
test parameters are given together with the recommended test frequencies and 

Table 6-2: Review of the current median test frequencies together with the suggested 
minimum test frequencies, fmin , tolerance levels and action levels.  

f50%
a DIN 6847-5 

(fmin) 
NCS 9 
(fmin) 

NCS 8 
tolerance level 

NCS 9  
action level 

Safety systems      
   Warning lights W - 3M - - 
   Entrance door W - 3M - - 
   Emergency stop 2W - A - - 
   Anti-collision W - M - - 
   End-course M - A - - 
   Accessories 3M - A - - 
Mechanical parameters      
   Cross-hair W 3M M Ø2 mm Ø2 mm 
   Mechanical isocentre 2W A A Ø2 mm Ø2 mm 
   Radiation isocentre X A A - Ø2 mm 
   Lasers W 3M M - ±2 mm 
   Optical distance indicator  W 3M M ±1.5 mm ±2 mm 
   Field size W 3M M ±1 mm or ±1%

 

±2 mm 
   Isocentric table rotation 3M A A Ø2 mm  Ø2 mm 
   Slope table top X A A 5mm/m 5 mm/m 
   Vertical movement X A A 2 mm 2 mm 
   Rigidity table A A A 5 mm (2 mm) 5 mm 
   Scales table 3M A A ±2 mm - 
   Scales gantry M 3M 6M ±0.5° ±1° 
  Scales collimator 3M 3M 6M ±0.5° ±1° 
Correspondence light with X-field 2W 3M M ±2 mm or 1% ±2 mm 
Flatness      
   Photons M A A ±3% ±3% 
   Electrons M A A ±3% ±3% 
Symmetry      
   Photons M A M ±3% ±3% 
   Electrons M A M ±3% ±3% 
Beam energy      
   Photons (I20/I10) 3M 6M A ±0.005 or ±1% ±2% 
   Electrons (d50) 3M 6M 6M ±2 mm 2 mm 
Absolute dosimetryb      

   Photons W 2W 2W ±2% ±2% 
   Electrons W 2W 2W ±2% ±2% 
Dose monitoring system      
   Reproducebility X A - ±0.5% - 
   Linearity X A - ±1% - 
   Dose rate effect X A - ±2% - 
   Stability X A - ±2% - 
   Gantry angle X A - ±3% - 
Wedge filter M A 3M ±1% ±2% 
Arc therapy X 6M 3M ±5% or ±3° ±5% or ±3° 

W, weekly; M, monthly; A, annually 
amedian test frequwncy; an X means that at least 50% of the institutions do not perform this check as part of a 
QC programme 
bThe constancy of the output was determined according to the recommandations given in NCS Reports 2 and 5 
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action levels. In these cases, different frequencies are often recommended, 
while all reports seem to be unanimous concerning the applied tolerance 
levels. The recommendations as presented in the DIN 6847-5 have to be 
regarded as a minimum, unlike the other recommendations, which are 
suggestions for good clinical practice. According to this report, the user is 
obliged to define an intervention level, which is general equal to the deviation 
of the tolerance value of the related performance characteristic declared by 
the manufacturer. Local requirements and special necessities may provoke the 
user to specify a broader or narrower tolerance. 
From the answers on the questionnaire and the comparison with other reports, 
a set of minimum requirements with respect to type of test, test frequency and 
tolerance level was proposed suitable for all radiotherapy institutions in The 
Netherlands. These minimum requirements strictly refer to the routine QC 
programme and no suggestions are given concerning additional checks after 
major repair. A summary of these minimum requirements can be found in 
Table 6-2 together with the current median test frequencies. A complete 
survey of the requirements and the results of the questionnaire can be found in 
NCS Report 9 (16). 
The prescribed test frequencies should be regarded as minimum requirements 
and not as optimum. The test frequencies can thus only be adjusted in one 
direction, i.e., more frequently, by an individual institution. This is necessary 
when the stability of a system is suspect or when a specific patient treatment 
method demands a high accuracy. A detailed description of the different test 
procedures used in The Netherlands is given in NCS Report 8 (15). 
Institutions are free to use other test procedures, under the condition that the 
action level can, and will be, correctly converted (see Appendix). This basic 
principle is in compliance with the philosophy propagated in the German DIN 
Report 6847-5 (18).  
Difficulties may arise in identifying maximum acceptable deviations in 
accelerator performance, since only two different performance descriptors are 
generally applied (2,9): 
(1) tolerance level : whenever a parameter is found in the  range below the 

tolerance level, the equipment is suitable for high  quality radiation 
therapy. 

(2) action level : whenever a parameter exceeds the action  level, it is 
essential that appropriate actions are taken as soon as  possible. 

Consequently, tolerance levels are appropriate limits for performance 
specification and for acceptance testing procedures, while action levels might 
be regarded as more relevant values for use in ongoing quality control 
activities (2). If a parameter has a value between the tolerance level and action 
level, the responsible physicist generally decides to keep the accelerator into 
clinical service until a suitable moment for adjustment occurs. If such an 
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adjustment is not possible, then high quality treatments should no longer be 
performed with such equipment. 
Action levels have proven to be very useful in everyday day quality control, 
but some parameters are not easily and quickly corrected or repaired and 
some may almost be impossible or very expensive to restore. In very few 
occasions, it might therefore be justified to use the radiation equipment 
clinically, even if an action level has been exceeded. Such a delicate decision 
could only be taken after close consideration of the responsible physicist with 
the knowledge of clinicians and radiographers. For example, curative 
treatments demand a high stability of the treatment table height, especially 
during lateral irradiation. If due to mechanical tolerances the table height 
cannot be adjusted within 1 cm, it still may be justified to perform palliative 
posterior-anterior or anterior-posterior treatments if no alternatives are 
present. The decision to clinically use a treatment unit, in spite of the fact that 
an action level has been exceeded, has to be discussed thoroughly and 
documented for every treatment method. Under these special circumstances 
the action level can no longer be considered as restrictive; i.e., since the 
clinical relevance of a parameter can differ considerably from one treatment 
to another, it is impossible to implement an action level as a mandatory 
minimum demand. 
The question arises if it is necessary to introduce a third level, that under no 
circumstances may be exceeded, and if there is a need for such a legislative 
level. The value of this level would essentially be based on the clinical 
consequences of the deviation of the parameter in question for the treatment 
for which this parameter has the least relevance. The values of legislative 
levels could exceed several times the value of the corresponding action level 
in certain cases and consequently, these legislative levels would not have any 
meaning during everyday quality control. This is one of the reasons why most 
clinical physicists in The Netherlands discourage the introduction of such a 
legislative level. Many of them felt that a legislative level would still serve as 
a recommendation and that the clinical physicist should always have the 
freedom to deviate from any level if the deviations are desirable and 
considered clinically justified. This view was presented at the ESTRO 
meeting in Vienna (21) and was met with approval. Another problem is that 
regulations embedded in laws are usually rather rigid and are therefore hard to 
synchronize with future technological developments. This philosophy is also 
in line with the DIN 6847-5 standard. In this report it is stated that the clinical 
physicist has to make a decision, in agreement with the radiotherapist in 
charge, on how to proceed whenever a tolerance level has been exceeded. 
The minimum guidelines were elucidated at various meetings in The 
Netherlands and were compared with current practice in each situation. The 
implementation of the minimum guidelines would result in adjustments in 
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relation to their currently applied protocol in all but one institution. The 
average number of adjustments (i.e., the increment in test frequencies or 
introductions of procedures not performed before) is 8.3 with a maximum of 
17 but does often not require much increase of the total amount of time spent 
on QC. 
Expectation exists that in other countries similar variations can be observed in 
currently applied QC protocols. It might therefore be useful to investigate 
these differences among the various institutions in other countries. The 
method described in this paper, i.e., the distribution and analyses of an 
extensive questionnaire can already result in a critical revision of the number 
of QC protocols within a country. 

 Conclusions 

The results of the questionnaire show a large variation in test frequencies, test 
methods, overall time spent on QC of electron accelerators and a somewhat 
smaller variation in tolerance levels. This diversity is mainly due to 
differences in philosophy with regard to QC and the differences in resources 
and machine time available. No correlation could be found between the test 
frequency and tolerance level of a certain parameter and the type or make of 
the accelerator since the number of institutions was too small compared with 
the number and distribution of the accelerators. Also the staffing levels could 
not be related to the time spent on QC of accelerators. 
From these data, together with national and international recommendations, a 
set of minimum requirements was formulated, specific for the situation in The 
Netherlands, containing more than 30 test procedures including test 
frequencies and action levels. As a consequence, the current large variation in 
test frequencies and test parameters might decrease in the future. 
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Appendix 

The suggested action levels in this report are related to the test procedures as 
presented in NCS Report 8 and are expressed in one quantity only. The 
responsible physicist can choose any suitable test method, provided that the 
action levels can be and will be correctly converted. For example, an action 
level of 2% is suggested for the quality index (QI). If an institution prefers to 
determine the 80 per cent depth (d80) instead of the quality index of an 8 MV 
photon beam, the allowed ±2% variation has to be converted as follows, in 
accordance with the first order Taylor expansion: 

)QI(
dQI

d
QI 8080 dd

    

(1) 

Fig. 6-7 shows the relation between the quality index, the 80 per cent depth 
and the nominal energy according to the BJR Supplement 17 (3). As can be 
seen from this Figure, the corresponding quality index and 80 per cent depth 
of an 8 MV photon beam are 0.72 and 7.6 cm respectively. In this domain 
d/dQI d80(QI) equals 27.5 cm. Consequently: d80 = ±2% x 0.72 x 27.5 =  0.4 

 

Figure 6-7: The ratio between the quality index, the 80% depth and the nominal energy 
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cm. This conversion assumes that both the quality index and the 80 per cent 
depth are equally suited as a measure of the nominal energy. This is not the 
case for higher energies Enom > 15 MV), where the relation between the 
nominal energy and the quality index becomes more steep. 
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Abstract 

Purpose:  
Conformal radiotherapy requires accurate knowledge of the actual dose 
delivered to a patient. The impact of routine in vivo dosimetry, including its 
special requirements, clinical findings and resources, is analyzed for three 
conformal treatment techniques to evaluate its usefulness in daily clinical 
practice.  

Materials and methods:  
Based on pilot studies, routine in vivo dosimetry quality control (QC) 
protocols were implemented in the clinic. Entrance and exit diode dose 
measurements were performed during two treatment sessions for 378 patients 
having prostate, bladder and parotid gland tumors. Dose calculations were 
performed with a CT-based three-dimensional treatment planning system. In 
our QC-protocol we applied action levels of 2.5% for the prostate and bladder 
tumor group and 4.0% for the parotid gland patients. When the difference 
between the measured dose at the dose specification point and the prescribed 
dose exceeded the action level the deviation was investigated and the number 
of monitor units (MUs) adjusted. Since an accurate dose measurement was 
necessary, some properties of the on-line high-precision diode measurement 
system and the long-term change in sensitivity of the diodes were investigated 
in detail.  

Results:  
The sensitivity of all diodes decreased by approximately 7% after receiving 
an integrated dose of 10 kGy, for 4 and 8 MV beams. For 34 (9%) patients the 
difference between the measured and calculated dose was larger than the 
action level. Systematic errors in the use of a new software release of the 
monitor unit calculation program, limitations of the dose calculation 
algorithms, errors in the planning procedure and instability in the performance 
of the accelerator were detected.  

Conclusions:  
Accurate in vivo dosimetry, using a diode measurement system, is a powerful 
tool to trace dosimetric errors during conformal radiotherapy in the range of 
2.5 10%, provided that the system is carefully calibrated. The implementation 
of an intensive in vivo dosimetry programme requires additional staff for 
measurements and evaluation. The patient measurements add only a few 
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minutes to the total treatment time per patient and guarantee an accurate dose 
delivery, which is a prerequisite for conformal radiotherapy.  

Keywords: 
Conformal radiotherapy; Quality control; In vivo dosimetry; Diodes; 3D dose 
calculation; Monitor unit calculation  
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Introduction 

The steepness of dose-effect curves for both local tumor control and normal 
tissue complication requires an accuracy in dose delivery of 3 to 4% (one 
standard deviation) (e.g. (18 and 19)). For dose escalation, often performed in 
combination with conformal techniques, a higher accuracy might even be 
required. Therefore, an independent check of the actual dose given to patients 
treated with conformal therapy by means of in vivo dosimetry seems useful. 
In vivo dosimetry on a routine basis, using entrance dose measurements, is 
currently performed in many institutions. For instance, results presented by 
Leunens et al. (16 and 17), Nilsson et al. (20), and Noel et al. (21) have lead 
to modifications of treatment procedures. Besides entrance dose, exit dose 
measurements are also often performed at high-dose/high-precision 
treatments. From a combination of entrance and exit dose values, the midline 
dose can then be obtained using various methods as described by Heukelom et 
al. (9 and 10), Rizzotti et al. (24), and Van Dam and Marinello (25). The 
current practice of patient dose verification, including the experience of a 
number of centres, was recently reviewed (5).  
A first attempt to use diode dosimetry in our clinic as part of a quality control, 
QC, procedure of conformal radiotherapy was made by Heukelom et al. in 
1994 (10). During the study of the simultaneous boost technique of prostate 
cancer (15), several aspects, such as the uniformity in transmission of the 
partial shielding plate and the dose delivered to the specification point during 
patient treatment, were checked. Essers et al. (3) improved the dose 
calculation procedure for the prostate treatment technique and checked the 
reproducibility of the dose delivered to patients and the accuracy of dose 
calculations performed by our 3D treatment planning system U-MPlan (6). In 
addition, a conformal technique for the treatment of the parotid gland tumors 
was developed in our institution (4 and 14). For both techniques a QC 
protocol was drafted and introduced for routine use in the clinic.  
The first aim of this study was to investigate the requirements for in vivo 
dosimetry during conformal radiotherapy. This long-term study gave us the 
opportunity to evaluate the impact of in vivo dosimetry during conformal 
radiotherapy in daily clinical practice, as well as to assess its costs and 
benefit. The second aim of this study was to evaluate systematic and random 
errors found during the routine application of in vivo dosimetry QC protocols 
for the conformal treatment of patients with prostate, bladder and parotid 
gland cancer.  
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Material and methods 

From January 1993 to June 1997, routine diode dose measurements were 
performed as part of a conformal radiotherapy project. In this period 275 
patients were treated for prostate cancer, 43 patients for bladder cancer and 60 
patients for parotid gland cancer and other lateral lesions of the oropharynx, 
mandible, neck and tonsil. The latter group of patients is called the parotid 
gland group because about 80% of these patients had parotid gland tumors.  

In vivo dosimetry using diodes 
For all our studies, pre-irradiated p-type diodes (EDP-20, Scanditronix) with a 
2 cm water equivalent build-up layer of stainless steel are used. The diodes 
are calibrated on a regular basis against an ionisation chamber that is 
positioned with its effective center at the depth of dose maximum (3, 8 and 
10). The calibration is performed with a polystyrene phantom positioned on 
wooden bars over the thin Melinex part of the treatment couch. In this way we 
only have to rotate the gantry for the determination of the entrance and exit 
calibration factor, ND, of a diode, without moving the diodes. In order to 
quantify the sensitivity decrease of the diodes, the calibration was performed 
every other week for one of the energies.  
Since the diode sensitivity depends on various physical parameters, correction 
factors Ci have to be applied to adjust the diode reading (e.g. (3, 4, 8, 9, 22 
and 25)). All correction factors were determined for 4, 6 and 8 MV X-rays 
and showed only small difference (8). The dose value at the entrance and exit 
point can now be obtained from: Ddiode=Rdiode×ND× iCi, where Rdiode is the 
diode reading.  
In order to obtain the dose from the diode reading one additional correction 
factor was required for conformal treatments due to the presence of the tray 
and blocks. This correction was dependent on SSD as well. Furthermore, if 
the central beam axis was too close to the block edge then the diode was 
replaced more to the center of the field (in the direction perpendicular to the 
wedge direction, if a wedge was in the field). The conversion of the dose 
derived from the diode reading to the entrance or exit dose value required also 
special attention if there was an air gap between the mask and the patient skin. 
These problems are discussed elsewhere (3 and 4).  
Using an empirical relationship, the midline dose can be obtained from a 
combination of the entrance and exit dose (8 and 24). The midline dose is 
defined as the dose on the central axis of the beam in the middle of the 
patient. Since the position of the dose specification point (usually the 
isocenter) is generally slightly different from the midline position, the dose at 
the specification point was determined by applying a small depth correction 
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on the midline dose for the group of prostate patients (3). The agreement 
between dose determinations using this method and ionisation chamber 
measurements is 1% (1 SD) for homogeneous situations as well as for cases 
where the inhomogeneity is situated symmetrically with respect to the mid-
plane in the patient. For the parotid gland patient group, the dose at the 
specification point is determined by multiplying the measured entrance dose, 
Dentrance, with a percentage depth dose value, using the radiological path 
length between the dose specification point and dose maximum (4).  
Checking the dose during high-dose/high-precision techniques by means of 
diodes requires a stable and reliable diode measuring system, DMS. The 
performance of the home-made DMS-electrometer and the diodes were 
therefore regularly checked on linearity and reproducibility.  

Treatment techniques 
Most of the prostate cancer patients were treated using a three-field 
simultaneous boost technique: an open anterior-posterior field and wedged 
lateral fields. In this way the large regional field and the boost field are given 
simultaneously, using customized 10-mm thick Roses metal blocks having a 
transmission of 63% in which the boost field is cut out (15). In a pilot study it 
was shown that, on average, the dose at the specification point agreed with the 
3-D calculations within 0.1%, while the uncertainty in the ratio was 1.2% 
(1 SD) (3).  
In April 1994 we started also treating bladder cancer patients using a 
conformal technique. The treatment setup was identical to the prostate group, 
but instead of using transmission blocks, 8 cm high customized Roses metal 
blocks were used. This technique was also applied for some of the prostate 
patients. All patients from both the prostate and the bladder group were 
treated on Philips SL15/SL25 accelerators using 8 MV X-rays.  
The patients in the parotid gland group were irradiated using customized 
blocks and wedged beams from anterior and posterior oblique direction (14). 
Entrance dose measurements performed in the pilot study showed that, on 
average, the agreement between the measurements and calculations was 0.3% 
at the dose specification point, with an uncertainty of 2.1% (1 SD) (4). The 
first 16 patients in the study were treated using 8 MV X-ray beams from 
Philips SL15 accelerators. Since a better target coverage is obtained with 
lower energies (4), the patients were later on irradiated using a 6 MV beam, 
also from a Philips SL15 accelerator, and currently with 4 MV X-rays from an 
ABB accelerator.  

Dose calculations 
Dose calculations were performed using our CT-based 3-D treatment 
planning system (U-MPlan). The system uses the octree-edge model (6) for 
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calculating depth dose values for irregular fields. Electron densities are taken 
into account on a pixel by pixel basis, using an equivalent path length method. 
The number of MUs is calculated separately with a program developed in our 
institution, which is connected to the planning system. The dose, prescribed at 
the ICRU dose specification point (13), varied between 2 and 2.4 Gy per 
treatment fraction for all techniques, depending on the total dose given.  

In vivo dosimetry QC protocols 
For all techniques, in vivo dosimetry quality control protocols were 
implemented: the dose at the specification point is derived using diode 
measurements during two treatment sessions in the first or second week of the 
treatment. The maximum allowed difference between these two 
measurements is 2%, otherwise a third measurement has to be performed. 
During these measurements the focus-skin distance is checked for each field 
and compared with the planning data.  
An electronic portal-imaging device (EPID) is used during conformal 
treatments for checking the beam position with respect to the patient 
anatomy (1). The EPID image also serves to determine the diode position 
relative to the anatomy, to the central beam axis and to the field edges as well 
as for checking a possible shielding of the exit diode by the entrance diode. 
Such a shielding, for which a correction can not easily be applied, can reduce 
the dose measured by the exit diode to 7%. When an overlap was observed, 
the result was rejected and a new measurement was performed.  
The correction criteria are as follows: if the deviation between measured and 
prescribed dose is larger than 2.5% for the prostate and bladder technique or 
4.0% for the parotid gland technique, the reason for this discrepancy has to be 
investigated and the number of MUs has to be adjusted. The action levels are 
twice the standard deviation in the measurement uncertainty of the dose at the 
specification point ((3 and 4) and Table 7-1). After correction, the dose is 
again verified using in vivo dosimetry during one of the following treatment 
sessions.   
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Results 

Performance of the diode measurement system 
First, the short-term change in sensitivity of our amplifier was determined. 
During the warming-up time of the DMS, the diode signal decreased by about 
1.5% over a period of 1.5 h for all channels except channel two, where the 
signal changed by 3%. As a result of these findings we decided that the DMS 
must be turned on at least one hour before the start of each measurement.  
Next the long-term change in sensitivity of the diodes was determined. In 
1995, the diodes received a cumulated dose of about 16 kGy, which caused an 
increase in the calibration factor of about 11% (0.7%/kGy) for all diodes 
(Fig. 7-1). It also turned out that the change in sensitivity of the diodes is 
similar for the beam qualities (4, 6 and 8 MV) used for these treatments both 
for entrance and exit dose measurements. The change in sensitivity can 
therefore be measured for one beam quality and the calibration factors can 
then be adjusted for all other energies.  
The temperature correction can vary considerably within one set of diodes 
and has therefore to be determined for each individual diode. Temperature 
corrections of diodes also vary with time, i.e., integrated dose, and needed 
therefore to be monitored regularly. The values of the temperature correction 
factors ranged between 0.09 and 0.34%/°C, yielding an overall correction 
between 0.991 and 0.967 at the skin of the patient (tdiode=31°C), compared 
with the calibration setup (tdiode=22°C).  
The check of the whole treatment by means of a simulation procedure 
demonstrated that the dose at the isocenter measured with diodes matched the 
dose measured with an ionisation chamber within 1%. The dose at the 
isocenter predicted by our treatment planning system and MU calculation 

Table 7-1: Number of patients (N), average ratio of measured and prescribed dose at the 
dose specification point (X) before and after correcting the number of MUs for 26 prostate, 
1 bladder and 2 parotid gland cancer patients, as well as the standard deviation in this ratio 
(SD)   

Prostate (N=275) Bladder (N=43) Parotid gland (N=60) 

 

Before 
correction 

After 
correction 

Before 
correction 

After 
correction 

Before 
correction 

After 
correction 

X 1.012 1.004 1.006 1.006 1.003 1.001 
SD 0.015 0.013 0.013 0.012 0.020 0.020 
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program deviated less than 1% from the result from both measurement 
modalities, for the three treatment techniques (3 and 4).  

Patient findings 
For the prostate patient group the ratio of measured and prescribed dose is 
plotted in Fig. 7-2a. The figure shows that for 31 of the 275 prostate patients 
(11%) the deviation between actual and calculated dose was larger than the 
action level of 2.5% (see also Table 7-1). This number is larger than the 
expected number of 14 (5%) based on the experience of the pilot study (3). 
The number of MUs was changed for 26 patients; in 5 cases no correction was 
applied.   
For the 43 patients of the bladder group the deviation between measured and 
calculated dose was of the same magnitude as for the prostate group (Fig. 7-
2b, Table 7-1). Only one patient had to be corrected. The parotid gland group 
is divided into three sub-groups according to the applied photon beam quality 
( Fig. 7-2c). The first group is irradiated using 8 MV X-rays (0 17), the 
second group with 6 MV X-rays (18 35) and the third group (36 50) with 4 
MV X-rays. Only 2 corrections (4%) had to be performed, which is in 
agreement with the number expected from the pilot study.  
Table 7-1 shows the average ratio of the measured and prescribed dose for all 
patients irradiated with the three techniques. For the prostate patient group the 
average ratio over 275 patients was 1.012±0.015 (1 SD) and after correcting 
26 patients 1.004±0.013 (1 SD). For the bladder patient group a somewhat 

 

Figure 7-1: Variation of the relative calibration factor, ND, versus the cumulated 
(integrated) dose of the diodes received during 1995 
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better result was obtained, where out of 43 patients only one patient had to be 
corrected. After correction the results were similar to the prostate data. For the 
parotid gland group of 60 patients the average ratio of the measured and 
prescribed dose was good: 1.003±0.020 (1 SD) and only 2 patients had to be 
corrected according to the decision criterion of the QC protocol.  

Workload 
Table 7-2 shows that the total time required for an intensive in vivo dosimetry 
programme, measuring 2 3 new patients weekly increases the workload of a 
dedicated person by about 2 days per week (0.4 full-time equivalent of staff). 
It should be noted that only five to ten minutes have to be added to the total 
treatment time per patient at the accelerator, which is mainly required for an 
additional turning of the gantry to position the diode carefully at the exit side.  

  

Figure 7-2: Ratio of measured and prescribed dose, (a) for the prostate tumour group,  

(b) for the bladder tumour group, and (c) for the parotid gland tumour group 

(a)

 

(b)

 

(c) 
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Discussion 

For 34 of the 378 patients analyzed in this study, the action level of 2.5% for 
pelvic treatments or 4.0% for parotid gland treatments was exceeded. For 9 
patients, no explanation for the observed deviations, which were of the order 
of 3%, could be found. For 25 patients the source of the deviation was partly 
or entirely retrieved (Table 7-3). Our routine in vivo dosimetry programme, as 
part of a quality assurance programme of conformal radiotherapy, has 
revealed errors in:  

 

the monitor unit calculation program; 

 

the choice of the dose specification point for wedged beams; 

 

the dose calculation behind the femoral head; 

 

the performance of the accelerator; 

 

differences in patient geometry during irradiation and planning; 

 

human errors in treatment planning procedures.  

Table 7-2: Time required performing an in vivo dosimetry QC programme during 
conformal radiotherapy 

Action Time required per patient (h) 
Making the appointments 0.2 
Performing two measurements 2.0 
Analysis of the measurements 0.5 
Additional measurements 0.3 
Storing of data 0.5 
Implementation of corrected number 
of monitor units 

0.1 

Analysis of discrepancies 0.8    

Additional time required (h/week) 
Phantom tests 2.0a 

Administrative work 1.0 
Consultation with co-workers 2.0 

a Averaged over the period before and after the clinical implementation 
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From the first 35 patients only one case needed to be corrected, which is in 
correspondence with the expected amount of 5% of the pilot study. In this 
group of patients the same measurement procedure and calculation program 
was used as applied during the pilot study.  
Two systematic errors were introduced after implementation of a new release 
of the MU calculation program due to a redefinition of the beam weights at 
the isocenter instead of the point of dose maximum of each beam, which was 
used up to then. The first error occurred in that part of the program calculating 
the number of MUs that corrects for the SSD dependence of the wedge factor 
(11 and 12). Due to this error a systematic overestimation up to 2% was 
introduced for both lateral fields. Secondly, the percentage depth dose (PDD) 
correction was incorrect for the simultaneous boost field, since only the boost 

Table 7-3: Number of patients (34/378=9%) with differences between measured and 
prescribed dose larger than the action levels (2.5% for the prostate/bladder and 4% for the 
parotid gland tumour patients) and the source and magnitude of the errors, which have 
been detected by means of in vivo dosimetry 

Patient 
group 

No. of patients

 

Source of error Magnitude 
(%) 

Prostate  6 Wrong SSD + PDD correction on 
the wedge factor for the 
simultaneous boost field 

3.8 

  

7 Shift of the dose specification 
point towards the thinner part of 
the wedge 

4.2   

2 Position of the dose specification 
point behind the dense part of the 
femoral head 

3.3   

5 Higher output for one of the 
lateral fields, probably due to 
instability of the accelerator 

3.0   

2 Dose distribution calculated on a 
non-CT basis 

4.0   

9 Unknown 3.2 
Bladder  1 Overlooked shortcoming of the 

TPS 
3.2 

Parotid 
gland  

1 CT-artifacts due to metal teeth 
filling 

5.0   

1 Isocentre depth to shallow 5.0 
Total  34   
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field and not the large field was taken into account. The latter error caused an 
overestimation in the number of MUs of 1.5% for the AP-field and of 4% for 
the lateral fields. The total dose at the dose specification point was on average 
overestimated by 3.8% due to these two errors in the MU program and we had 
to correct the number of MUs for all 6 patients from this group (36 41).  
Analysis of the discrepancies observed in the third group of prostate patients, 
starting with number 42, showed that these deviations were due to a shift of 
the dose specification point from the isocenter towards the thinner part of the 
wedge. By mistake the beam weights were also chosen at that point and no 
longer at the isocenter. The result was an incorrect MU calculation because 
our own MU program was only designed for dose calculations along the 
central beam axes. For these reasons for 7 patients an overestimation of the 
calculated dose of 6% was found.  

 

Figure 7-3: Digitally reconstructed radiograph (left) derived from planning CT scans and 
portal images (right) of the actual prostate treatment during in vivo dose measurements. The 
AP (top) and lateral field (bottom) images show the gas filling of the rectum and the 
presence of the diodes.  
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For another 2 patients a difference in dose up to 3.3% was detected. This 
could be explained partly by the fact that the dose specification point was 
positioned behind the dense part of the femoral head. The 1-D tissue 
inhomogeneity correction algorithm of the TPS underestimates the dose at 
this point.  
In the following group of patients (140 160) we observed for 5 patients a 
higher dose, up to 7%, in one of the lateral fields (270° position), probably 
due to technical problems with one of the accelerators. Apart from this 
unknown behavior of the accelerator, we also encountered problems with our 
DMS in the same period. This made us reluctant to use the in vivo dosimetry 
results for correcting the number of MUs in that period. When both problems 
were solved, these 5 patients had already finished their treatment, so no 
adjustment of the number of MUs was made.  
Two more patients required a correction of about 4%, which was caused by a 
human error in the planning procedure when calculations were performed on 
a non-CT basis.  
For nine patients, including the one in the first group, no explanation for the 
observed deviations, which were of the order of 3%, could be found. For these 
patients the number of MUs was corrected based on the in vivo dosimetry 
results to arrive at the prescribed dose.  
The error in the bladder patient group was due to a shortcoming of our TPS 
that was known, but was overlooked by the dosimetrist. In this special case, 
the X - jaws coincided with the outer boundary of the customized blocks in 
one field, yielding an equivalent square that was miscalculated by a factor 4.  
In the portal images, applied for checking the position of the diodes during the 
prostate and bladder irradiation, sometimes several cm of gas filling in the 
rectum was observed, located in the center of the AP-field behind the 
isocenter. Fig. 7-3 shows, as an example, the discrepancy between the air 
filling during the in vivo dose measurements in portal images and the rectal 
filling in the corresponding digitally reconstructed radiographs obtained from 
the planning CT images. As a result of this air filling, an increase in exit dose 
up to 4% could occur yielding a too high dose at the isocenter if entrance and 
exit dose values are combined. In these situations a new measurement was 
performed. Currently we are estimating the dose enhancement due to the air 
filling from the portal image by converting the EPID signal to dose (e.g. see 
(2)).  
For one of the patients of the parotid gland tumor group the CT data were 
distorted in the region of the parotid gland, due to the presence of metal teeth 
fillings. The conversion of Hounsfield units to electron densities could not be 
used for this particular patient. For the second patient in this group where the 
action level was exceeded, the isocenter was shifted towards the patient's skin 
and again accurate dose calculation was not possible. It should be noted that 
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the latest results of the parotid gland group have a smaller spread than 
originally (see Fig. 7-2c). This might be due to the greater experience in 
positioning the diodes on the mask of the patient and/or the introduction of an 
improved head immobilization system during this study.  
A summary of the patient results having differences between the measured 
and prescribed dose exceeding the action level, is given in Table 7-3.  
For the prostate and bladder patient groups it was shown, that even after 
correction, the average value of the ratio of measured to predicted dose is 
slightly larger than one (Table 7-1). Careful analysis of the ratio of the exit-to-
entrance dose showed a systematic difference for the left and right lateral 
field. It turned out that for one of the diodes, which was already used for a 
long time period, the temperature correction factor was changed from 0.987 to 
0.967. As a result the dose at the isocenter is overestimated by 1.0%. Because 
it was estimated that this overresponse occurred gradually during the last 8 
months of the study, the overall effect would be a reduction in the average 
ratio of about 0.2%, i.e., only part of the systematic difference can be 
explained by this effect.  
These in vivo dosimetry QC protocols were introduced to ensure a precise 
dose delivery to the target volume during conformal techniques and dose 
escalation studies. For this purpose, we investigated both the properties of the 
diode system as well as the origin of deviations between measured and 
prescribed dose values. Our results showed that the patients involved in these 
studies received an average dose at the dose specification point within 0.6% 
compared with the specified value and a standard deviation of 1.3, 1.2 and 
2.0% for the prostate, bladder and parotid gland group, respectively. These 
results are better than published in vivo dosimetry results for non-conformal 
treatment (5). In that review it is shown that most studies revealed in 3 to 10% 
of the treatments errors larger than 5% for specific patient groups or when no 
verification system was available at the accelerator. In our study this number 
is 0.8% (3/378). This is in agreement with the result from some other recent 
studies on comprehensive QA programmes. From these studies, it could be 
concluded that in centres having modern equipment with verification systems, 
a systematic error larger than 5% is still present for 0.5 to 1% of the patient 
treatments (5).  
High precision in vivo dosimetry is a labor-intensive procedure. The 
estimated time required for the various steps involved in performing in vivo 
dosimetry routinely during conformal radiotherapy in our institution is 
summarized in Table 7-2. After entering the data for the measurement files in 
the DMS, the actual dose measurements can be performed and differences 
between actual and planned setup and patient geometry are assessed and 
stored. During these conformal treatments, electronic portal images were 
made and evaluated which sometimes resulted in additional measurements. If 
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the action level of the protocol was exceeded, the number of MUs had to be 
corrected. A major effort was put on the study of the origin of the 
discrepancies between observed and prescribed dose values. The time 
required for these studies was considerable, particularly at the start of the in 
vivo dosimetry programme, and difficult to quantify. Furthermore, phantom 
checks were performed before the QC protocol was implemented and after 
each modification of the procedure, e.g. after the change of photon beam 
quality during the parotid gland treatment. In addition, about every two weeks 
the diodes were calibrated while twice a year a check of the correction factors 
was performed for different energies. Administrative work and consultations 
with co-workers of the working group for conformal radiotherapy were 
important and took 3 h per week on average.  
Our in vivo dosimetry programme is different from the way many other 
groups perform patient dose measurements. Due to the high precision we 
were aiming at, a number of additional tests and investigations were 
performed to explain the observed discrepancies. As a consequence the time 
devoted to estimating the in vivo dose in this way is rather large and might be 
unacceptable in most centres. Costs, workload and available staff required for 
in vivo dosimetry are related to the accuracy aimed at and have are discussed 
extensively elsewhere (5). The goal of an in vivo dosimetry programme 
therefore has to be well defined.  
In vivo dosimetry, as part of a quality assurance programme, requires 
additional manpower. As a result of our learning process, we were able to 
reduce the overall time required for in vivo dosimetry during the period of 
this investigation, which is illustrated by a few examples below. Due to 
changes in sensitivity with cumulated dose, frequent calibration of the diodes 
is necessary for accurate patient dose measurements. For an accuracy of the 
calibration factor within about 0.5% (1 SD), calibration needs to be performed 
after a cumulated dose of about 1 kGy. This knowledge resulted in an increase 
of the calibration interval from two weeks in the beginning of this study every 
to three weeks nowadays. Combining diode calibration and checks of 
correction factors for different energies has also reduced the measurement 
time considerably. Furthermore, using fixed values for the correction factors 
instead of customized values for each prostate and bladder patient has reduced 
the time needed in the preparation procedure. When the mean correction 
factor for 48 prostate patients was calculated, the standard deviation was less 
than 0.4%. Finally, the correction factors change slightly as a function of 
integrated dose received by the diodes, due to irradiation damage and should 
therefore also be checked regularly, e.g. after about 5 kGy (8 and 25). We 
used a frequency of twice a year, which was sufficient to stay within an 
accuracy limit of 0.5%.  
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An important question is: could the errors found in this study also be traced 
by using other, less time consuming, verification methods such as an 
independent monitor unit calculation program. A check of the monitor unit 
calculations has an accuracy of about 3 4%, because CT-information is not 
used and is therefore on the borderline of the action levels adopted in our 
studies. Adding an average correction factor for the presence of femur heads 
for this prostate technique of 1.027±0.009 (1 SD) to correct the dose at the 
dose specification point, improved the accuracy of an independent MU-check. 
Although an independent check of the MU calculation can trace gross errors 
in the dose calculation procedures, in vivo dosimetry delineates also other 
errors during the patient treatment process such as errors in the actual 
treatment setup of the patient and the performance of the accelerator.  
Several groups are currently investigating the use of portal images for 
measuring transmission dose distributions (e.g. (2, 7, 12 and 23)). From these 
two-dimensional transmission dose distributions, exit dose distributions can 
be deduced which can be converted to midplane doses. The use of such a 
detector system would provide the midplane dose in the entire field and not 
only at the dose specification point. These systems might be an alternative to 
the use of diodes, because both geometric and dosimetric verification of the 
patient treatment can be performed with one measurement device.  
It was the intention of this study to trace at an early stage systematic and 
random errors in the dose delivery as indeed were discovered (see Table 7-3). 
Such an approach requires a relatively large amount of additional 
measurements to understand the origin of these discrepancies. A simpler and 
less time consuming approach would be to correct all patients on the basis of 
their in vivo dosimetry results without extensive investigation of the cause of 
the deviation. Such a procedure can, however, only be applied after a period 
of extensive dosimetric testing of a new treatment technique or of a new 
release of a MU calculation program. In vivo dosimetry is therefore a 
valuable addition to such an extensive, and probably never complete, 
investigation of test situations.  

Conclusions 

The results of this study show that for patients treated with conformal 
radiotherapy techniques, where a high accuracy in dose delivery is required, a 
routine in vivo dosimetry protocol is very useful. Using such a protocol, 
random as well as systematic errors in the dose calculation or dose delivery 
can be traced and corrected. In this study, in 9% of the cases of a total of 378 
patients errors in dose delivery larger than the action level were discovered 
and corrected. Without the in vivo dosimetry programme a higher incidence 
of errors might have occurred due to undetected systematic errors. Correction 
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of systematic errors that were discovered by an in vivo dosimetry programme 
might lead to improvement of the accuracy of other treatments as well.  
However, several requirements have to be fulfilled to perform accurate in 
vivo dosimetry: a stable and accurate diode measurement system is needed, 
the diode calibration factors as well as the correction factors have to be 
measured frequently while portal images are necessary to check the diode 
position during treatment. If these conditions are met, errors in dose delivery 
as small as 2.5% caused by changes in the 3-D dose calculation program, in 
the treatment setup, in the beam parameters and even in the performance of 
the accelerator, can be traced using in vivo dosimetry. As an overall result of 
this in vivo dosimetry programme, the actual dose delivered to the group of 
318 patients having a prostate or bladder tumor deviated, on average, about 
0.5%. The maximum deviation was never more than 2.5% from the prescribed 
value, except for the 5 uncorrected prostate patients with a mean deviation of 
3%. For the 60 patients of the parotid gland tumor group, the average 
deviation was 0.1% and the maximum deviation less than 4%. Such very 
homogeneous dose groups allow the assessment of reliable clinical dose-
effect relations.   
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Abstract  

Purpose:  
To guarantee an accurate dose delivery, within 2.5%, in a phase III 
randomized trial of prostate cancer irradiation (68 vs. 78 Gy) by means of a 
comprehensive in vivo dosimetry programme.   

Materials and methods:  
Prostate patients are generally treated in our clinic with a three-field isocentric 
technique; one 8 MV AP beam and two 18 MV wedged laterals. All fields are 
shaped conformally to the PTV. Patients were randomized between two dose 
levels of 68 Gy and 78 Gy. During treatment the entrance and exit dose were 
measured for each patient with diodes. Special 2.5-mm thick steel build-up 
caps were applied to make the diodes also appropriate for measurements in 18 
MV photon beams. Portal images were used to verify the correct position of 
the diodes and to detect and correct for gas filling in the rectum that may 
influence the exit dose reading. Entrance and exit dose measurements were 
converted to midplane dose, which was used in combination with a depth 
dose correction, to obtain the dose at the specification point. An action level 
of 2.5% was applied.  

Results:  
The added build-up for the diodes in the 18 MV beams resulted in correction 
factors that were only slightly sensitive to changes in beam setup and 
comparable to the corrections used in the 8 MV beams for diodes without 
extra build-up. The calibration factor increased almost linearly with 
cumulative dose: 0.7 %/kGy for the 8 MV and 1.2 %/kGy for the 18 MV 
photon beams. The introduction of average correction factors made the 
analysis easier, while keeping the accuracy within acceptable limits. In a 
period of three years, 225 patients were analyzed, from which 8 patients 
needed to be corrected. The average ratio of measured and prescribed dose 
was 1.009 (SD 0.012) for the total group treated on two linear accelerators. 
When the results were analyzed per accelerator, the ratios were 1.002 (SD 
0.001) for accelerator A and 1.015 (SD 0.001) for accelerator B. This 
difference could be attributed to the cumulative effect of three small 
imperfections in the performance of accelerator B that were well within the 
limits of our quality assurance programme. 



Chapter 8 

150  

Conclusion:  
Diodes can be used for accurate in vivo dosimetry during prostate irradiation 
in high-energy photon beams. The dose delivery in this randomized trial is 
guaranteed within the 2.5% limits on an individual patient basis. This could 
not be achieved without the in vivo dosimetry programme, despite our high 
standard quality assurance programme of treatment delivery.  

Key Words:  
Conformal radiotherapy, In vivo dosimetry, Diodes, 3-D dose calculation, 
Monitor unit calculation   
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Introduction 

Inaccuracies in dose delivery may influence the outcome of any radiotherapy 
treatment, due to the steepness of dose-effect curves for both local tumor 
control and normal tissue complications. Zelefsky et al. reported a PSA-
corrected disease free survival of 81% and 93% for prostate tumors at a dose 
level of 64.8 and 70.2 Gy respectively (1). Other results, claimed by Hanks et 
al., are showing a 64% and 86% PSA-corrected disease-free survival for dose 
levels of <71 Gy and >73 Gy tumor dose respectively (2).  
In 1998, a study started in our clinic in Amsterdam and the Doctor Daniel den 
Hoed Cancer Center (DDHCC) in Rotterdam to test the hypothesis that higher 
radiation doses lead to a higher local control rate in a phase III randomized 
trial. The results are also applied to validate normal tissue complication 
probability models of rectum and bladder. The prostate patients are 
randomized between a dose prescription of 68 Gy and 78 Gy. A high 
precision dose delivery is of essential importance in this trial and in vivo 
dosimetry (IVD) measurements are therefore performed to monitor the dose 
delivery independent of treatment planning and monitor unit calculation 
programs. 
Our first experience with in vivo dosimetry, IVD, dates from 1992, when 
Heukelom et al. investigated several diode characteristics for an 8 MV photon 
beam during the study of the simultaneous boost technique of prostate cancer 
(3). Essers et al. improved the dose calculation procedure for the prostate 
treatment technique and checked the reproducibility of the dose delivered to 
the patients and the accuracy of dose calculations performed by our 3D-
treatment planning system U-MPlan (4). In a previous study, the results of in 
vivo dosimetry measurements of 275 prostate patients, irradiated with 8 MV 
beams only, are described by Lanson et al. (5). In the current paper, we 
describe the implementation and results of accurate diode dosimetry for the 
revised technique that was used in the randomized trial using 18 MV wedged 
lateral beams. For this purpose, we had to modify our diodes to perform 
accurate measurements in 18 MV photon beams. Furthermore, modifications 
in the analysis of diode measurements are described.  

Materials and methods 

All patients are irradiated with a three-field isocentric technique consisting of 
an 8 MV anterior-posterior beam and two symmetrical wedged lateral 18 MV 
beams. The photon beams are produced by two almost identical Elekta SL-20 
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accelerators, which are equipped with a multi-leaf collimator (MLC), and an 
electronic portal imaging device (EPID). Each field is conformally shaped to 
the PTV using the MLC. In vivo dose measurements were performed using p-
type diodes as discussed extensively in earlier papers (3-6). 

Calibration of diodes 
The calibration procedure can be summarized as follows: The readings of the 
diodes are converted to the dose at the point at dmax under the patient s surface 
(entrance and exit dose) using the following relation: 

iiDdiodediode CNRD ,    (1) 
where Rdiode is the diode reading, ND the calibration factor determined under 
reference circumstances (SSD = 100 cm, field size = 15 cm  15 cm, phantom 
thickness = 15 cm, temperature = 22 ºC). The dimensionless correction 
factors Ci are required for irradiations applied for non-reference 
circumstances and incorporate corrections for field size, SSD, patient 
thickness, skin temperature and wedge angle (3,4,6-11). A separate correction 
factor is used for the determination of the exit dose of the AP beam, where the 
diode is positioned under the carbon fibber panel in the treatment couch. The 
midline dose is determined, following an empirical method proposed by 
Rizzotti et al. (12). The conversion of the midline dose to the dose at the 
isocenter (prescribed dose) is obtained by applying a (small) depth dose 
correction (<5%) if the isocenter is not coinciding with the midplane. For the 
opposing lateral beams, this correction is neglected, since the total lateral dose 
gradient at the midplane (and isocenter) is practically zero. 
Before the start of the randomized trial, prostate patients were irradiated only 
with 8 MV beams for both the anterior-posterior and the lateral directions. All 
entrance and exit dose measurements were performed with EDP-20 diodes 
(Scanditronix). Each of these diodes is encapsulated by a hemi-spherical 
build-up cap of 2.2 mm stainless steel and 2.8 mm epoxy, which together is 
equivalent to approximately 20 mm water. At the beginning of the trial, we 
switched from 8 MV to 18 MV for the lateral beams to reduce the dose to the 
femoral heads. Consequently, the build-up cap of the EDP-20 diodes was no 
longer sufficient for the lateral beams. Such a too thin build-up layer 
introduces additional uncertainties in the dose determinations with diodes, 
because the correction factors are depending on the amount of electron 
contamination. Measurements showed that the thickness of EDP-30 diodes, 
marketed to have a 30 mm water equivalent build-up cap, was even less than 
the thickness of EDP-20 diodes (Fig. 8-1). We decided to construct additional 
2.5 mm steel build-up caps and attached these to the EDP-20 diodes to 
augment the build-up layer. 
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A new set of correction factors Ci was determined for the 18 MV entrance and 
exit dose measurements. In addition, the linearity and reproducibility of the 
diodes and the relation between the calibration factor ND and the cumulative 
dose were determined. The additional build-up caps may alter the heat 
capacity of the diodes. Therefore, additional measurements were performed to 
check whether the build-up caps influence the time for the diode to reach the 
skin temperature after positioning. The electric resistance, which is a measure 
for diode temperature, was measured for both the commercial EDP-20 diodes 
and the diodes with the extra build-up caps as a function of time from placing 
the diode at the skin. 

Average correction factors 
The correction factors Cfield size, CSSD, Cthickness, Ctemp, and Cwedge were 
determined for two EDP-20 diodes with additional build-up caps in an 18 MV 
photon beam. Since the diodes are only applied for lateral beams in the pelvic 
region, the correction factors were determined for a limited number of field 
sizes, SSDs and thicknesses. From these data, a single set of average 
correction factors was established, based on the treatment data of 20 patients, 
to correct the diode readings for the non-reference conditions during the 
irradiation of the patient. A comparable approach is described by Alecu et al., 
who calibrated their diodes under average treatment conditions (13). The 
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Figure 8-1: Relative diode reading as a function of the additional steel build-up layer in an 
18 MV photon beam for both EDP-20 and EDP-30 diodes. 
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application of these average correction factors instead of patient customized 
correction factors shortens the time required for analyzing the patient 
measurements from 30 to 15 minutes, but introduces an additional uncertainty 
in the final result which has to be quantified.  

Clinical implementation 
Patient measurements were performed twice in the second week of the 
treatment course (Fig. 8-2). The entrance and exit diodes are slightly 
displaced to both sides of the central beam axis, to avoid shielding effects 
from the entrance diode on the reading of the exit diode (8,14). Portal images 
using a liquid-filled matrix ionization chamber detector (Varian 
PortalVisionTM (15,16)) are used to verify the correct position of the diodes. In 
addition, these portal images are also used to detect gas filling in the rectum, 
which may influence the exit dose (Fig. 8-3a). Because of this air filling, an 
increase in exit dose of several percent may occur yielding a too high dose at 
the isocenter if entrance and exit dose values are combined. Such a dose 
enhancement at the exit side is estimated using the following response curve 
between the pixel value, i.e., ionization current, I, of the detector and the dose 
rate, D

 

(17): 

  

Figure 8-2: Patient with an EDP-20 diode with extra build-up cap. The diode is slightly 
shifted with respect to the central beam axis, to avoid shielding by the entrance diode, which 
is shifted in the opposite direction. The EPID on the right is used to verify the correct diode 
position with respect to each other, the central beam axis and the field edge. 
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DbDaI

     
(2) 

with a = 1.35 103 (Gy/min)-½ and b = 81.4 (Gy/min)-1. For a clinical dose rate 
of 400 MU/min, the exit dose corrected for the gas filling, cor

exitD , can be 
approximated by: 

2

exit

cor

exit
exit

cor

exit I
IDD    (3) 

with Dexit the uncorrected exit dose behind the gas filling, Iexit the pixel value 
behind the gas filling and cor

exitI the pixel value at the portal image adjacent to 
the gas filling (Fig. 8-3b). 

Results 

Calibration of the diodes 
The calibration factors were regularly checked after treatment of 
approximately 20 patients for both the 8 MV and 18 MV diodes. The 
calibration factors increased almost linearly with cumulative dose: 0.7%/kGy 
for 8 MV and 1.2%/kGy for 18 MV. The dose attenuation at a depth of 10 cm 

(a)

cor
exitI I e x i t

( b )

  

Figure 8-3: Portal image of an AP field of a patient with rectal gas (a). The entrance and exit 
diodes are clearly visible; the entrance diode is larger projected in the portal image than the 
exit diode. The gas filling enhances the reading of the exit diode. In (b), the lateral pixel 
intensity profile near the exit diode is shown.  
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was 15% for the modified EDP-20 in 18 MV photon beams, while this was 
7% for the standard EDP-20 in 8 MV photon beams. 

Correction factors 
In Fig. 8-4, entrance and exit dose correction factors Cfield size, CSSD and 
Cthickness are plotted for both 8 MV (standard EDP-20) and 18 MV photon 
beams (EDP-20 + extra build-up). The wedge correction factors for the 
maximum wedge angle are given in Table 8-1. The temperature correction 
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Figure 8-4 Entrance and exit dose correction factors Cfield size, CSSD and Cthickness

 

as a 
function of the side of a square field, SSD and phantom thickness, respectively, for an 
8MV and 18 MV photon beam.  
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factor is 0.968 for diodes that are at a skin temperature of 31 C. Fig. 8-5 
shows the change in relative electrical resistance when applying a small 
reverse voltage after positioning the diode at the skin in the pelvic region. The 
build-up cap clearly accelerates the heating-up of the diodes in the first 30 
seconds. This is probably due the large heat transfer of the steel build-up caps 
when in direct contact with the skin. However, for both types of diodes it is 
recommended to wait at least 3 minutes between the diode positioning on the 
patient and the actual measurement. 
For 20 patients we analyzed the product of the correction factors for entrance 
and exit measurements based on the patient s individual anatomy and beam 
setup. The inter-patient variation of each overall correction factor was equal 
or smaller than 0.4% (1SD), with the exception of the inter-patient variance of 
the entrance correction factor of the lateral beams (0.6%, 1SD). This slightly 
higher value results from the conversion from diode reading to entrance dose 
which is strongly dependent on the field size for field sizes smaller than 
10 cm 

 

10 cm (see Fig. 8-4a).  
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Figure 8-5: Change in relative electrical resistance (i.e., a measure for the temperature 
dependence) for both the standard EDP-20 diode and the EDP-20 diode supplied with an 
extra steel build-up cap after positioning at the pelvic skin. 
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Table 8-1: Entrance and exit wedge correction factors for 8 MV and 18 MV beams  

entrance
wedgeC exit

wedgeC 

8 MV 1.015 1.004 
18 MV 1.023 1.005 

 

The application of average values for the correction factors, reduces the time 
used for analysis of the measurements from 30 to 15 minutes, but introduces 
an additional uncertainty in the final result. Since the midplane dose Dmid can 
be approximated by exitentrance DD

 

(18), the standard deviation of the 

midplane dose, 
midD , for each beam as a result of the inter-patient variation in 

C can be expressed as: 
22

mid exitentrancemid
½ CCD D

 

,   (4) 

with 
entranceC and 

exitC the standard deviations of the entrance and exit dose 

correction factor, respectively. The standard deviation of the dose at the 
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Figure 8-6: IVD results of 225 prostate patients. The open circles correspond to the IVD 
results after correction. 
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isocenter, 
isocD , can be expressed as,  

22 )( latleft 
mid

latright 
mid

AP
midisoc DDDD

 

,    (5) 

because of the symmetry of the two lateral fields. 
For most prostate treatments in our clinic, the ratio between the beam weights 
of the AP beam and the two lateral beams is 1.75 : 1 : 1. This results in an 
overall standard deviation of the isocenter dose as a consequence of the inter-
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Figure 8-7: Frequency distributions of the IVD results for linac A and linac B. 

Table 8-2: Average overall correction factors for the AP and lateral entrance and exit 
readings for 20 prostate treatments. The standard deviation is denoted by the value in 
brackets.  

iCi, entrance iCi, exit 
AP 0.966 (0.003) 1.089 (0.004) 
right lateral 0.959 (0.006) 0.981 (0.003) 
left lateral 0.959 (0.006) 0.981 (0.003) 
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patient variance of the correction factors of 0.4 cGy, which is regarded to be 
acceptable for a dose at the isocenter of 200 cGy. 

Patient findings 
The dose delivery of 225 prostate patients was verified over a period of three 
years (1-1-1997 until 1-1-2000). In about 15% of the measurements, the exit 
dose measurement of the AP beam needed to be corrected for rectal gas. The 
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Figure 8-8: The ratio of measured and calculated dose of the lateral beams at the 
isocenter as a function of the difference between effective and geometrical width along 
the central beam axis of the lateral beams in a sample of 34 patients. 
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average correction was 3% while the maximum correction was 5.5%. The 
ratio of measured and calculated dose at the isocenter is plotted in Fig. 7-6. 
For 217 patients the deviation between the actual and calculated dose was 
within the action level of 2.5%. For 8 patients, the action level was exceeded 
and the monitor unit prescription of these patients was modified. After this 
modification the entrance and exit dose in these patients was remeasured and 
the resulting dose at the isocenter was found to be within the action level. The 
average ratio of the measured dose and calculated dose for all prostate 
patients was 1.008 (0.012 SD).  

Discussion 

Measurements showed that the build-up layer of the EDP-30 diodes was even 
less than the thickness of EDP-20 diodes. This has previously been observed 
by Jornet et al. (19), who concluded that the 1 mm tantalum encapsulation of 
the EDP-30 is equivalent to only 14 mm water. Sjögren and Karlsson 
quantified electron contamination depth dose curves in various 20 MV photon 
beams. They concluded that the water equivalent depth of 1 mm tantalum for 
contaminating electrons corresponds to a much larger value than 14 mm (20). 
This indicates that the standard build-up layer of the EDP-30 diodes is thick 
enough to absorb all contaminating electrons, but additional build-up is 
needed to increase the photon scattering near the sensitive element of the 
detector. Georg et al. suggested to modify the build-up thickness of the diodes 
by affixing extra build-up caps (21). We decided to construct additional 2.5 
mm steel build-up caps and attached these to the EDP-20 diodes to augment 
the build-up layer. The additional caps increased the dose perturbation in the 
patient behind the diode (9,22), but the clinical relevance is limited in our 
IVD protocol, since the patients are measured only twice (or three times 
occasionally) out of a series of 34 or 39 fractions.  
The additional build-up cap resulted in correction factors for 18 MV beams, 
which are comparable in magnitude to the correction factors in 8 MV beams. 
The only exception occurs for the entrance field size correction factor which 
increases for 8 MV beams as the field size decreases whereas the 
corresponding correction factor for 18 MV beams decreases. This might be 
due to the relatively high dose of contaminant electrons of 4%-6% at 3 cm 
depth for field sizes of 10 cm 

 

10 cm and larger in high-energy photon 
beams (20,23,24). These contaminant electrons contribute to the ionization 
chamber reading, while these electrons are scattered in the high-Z build-up 
cap material and do not reach the diode applied in the 18 MV beams. This 
effect does not occur at 8 MV where the contaminant electron dose at 2 cm 
depth is less than 1% (24). 
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The response degradation of the diodes is about twice as high for 18 MV 
photon beams as it is for 8 MV photon beams. As a consequence, we 
recalibrated the diodes after measuring approximately 20 patients. In addition, 
the diode calibration factors are automatically attuned to the cumulative diode 
dose during the analysis of the patient measurements. 
The implementation of the in vivo dosimetry programme ensures an accurate 
dose delivery to all patients. The use of a single set of average correction 
factors instead of determining the individual correction factors for each 
patient saves a lot of time, while keeping the high accuracy. Only 8 out of 225 
patients (3.6%) needed a correction, of which 7 were treated at linac B. 
Careful analysis of the results revealed a systematic difference in results for 
the patients treated either at linac A or at linac B (p<0.001) (Fig. 8-7). The 
average ratio of the measured and calculated dose was 1.002 (0.01, 1SD) for 
linac A, while this ratio was 1.015 (0.01, 1SD) for linac B. Closer 
examination showed that this disagreement was due to three distinct causes. 
Firstly, it turned out that the average output for both the 8 MV and 18 MV 
beams was 0.5% higher for linac B compared to linac A. This dose difference 
is well within the tolerance level of  1.5% applied for adapting the output of 
the accelerator. Secondly, the output for the 18 MV beams was, for this linac, 
0.9% higher at gantry angles of 90

 

and 270

 

than under calibration 
conditions (gantry angle 0 ). Since the dose contribution of the lateral (18 
MV) beams for prostate patients is on average 55%, this explains another 
0.5% difference in the results for linac A and linac B. Finally, we discovered 
an error in the calibration procedure of linac B, clarifying a supplementary 
0.2% difference in IVD results for the two linacs. The cumulative effect of the 
imperfections in the output of linac B partly explained the high dose delivery 
for the patients that were found outside the action level.  
All patients that were found outside the action level were characterized by 
unusual dense femoral heads. In general, a correlation exists between the 
mean inhomogeneity correction on the central beam axis of the lateral fields 
and the ratio of the measured versus calculated dose of the lateral fields as 
observed in a sample of 34 patients with high and low IVD results (p<0.0001) 
(Fig. 8-8). This correlation is partly explained by the limitations of the ray-
tracing algorithm in our planning system, which is used to determine the 
inhomogeneity correction. This algorithm only uses the 1D density 
information at the central beam axis, which leads to an overestimation of the 
inhomogeneity correction if the femoral heads are dense on the central beam 
axis. This finding was confirmed when we examined the relative transmission 
dose distribution of a lateral beam of a patient with dense femoral heads.  
Figure 8-9 shows a comparison of, (a), the transmission dose distribution as 
calculated by our 3D-TPS, with, (b), the transmission dose distribution 
derived from the pixel values of a portal image originally used for setup 
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verification purposes (see Eq (2)), and, (c), the calculated transmission dose 
distribution using a collapsed cone convolution algorithm.  All dose 
distributions are normalized at a point where the primary fluence is not 
scattered by any bony material indicated by the arrow (Fig. 8-9d). The 
calculated dose on the central beam axis when using the collapsed cone 
convolution algorithm is in agreement with the dose derived from the portal 
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Figure 8-9: Transmission dose distribution calculated by our treatment planning system 
(a), derived from a portal image (b), calculated using a collapsed cone convolution 
algorithm (c). All dose distributions are normalized to a point between the projection of the 
os pubis and the femoral heads, where the primary fluence is not scattered by any bony 
material (d). 
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image (both 95%). However, when using the equivalent path length method, 
the inhomogeneity correction on the central beam axis is highly 
overestimated, resulting in a dose of 90%. Furthermore, it can be observed 
that a substantial amount of rectal gas was present at the CT scan of this 
patient, resulting in a high value of the calculated transmission dose behind 
the rectum. The absence of this high dose region in the measured transmission 
dose indicates that most of the rectum gas has vanished at the time of the 
treatment session. 
Only a very limited number of patients was found to be beyond the action 
level in this study, while 31 out of 275 prostate patients (11%) needed a 
correction in the previous study in the period 1993-1997 (5). During this 
period a large number of systematic dosimetric errors were traced by in vivo 
dosimetry measurements. These errors were successively corrected and 
consequently, the amount of newly observed errors decreased in time. Hence, 
the in vivo dosimetry results remained stable in this study, making it possible 
to trace minor imperfections, of the order of 1%, in the dosimetry chain using 
statistical analysis. The emphasis of our in vivo dosimetry programme 
gradually shifted in time. The original aim of detecting (gross) individual 
dosimetric errors is still important, but since only a very limited number of 
patients was found outside the action level, the true merit may be that in vivo 
dosimetry makes it possible to trace relatively small, but systematical 
imperfections. The correction of these imperfections reduces the variation 
around the two dose levels in our randomized trial, which is essential when 
analyzing the clinical outcome of this trial. Furthermore, these corrections 
will benefit the treatment of all (prostate and non-prostate) patients.  

Conclusions 

EDP-20 diodes with additional steel build-up caps can be used to perform 
accurate in vivo dose measurements in 18 MV photon beams. Recalibration is 
required more often, because of the higher response degradation at this beam 
quality compared with 8 MV irradiation. The introduction of average 
correction factors made the analysis easier, while keeping the accuracy within 
acceptable limits. Portal imaging is a valuable tool to verify correct diode 
positioning and to identify and correct for the presence of rectal gasses.  
The in vivo dosimetry protocol guarantees a dose delivery for prostate 
treatment within 2.5% on an individual patient basis, resulting in patient 
groups having uniform dose levels in this trial. Statistical analysis made it 
possible to identify small systematic errors (<1.0%). Correction of these 
errors will not only benefit the patients in this trial, but will improve the 
treatment quality of all future patient treatments. 
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Improvement of radiotherapy treatments  
The aim of curative external beam therapy is to deliver a dose distribution to 
the patient, which results in an optimal clinical outcome in terms of tumor 
control and toxicity to healthy tissue. The best outcome is expected when the 
tumor cells are irradiated to a high dose while simultaneously the surrounding 
healthy tissue receives no dose at all. Unfortunately, such a dose distribution 
cannot be delivered due to two major restrictions. Firstly, we don t know the 
exact shape and location of the tumor. Even if we would know the geometry 
of the tumor in the treatment preparation phase, due to organ motion the 
position and shape of the tumor may be different in the treatment delivery 
phase. Secondly, if we would know the exact tumor location in the treatment 
delivery phase, we are still not able to deliver a high dose to the tumor and 
zero dose elsewhere in the body due to technological restrictions and due to 
the physical laws that govern the energy deposition of photon (or electron) 
beams. This means that in practice we aim at a delivery of a physically and 
technically feasible dose distribution to a patient that yields the highest 
probability of a complication free tumor control. In the process of improving 
the 3D dose distribution delivered to the patient, we are often guided by the 
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Figure 9-1: Schematic drawing of the links involved in the improvement of radiotherapy 
treatments. The dashed boxes point out the relationship between the various chapters in this 
thesis and the corresponding processes of improvement 
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results of clinical studies, technological developments, progress in 
radiobiological understanding and new insights in the shape and position of 
both targets and organs at risk (Fig. 9-1). 
Dose escalation studies and randomized trials lead us to refined dose 
prescriptions. Modern imaging techniques like CT, MR and PET contribute to 
a more accurate delineation of the tumor volume. Immobilization devices and 
portal imaging protocols allow smaller volumes to be irradiated to a high 
dose, while maintaining the local control probability. The introduction of 3D 
conformal radiation therapy and intensity modulated radiotherapy (IMRT) 
made it possible to increasingly spare healthy tissues. 

Improvement of treatment planning of prostate cancer 
A higher dose to the target seems to improve the outcome of external beam 
radiotherapy of prostate cancer (1-3). This, however, leads in general to a 
higher normal tissue dose and an increased risk of complications. At present, 
radiation induced rectal complications are the dose-limiting factor. To allow 
for a safe dose escalation, radiation induced rectal complications in relation to 
the received dose distribution need to be analyzed. The most common way to 
assess this relationship is by means of dose-volume histograms of the rectal 
wall. Chapter 4 describes a mathematical model for the rectal wall 
incorporating the stretching of the rectal wall due to variable rectal filling and 
neighboring structures. The main objective of the model is to determine the 
thickness of the rectal wall in each wall element or to obtain the inner surface 
of the rectal wall from the outer surface. The wall volume in between the two 
surfaces can be used as input for the DVH of the rectal wall. Parameters 
extracted from the DVH, such as volume points at certain dose levels, the 
mean dose, the Equivalent Uniform Dose (EUD) (4,5), or some form of 
Normal Tissue Complication Probability (NTCP), are commonly used to 
model and predict rectal complications (6-8). A fundamental restriction of this 
approach is that the spatial information of the dose distribution in relation to 
the 3D anatomy of the rectal wall is lost. This implies that two identical 
DVHs originating from two different dose distributions yield identical NTCP 
values, whereas in reality the rectal damage may not necessarily be the same 
because the spatial distribution of the dose over the rectal wall is different.  
The concept of a dose map, developed by Hoogeman et al., condenses the 3D 
dose distribution and the 3D anatomy onto the 2D map while preserving the 
spatial information (9). In short a dose map is constructed as follows. Firstly, 
the rectal wall (and the dose distribution plotted on the rectal wall) is 
straightened and smoothened using the model described in chapter 4, until a 
cylinder is developed. Secondly, the cylindrical rectal wall is opened on the 
dorsal side. In the third and final step the rectal wall and its dose distribution 
are unfolded to a rectangular dose map (Fig. 9-2).  
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Starting from the model described in chapter 4 this means that cell density is 
uniform over the complete dose map. The advantage of this geometrical 
reconstruction is that, in principle, the same rectal tissue is projected on the 
same map position irrespective of rectal volume differences. This means that, 
unlike DVHs, dose maps of different CT scans of the same patient can be 
added. Preliminary results of a study of 266 prostate patients irradiated with a 
dose of 66 Gy have shown a correlation between percentage of the superior 
part of the rectum that receives a dose higher than 60 Gy and rectal bleeding, 
whereas no dose-response relationship for rectal bleeding was found for the 
inferior part of the rectum (10). This illustrates that dose maps are useful to 
study localized dose-effect relationships, although the true potential of dose 
maps presumably manifests in the analysis of rectal complaints of a 
population of prostate patients irradiated to higher prescribed doses (e.g. 
78 Gy). 

Improvement of treatment planning of bladder cancer 
Radiotherapy is the primary treatment modality for bladder cancer in patients 
not fit for radical cystectomy. The aim of conformal radiotherapy is to 
irradiate the clinical target volume (i.e. bladder wall) expanded with a margin 
to account for geometrical uncertainties. In chapter 3 of this thesis, all 
geometrical uncertainties involved in the irradiation process of bladder cancer 
were assessed and based on the uncertainties, an estimate of an appropriate 
margin was established. It turned out that, in order to assure adequate dose 
coverage, a margin of about 2.5 cm is needed at the cranial side of the CTV. 
Similar findings on bladder margins have recently been reported by Muren et 
al. (11). This margin is predominantly due to organ motion of the bladder and 
cannot be diminished by a setup correction protocol. If we apply the margins 
as derived in chapter 3 to a CTV of 65 cm3, then this yields a PTV of 
approximately 400 cm3. This of course limits the feasibility of high precision 
techniques such as intensity-modulated radiotherapy. For this reason, dose 
escalation to improve outcome is hardly possible. So the task is to minimize 
the uncertainty in the position of the bladder during the delivery of external 
beam radiotherapy. Portal imaging can be utilized to measure organ motion 
by means of the detection of radio-opaque markers, implanted in or near the 
target volume. Balter et al. (12) studied the use of radio-opaque markers 
implanted around the prostate for 10 prostate cancer patients. Transformations 
in terms of translations and rotations were detected in 70 % of all cases. The 
same authors have used implanted markers to perform online repositioning of 
the patients. In a similar study for bladder and prostate cancer patients 
Shimizu et al. (13) implanted gold markers in or near the clinical target 
volume. Using two sets of diagnostic X-ray television systems in the linear 
accelerator room, the patient position was corrected by shifting the actual 
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position of the gold marker to the planned marker position. One of the 
remaining problems of using radio-opaque markers is the failure to detect 
organ shape changes. For the prostate gland this may not be too serious 
because its position and shape can be reasonably well described by 
translations and rotations with respect to the apex (14). However, bladder 
shape changes are much more extensive, and the relation between the markers 
and the tumor may be ill-defined (13). Furthermore, it is difficult to implant 
markers in the thin bladder wall. Also the flexibility of the bladder wall 
causes these markers to drift or get loose. However, the recent development of 
cone beam CT integrated with a linear accelerator has the potential of 
visualizing soft tissues on the treatment table (15,16). This offers the 
possibility to improve the localization of the bladder during radiotherapy 
thereby allowing safe dose escalation.  

Another and possibly superior way of visualizing soft tissues on the treatment 
table may be established by integrating a MR system with a linear accelerator 
(17). Even though current feasibility studies show optimistic results, it takes 
several years before a clinical prototype of such a machine will be available. 
In any case, manual delineation of the bladder in the CT or MR scans is a 
time consuming task and computer algorithms are needed to reliably estimate 
the size, shape and position of the bladder, for example by the use of region 
growing techniques. Both cone-beam CT or MR-guided radiotherapy, 
combined with on- or off-line correction protocols, allow substantial 
improvement of localization of the bladder and therefore margins smaller than 
1 cm could possibly be applied, allowing safe dose escalation.  

P L A R P
0

25

50

75

100

P
os

iti
on

 (
%

)

Direction

66 Gy

21 Gy

9 Gy

44 Gy

61 Gy

 

Figure 9-2: Schematic picture illustrating how a curved rectum is unfolded to a dose map 
(P=posterior, L=left, A=anterior and R=right) 
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Quality control of medical accelerators to improve dose delivery 
In order to derive the optimal dose distribution from clinical studies, it is of 
great importance that the actual dose distribution delivered to the patient is in 
agreement with the intended planned dose distribution. The implementation of 
an intensive quality control (QC) programme plays a crucial role in 
establishing good agreement between planned and delivered dose distribution.  
Chapter 6 describes the results of a project aiming at the achievement of 
consensus in the different QC programmes in The Netherlands. A set of 
minimum requirements was formulated for linear accelerators, containing 
more than 30 test procedures including test frequencies and action levels. The 
implementation of the requirements in the radiotherapy institutions lead to an 
average increment in test frequencies of about 8 tests with a maximum of 17 
but did often not require much increase of the total amount of time spent on 
QC. As a consequence, the large variation in test frequencies and test 
parameters decreased in time which in turn may have improved the quality of 
the irradiation process on a national scale.  
The project did not focus on QC of multileaf collimators (MLCs), since at the 
time of the investigation only very few linear accelerators were equipped with 
MLCs. Hounsel and Jordan (18) and Mubata et al. (19) suggest that standard 
use of the MLC only adds an extra half an hour of QC time per accelerator. 
These QC procedures are mainly related to the positional accuracy of the 
leaves and their relationship to the back-up collimators, leakage 
considerations, the relationship of X-ray to light field and the influence of 
gravity on the positioning and leakage characteristics of the leaves. These 
tests are therefore of main importance for segmented (IMRT) MLC dose 
deliveries.  
More extensive QC procedures are required when dynamic MLC dose 
deliveries are implemented. Chui et al. (20) describe a routine QC test for leaf 
position accuracy in which the leaves move dynamically and then stop to 
form 1-mm slits at a series of different positions; any variation in slit width 
indicates a position error. They also describe measurements of stability of leaf 
speed, leaf acceleration and deceleration and leaf position accuracy both for 
commissioning or occasional use. LoSasso et al. (21) and Budgell et al. (22) 
suggest using periodic ionisation chamber measurements of a moving 5 mm 
or 10 mm slit to verify the leaf positioning. The delivered dose is very 
sensitive to leaf position accuracy; a 1-mm change in slit width leads to a 10% 
change in dose. A more sophisticated approach to verify all leaf positions 
during dynamic multileaf collimation is described by Vieira et al. (23). They 
developed a two-dimensional method for daily leaf verification using an 
electronic portal imaging device (EPID). Deviations in a 0.5-cm wide sliding 
gap width are detected as deviations in gray scale value profiles derived from 
EPID images. Local experience is needed to decide which of these, or other 
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tests, is most suitable for a specific institution, and what will be an action 
level and test frequency. However, since all these tests are neither 
complicated nor time-consuming it seems likely that a set of tests can be 
implemented without much workload, which enables the routine clinical use 
of dynamic MLC. 

The role of in vivo dosimetry to improve high precision treatments 
of prostate cancer 

In vivo dosimetry in clinical practice 
In vivo dosimetry has been used for several years to assess the uncertainty in 
dose delivery during the treatment of patients. Different methods and 
philosophies are applied as discussed for instance in an extensive overview of 
the current practice of patient dose verification presented by Essers and 
Mijnheer (24). Chapter 7 and Chapter 8 describe the results of an accurate 
in vivo dosimetry protocol as part of a quality assurance programme for 
prostate patients irradiated to a high dose. For each patient, diode 
measurements are performed during two irradiation fractions at the beginning 
of the treatment, which is sufficient considering the good reproducibility of 
the measurements. Due to the high accuracy, we were able to maintain a 
narrow action level of 2.5%. Experience with measurements performed at 
more than 500 patients revealed that the measurements were very reliable and, 
if necessary, the number of monitor units was adjusted even if no explanation 
could be found for the deviation. During the first few years, a number of 
systematic dosimetric errors were traced by in vivo dosimetry measurements. 
These errors were successively restored and consequently, the amount of 
newly observed errors decreased with time. Hence, the in vivo dosimetry 
results remained stable in the latter period, making it possible to trace minor 
imperfections, smaller than 1%, in the dosimetry chain using statistical 
analysis of the results. This observation has previously not been described in 
the literature on in vivo dosimetry. Measurements at 8 patients out of 225 
patients (3.5%), exceeded the action level of 2.5% but none of the dose 
measurements showed a deviation larger then 5%. Based on these findings, it 
is now argued whether it still is necessary to perform in vivo dose 
measurements at each prostate patient, as long as all the links in the treatment 
chain remain unaltered. Such a decision is even more justified if we consider 
that all patients found outside the action level in the study described in 
Chapter 8 were characterized by unusual dense femoral heads. Prolonged 
experience over many years with in vivo dosimetry protocols has improved 
the quality of the treatment process in such a manner, that dose deviations 
larger than 2.5% only occur for a small subpopulation, which can easily be 
identified prior to the treatment. Consequently, one may suggest to maintain 
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the in vivo dosimetry protocol for a selected group of patients (in our case, 
patients with dense femoral heads) to identify dose discrepancies over 2.5%. 
In addition, in vivo dosimetry for a random sample of the remaining 
population is still useful to detect possible time trends in the future.  

In vivo dosimetry during IMRT  
The use of IMRT has been shown to enable the delivery of highly conformal 
dose distributions. Verification of IMRT treatments is required because of the 
special delivery conditions of IMRT (e.g. small off- axis fields, moving jaws). 
The first approach to verifying IMRT treatments was to deliver the patient-
optimized intensity modulated beams to anthropomorphic or simple geometric 
phantoms and to measure the resultant dose distribution using film (25,26). 
The measured dose distribution is then compared with distribution of the 
patient-optimized beams and recalculated using the particular patient s 
geometry. In this way the dose delivery can be verified at relevant points, 
along lines or in planes of importance for the correct performance of an IMRT 
technique. By combining the information in a set of films, in combination 
with ionisation chamber measurements for the determination of the absolute 
dose, it is even possible to get an approximate verification of the three-
dimensional (3D) dose delivery in that particular phantom. The use of 
electronic portal imaging devices (EPIDs) is also of interest for IMRT 
verification. Studies of the basic dosimetric performance of EPIDs have been 
presented for liquid-filled ionisation chamber-based (27,28), camera-based 
(29,30) and amorphous silicon flat-panel (31,32) systems. A number of 
groups reported on pre-treatment verification of small static and dynamic 
IMRT fields (33-37) , but the use of EPIDs for in vivo dose verification is still 
in an experimental phase. The use of liquid-filled ionisation chamber-based 
EPIDs is not very attractive for this purpose, because it is not an integrating 
dosimeter and furthermore relatively long acquisition times are required. Also 
in vivo dosimetric verification with camera-based systems has not yet been 
reported, probably because of the more complicated algorithms required for 
deriving the patient dose from the EPID response for small fields. Due to the 
improved characteristics, the use of amorphous silicon type of EPIDs has 
been proposed for IMRT verification. Partridge et al. (38) described a method 
where they converted the measured fluence of a multiple segment field into 
the primary fluence at the plane of the amorphous silicon detector. This 
primary fluence is back-projected through a CT model, with inverse 
attenuation correction, to yield an input fluence map. The input fluence maps 
are then used to calculate a reconstructed dose distribution using the same 
algorithm as for the original planning. In their paper the authors use the actual 
megavoltage CT data to account for setup errors and organ motion. This extra 
step is useful for IMRT verification in the head-and-neck region, but for 
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prostate IMRT verification, this step does not seem to be necessary. The weak 
element is that the same dose calculation algorithm is used for both the 
treatment plan and the verification of this plan. Deficiencies in the dose 
calculation algorithm can therefore not be detected with this method, but in 
combination with other pre-treatment verification methods (e.g. phantom 
measurements), this procedure may lead to an accurate dose determination for 
each individual IMRT treated patient.  

Some radiobiological considerations of in vivo dosimetry  
In this paragraph, biological modeling of the tumor control probability (TCP) 
is used to estimate the possible effect of in vivo dosimetry on the therapy 
outcome in terms of local control. For a homogeneous dose distribution the 
TCP according to the Poisson model of Webb and Nahum (39) as a function 
of the delivered dose delD  is expressed as: 
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For the TCP computations, we assume that the CTV (prostate plus seminal 
vesicles) contained tumor with a uniform cell density of 107 cm-3, and we use 
an effective value of of 0.29 Gy-1 with a standard deviation of 0.07 Gy-1 

over the population of patients as proposed by Sanchez-Nieto and Nahum 
(40)3. Figure 9-2 now shows that the TCP calculated for a population of 
prostate patients is very insensitive for random variations in dose delivery. An 
uncertainty of approximately 5% (1 SD) in the dose delivery has no effect on 
the TCPpop.  

                                          

 

3 The value of  will be slightly smaller than 0.07 Gy-1 with the introduction of D , since 

is derived from clinical dose-effect relationships that do not take into account the 

uncertainty in dose delivery. 
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The reason for this finding is that the uncertainty in dose delivery leads to a 
gain in TCP for the population that receives a higher than average dose and 
simultaneously leads to a loss in TCP for the population that receives a lower 
than average dose. Since the TCP curve is approximately linear within each 
dose domain of 7 Gy (2 SDs), the net effect on the TCPpop is almost zero. 
Conversely, this means that a reduction of the variation in dose delivery in a 
randomized trial with two dose levels probably not increases the power of the 
study. Furthermore, if the aim of the study is restricted to detecting a 
difference in local relapse probability, then even systematic differences 
between prescribed and delivered doses do not have an influence on the 
power of the study, for most dose levels, as long as the difference between the 
average delivered dose levels is preserved. Since it is most likely that curves 
representing the normal tissue complication probability (NTCP) of the rectum 
and bladder can also well be linearly approximated in each dose domain of 7 
Gy, (even in the non-linear parts of the curve,) similar results hold for the 
NTCPpop. After stratification for intrinsic radiosensitivity, reduction of dose 
uncertainties have an effect for the TCPpop-curves for each cohort of patients, 
although still limited (Fig. 9-3). Uncertainties in the dose delivery yield a 
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Figure 9-3: Tumour control probability of a prostate patient population as a function of the 
prescribed dose with an uncertainty in the delivered dose of D =0 Gy (solid curve) and 

D =3.5 Gy (dashed curve). 
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decrease in TCPpop if TCPpop is larger than 50%, whereas an increase can be 
observed for TCPpop values smaller than 50%.  
Consequently, one may conclude that the true merit of an in vivo dosimetry 
protocol for prostate cancer patients is not to reduce the random errors within 
a patient group. Although a dosimetric error for a single patient may increase 
or decrease the TCP for this patient substantially, the overall effect of a 
random spread in dosimetric errors over a patient population is negligible. 
The true value of an in vivo dosimetry protocol therefore lies in detecting a 
systematic deviation between the desired and the actually delivered dose 
averaged over a patient population, since a systematic deviation yields a 
different TCPpop. Therefore, it is argued that once the random variation in 
dose delivery is assessed and found to be acceptable and all major sources of 
systematic deviations were traced and accounted for, one should consider 
changing the in vivo dosimetry protocol in two ways. First, one could restrict 
the in vivo dosimetry measurements to randomly assigned patients instead of 
the whole patient group. The sample size of this randomly assigned patient 
group depends on random variation and the magnitude of the systematic 
deviations that one wants to detect in the future. Secondly, one should 
consider not correcting the number of monitor units for a patient in the 
randomly assigned group that is found to receive a dose outside the action 
level, because one cannot tell beforehand whether this particular patient 
benefits from this correction. Furthermore it is not ethical to submit one 
patient group to a correction protocol and the remaining patients not. Of 
course questions arise how to respond to an unexpected deviation of for 
instance 5%. It seems reasonable to correct this patient and if the cause of the 
error can be traced, one should check whether the patients that were not in the 
measured group were subject to a similar error.  
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Figure 9-4: TCP versus dose after stratification for intrinsic radiosensitivity for 5 
homogeneous populations of patients with an uncertainty in dose delivery of 0 Gy and 3.5 
Gy (1 SD). As an example, the curves marked 10% are the hypothetical tumor control 
curves for a patient population whose radiosensitivity is equal to the 10th percentile of the 
distribution of radiosensitivities. The steepest curves are the tumor control curves when 
there is no uncertainty in dose delivery   
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Future perspectives 
The purpose of studies in this thesis are related to the assessment and 
minimization of geometrical and dosimetric uncertainties in the radiotherapy 
process of predominantly urogenital tumours. With regard to the dosimetric 
uncertainties, it turned out that for conformal irradiation techniques, the 
prescribed dose could be delivered within a narrow action level of 2.5% for 
the fast majority of all patients. For new IMRT techniques, such a high degree 
of accuracy is not easily achieved, due to the complexity of the treatment 
delivery (i.e., a large number of small segments or moving MLC leaves). The 
advent of Monte Carlo and convolution/superposition calculation techniques 
will increase the accuracy of dose distributions, but it is at least questionable 
if commercial treatment planning systems will eventually incorporate tongue 
and groove effects or interleaf leakage in the dose calculation. Extensive QC 
procedures are required during the introduction of  new IMRT techniques and  
demand a lot of physics man power. For example, multiple 2D film 
measurements in anthropomorphic and/or cubical phantoms are useful to get 
experienced with the dosimetric  uncertainties in the IMRT treatment 
delivery.  
Nevertheless, it seems that the current geometrical errors are a greater element 
of concern in the IMRT treatment of urogenital tumours. In chapter 3, it is 
shown that for bladder tumours large margins (up to 25 mm) are needed to 
assure adequate dose coverage for a bladder CTV. For prostate tumours 
smaller margins suffice, due to the solid nature of prostate gland, but margins 
of 10 mm are nevertheless required, even if the systematic component of the 
setup error is minimized by a portal imaging protocol. Smaller margins can 
only be compensated in terms of tumor control by a dramatic increment in 
dose (41). A prostate of 50 cm3 that is expanded with a 1 cm margin yields a 
PTV volume of approximately 200 cm3. This means that as much as 75% of 
the PTV is in fact healthy tissue and no CTV. The reason that this healthy 
tissue is part of the PTV is because of our limited knowledge of where the 
CTV is located at the time of the irradiation. The true potential of IMRT, that 
is sculpting high dose gradients around a complex shaped target volume, is 
therefore bounded by the mobility of the malignities and organs at risk in the 
pelvic region. Consequently, the benefit of IMRT for prostate and bladder can 
only show full advantage if the both the clinical target volume and the organs 
at risk are defined during the actual treatment position. New technological 
developments that may allow online segmentation in the treatment of target 
and risk volumes are cone beam CT and MR integrated with a linear 
accelerator, although the latter is still not in the stage of construction. Ideally, 
a full IMRT plan should be optimized based on the geometrical information 
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of that day, but for reasons of efficiency, an appropriate pick out of class of 
different (pre-)optimized IMRT plans seems more realistic for near future. 
Besides the online determination of the CTV at the linear accelerator, new 
biological imaging methods seem promising for the future. The improved 
capabilities of nuclear magnetic resonance imaging and spectroscopy and of 
positron emission tomography, are beginning to provide physiological and 
functional information about the tumor and its surroundings (42).  In addition, 
molecular imaging promises to reveal tumor biology at the genotype and 
fenotype level  (43,44). All this new biological information may be of 
assistance in how to sculpt our dose distribution within the patient or even 
within the CTV. The combination of all the developments of imaging 
techniques, may eventually improve the efficacy of radiation therapy in the 
future.     
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In this thesis a number of aspects of conformal radiotherapy of urogenital 
tumours were studied with the aim to improve the planning and the delivery 
process of these high precision treatments. The aims of the present study were 
threefold. Firstly, three-dimensional (3D) data on target delineation, organ 
motion, and patient setup were analysed to incorporate into the planning 
process.  Next several tools were developed to help the treatment planner in 
assessing more accurately than before 3D dose distributions over the target 
volume and organs at risk. Finally, the impact of various quality assurance 
programmes on the delivery of conformal treatments was assessed. All studies 
aimed at reducing the uncertainties in the various steps involved in these high 
precision treatments. As a result of this study, both the accuracy in treatment 
planning and in treatment delivery could be improved.   

The purpose of the work presented in Chapter 2 was to minimize differences 
in the treatment planning procedure between two institutions within the 
context of a radiotherapy prostate cancer trial. In 1997, a Dutch multi-
institutional Phase III trial was initiated comparing 68 Gy and 78 Gy for 
localized prostate cancer. One of the main objectives of the trial is to study 
the hypothesis that higher irradiation doses lead to a higher local control rate 
for localized prostate cancer. As part of a quality assurance procedure prior to 
the start of the trial, the delineation of the various volumes and the treatment 
planning of the two institutions already enrolled in the study (the Netherlands 
Cancer Institute and the Daniel den Hoed Oncology Center) was compared. It 
turned out that the differences in delineation of the prostate between observers 
of different institutions are small, and comparable to differences between 
observers in a single institution. The different expansion routines in the 
planning systems lead to considerably different planning target volumes. 
Furthermore, differences in delineation of the rectum greatly influenced the 
calculated risk of rectal complications. Therefore, applying a stricter 
definition of delineation of organs at risk was needed to retrieve more reliable 
trial results.  

In Chapter 3, the geometrical uncertainties involved in the radiotherapy 
treatment of bladder cancer are quantified. The most commonly used 
treatment technique within the Top Clinical Care project is irradiation of the 
whole bladder to full dose or irradiation of the whole bladder to an elective 
dose followed by a boost to the tumor area. To ensure adequate dose coverage 
of the whole bladder (CTV) substantial margins are necessary, raising from 
the uncertainties in target volume delineation, organ motion, and setup 
accuracy. Because of the poor knowledge of the geometrical uncertainties in 
bladder tumors, a wide range of margins between CTV and PTV can be 
observed in current clinical practice. The aim of the study presented in 



Chapter 10 

192 

Chapter 3 is to acquire 3-dimensional data on all geometrical uncertainties of 
the bladder, i.e., uncertainties in target delineation, organ motion and patient 
setup. The data on delineation uncertainties are obtained from the 3D-
variation in bladder volumes in a multi-observer study. The organ motion of 
the bladder is quantified by analyzing bladder volumes at different moments 
during the treatment. The data on setup uncertainties of bladder patients are 
extracted from portal imaging results of a pooled bladder and prostate patient 
population. 2D scalar maps of the separate geometrical uncertainties were 
constructed. The acquired results on the geometrical uncertainties showed that 
organ motion is the most important uncertainty for the bladder in the multi-
step radiotherapy process. Further 3D analysis clearly illustrated the need for 
anisotropic margins for bladder cancer in conformal radiotherapy.   

Chapter 4 addresses the problems that occur when defining the rectal wall for 
dose volume histogram (DVH) purposes. DVHs are used within the Top 
Clinical Care project to evaluate the normal tissue complication probabilities 
(NTCPs) and moreover to optimize the 3D-dose distribution in 3D treatment 
plans. The delineation of the rectal wall volume requires contouring of both 
the outer and inner surfaces, which can be problematic for two reasons. First, 
the CT numbers of the rectal  wall are often very similar to the CT numbers of 
the filling, making it hard to accurately outline the inner surface of the rectal  
wall, even with the optimal setting of window and level. Secondly, the rectal  
wall can be extremely thin at some places, making a careful delineation of the 
wall volume a difficult task. A mathematical model for the rectal  wall was 
developed, incorporating the stretching of the rectal  wall due to variable 
rectal filling and neighboring structures. The model is verified using 20 sets 
of CT data (5 patients x 4 scans) in which both outer and inner contours of the 
rectum are carefully delineated. The application of the model yields accurate 
dose distributions of the rectal  wall, without delineating the inner surface of 
the rectum. This approach reduces both the workload and variations due to 
inaccurate delineation of the rectal  wall. The DWH and NDSH are effective 
tools to evaluate 3D-dose distributions of the rectal  wall and to estimate the 
complication probability of the rectum in high dose conformal radiotherapy.  

Chapter 5 deals with the dosimetric problems evolving from acquiring 
electronic portal images used for setup verification aims within the Top 
Clinical Care project. The standard treatment fields are generally not suitable 
for matching purposes for two reasons. Firstly, the amount of bony structures 
in conformal treatment fields is often too small,  and secondly portal images 
for setup verification purposes are preferably acquired under AP or lateral 
beam setups, which often not coincide with the treatment fields. Therefore, 
additional orthogonal fields often need to be generated for portal image 
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purposes. The effect of these extra fields is threefold. Firstly, the target dose  
increases, due to the additional dose delivered by the setup verification fields. 
Secondly, the dose homogeneity over the PTV is affected, due to the dose 
gradients of the fields, and finally, the dose to the tissues surrounding the 
target increases, due to the larger field size of the setup verification fields. 
Chapter 5 presents a formalism on how the beam weights (and wedge angles) 
of the treatment fields should be adjusted during these setup verification 
sessions so that the dose and dose homogeneity in the PTV are preserved.  

Chapter 6 deals with the lack of consistencies between quality control 
programmes of linear accelerators in the radiotherapy institutions in The 
Netherlands. Each institution has it s own quality assurance (QA) programme, 
to ensure the safe and efficacious application of radiation for the treatment of 
cancer. Due to the many directives published on this subject, a large variety of 
quality control (QC) procedures may be expected. A project financed by the 
ministry of Health, Welfare and Sports of the Dutch government was started 
to achieve consensus in the different QC programmes and to establish a set of 
minimum national guidelines on QC procedures in radiotherapy. In order to 
get insight in the current practice of QC of medical electron accelerators, an 
extensive questionnaire on QC procedures of medical electron accelerators 
was made and completed by all (21) radiotherapy institutions with questions 
related to safety systems, mechanical parameters, beam profiles, beam energy, 
absolute dosimetry, wedge filters, the dose monitor system and radiation 
leakage. Large variations in time spent on QC existed, especially for 
accelerators having dual energy photon beams and several electron beam 
energies. This diversity was mainly due to differences in philosophy with 
regard to QC and the differences in resources and machine time available. 
Furthermore large variations in test frequencies and test methodologies were 
observed. The data of the questionnaire were compared with 
recommendations given in national and international reports on QC of 
electron accelerators. From these recommendations and the results of the 
questionnaire a set of minimum guidelines for a QC programme was 
formulated and implemented in all radiotherapy institutions in The 
Netherlands.  

Chapters 7 and 8 give the results of a long lasting experience with an 
extensive in vivo dosimetry protocol for patients treated within the Top 
Clinical Care project. Routine in vivo dosimetry measurements are performed 
in the Top Clinical Care project as part of the quality assurance program. For 
prostate and bladder patients, both entrance and exit measurements are 
performed. These measurements are converted to a dose at the isocentre. Due 
to the high accuracy, we were able to maintain a narrow action level of 2.5%. 
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Experience with measurements performed at more than 500 patients revealed 
that the measurements were very reliable and, if necessary, the number of 
monitor units was adjusted even if no explanation could be found for the 
deviation. During the first few years, a number of systematic dosimetric errors 
were traced by in vivo dosimetry measurements. These errors were 
successively restored and consequently, the amount of newly observed errors 
decreased with time. Hence, the in vivo dosimetry results remained stable in 
the latter period, making it possible to trace minor imperfections, even smaller 
than 1%, in the dosimetry chain using statistical analysis of the results. The 
resulting actions did not only benefit the prostate patients, but did improve the 
treatment quality of all patients. 
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In dit proefschrift is een aantal aspecten van conformatietherapie van 
urogenitale tumoren bestudeerd met het doel het plannings- en 
uitvoeringsproces te verbeteren van deze behandelingen. De doelstellingen 
van dit proefschrift zijn drieledig. In de eerste plaats zijn drie-dimensionale 
(3D) data m.b.t. doelvolumebepaling, orgaanbeweging en patiënt-
positionering-fouten vergaard en geanalyseerd en om deze vervolgens te mee 
te kunnen nemen in het planningsproces. In de tweede plaats is een aantal 
tools ontwikkeld om de planner beter dan voorheen te helpen bij de 
vaststelling van  de 3D-dosisverdeling van het doelvolume en de kritieke 
organen. In de derde plaats is de invloed van verscheidene 
kwaliteitscontroleprotocollen op de conformatietherapie-behandelingen 
vastgesteld. Alle onderzoeken richtten zich op het verminderen van de 
onzekerheden in de diverse stappen binnen deze hoge-precisie-behandelingen.  

Het doel van het onderzoek in Hoofdstuk 2 betreft het minimaliseren van de 
verschillen in planningsprocedure tussen twee instituten binnen de context 
van  een radiotherapie-prostaatkanker-trial.  In 1997 is een Nederlandse 
multicenter phase-3-studie opgezet, waarin een 68 Gy arm vergeleken werd 
met een 78 Gy arm voor gelocaliseerde prostaatkanker. Een van de 
hoofddoelen van deze trial is het onderzoeken van de hypothese dat een 
hogere bestralingsdosis leidt tot een hogere locale controle voor 
gelocaliseerde prostaatkanker. Als onderdeel van een 
kwaliteitscontroleprocedure voorafgaand aan de start van de trial, is de 
intekening van de diverse volumes en de treatment planning vergeleken van 
de eerste twee participerende instituten (het Nederlands Kanker Instituut en de 
Daniël den Hoed Kliniek). De intekeningverschillen van de prostaat tussen 
verschillende radiotherapeuten bleken klein en vergelijkbaar met de 
verschillen tussen de radiotherapeuten binnen een enkel instituut. De 
verschillende expansie-routines leidden tot verschillende planning target 
volumes. Daarnaast werd het berekende risico op een rectumcomplicatie sterk 
beïnvloed door de verschillen in intekening van het rectum. Het was daarom 
noodzakelijk een striktere richtlijn op te stellen hoe risico-organen in te 
tekenen.  

In Hoofdstuk 3 zijn de geometrische onnauwkeurigheden samenhangend met 
de bestraling van blaaskanker gekwantificeerd. De meest gangbare 
bestralingstechniek binnen het Top Klinische Zorg project is een bestraling 
van de volledige blaas tot een volledige dosis of een bestraling van de gehele 
blaas tot een electieve dosis gevolgd door een boost op het tumorgebied. Om 
er zeker van te zijn dat de gehele blaas (CTV) goed gedoseerd wordt, zijn er 
marges rondom de blaas nodig, voortvloeiend uit de onzekerheden in de 
intekening van de blaas, orgaanbeweging en patiëntpositionering. Omdat er 
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weinig inzicht bestaat in deze geometrische onnauwkeurigheden, treffen we in 
de klinische praktijk een grote variëteit aan marges tussen CTV en PTV aan. 
Het doel van onderzoek in hoofdstuk 3 was om 3-dimensionale data van alle 
geometrische onzekerheden te vergaren. De data betrekking hebbende op 
intekenvariaties zijn verkregen uit een 3D-verschillen in blaasvolumes in een 
multi-observer onderzoek. De orgaanbeweging van de blaas is 
gekwantificeerd aan de hand van verschillen in blaasvolumes in verschillende 
fases van de behandeling. De data betrekking hebbende op de 
onnauwkeurigheden in patïent-setup zijn ontleend aan de portal imaging 
resultaten van een samengevoegde prostaat- en blaaspopulatie. Van de 
verschillende geometrische onzekerheden zijn 2D scalaire kaarten 
geconstrueerd. Uit de verkregen resultaten kwam naar voren dat 
orgaanbeweging de voornaamste bron van onnauwkeurigheden is in het 
radiotherapieproces. Uit verdere analyse bleek dat anisotrope marges 
noodzakelijk zijn voor blaaskanker in conformatietherapie.  

In hoofdstuk 4 zijn de problemen beschouwd die samenhangen met het 
intekenen van de rectumwand t.b.v. dosis-volume-histogrammen (DVH s). 
DVH s worden binnen het TKZ-project gebruikt om kans op rectumschade te 
evalueren en om de 3D-dosisverdeling te optimaliseren. Om een rectumwand 
in te tekenen is het noodzakelijk om zowel de buiten- als de binnenwand in te 
tekenen. Dit is lastig omdat enerzijds de CT-getallen van de rectumwand zich 
nauwelijks onderscheiden van de CT-getallen van de rectumvulling. Dit 
maakt het niet eenvoudig de binnenwand te onderscheiden van de vulling, 
zelfs met optimale setting van window en level. In de tweede plaats is het zo 
dat de rectumwand vaak extreem dun is op sommige plekken, wat een 
nauwkeurige intekening van de wand vaak bemoeilijkt. Een mathematisch 
model voor de rectumwand is ontwikkeld, waarin het de variabele wanddikte 
t.g.v. op het oprekken van de wand wordt gemodelleerd. Het model is 
geverifieerd aan de hand van 20 CT scans (5 patiënten x 4 scans) waarin 
zowel de buiten- als binnenwand nauwkeurig zijn ingetekend. De toepassing 
van het model leidde tot nauwe overeenkomsten van de dosisverdelingen over 
rectumwand, zonder de (manueel) binnenwand in te tekenen. Dit betekent een 
reductie in zowel werklast als variaties t.g.v. onnauwkeurige intekening van 
de rectumwand.  

Hoofdstuk 5 beschrijft een oplossing voor de dosimetrische problemen die 
samenhangen met het maken van elektronische portal beelden ten behoeve 
van  setupverificatie-doeleinden in het kader het TKZ-project. De standaard 
behandel-velden zijn in zijn algemeenheid om twee redenen niet bruikbaar 
voor matching-doeleinden. Ten eerste is de hoeveelheid botachtige anatomie 
in conformatietherapievelden vaak te gering en in de tweede plaats worden 
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portal beelden voor setupverificatie-doeleinden bij voorkeur gemaakt bij een 
AP en laterale instelling, welke veelal niet samenvallen met de 
behandelvelden. Daarom worden vaak additionele velden gemaakt speciaal 
voor de setupverificatie-doeleinden. Het effect van deze extra velden is 
drieledig. Ten eerste zal de dosis van het doelvolume toenemen, t.g.v. de 
additionele dosis afgegeven door de setup-verificatievelden. Ten tweede zal 
de dosishomogeniteit in het PTV negatief beïnvloed worden t.g.v. de 
dosisgradiënt van de opgelegde velden en in de laatste plaats zal de dosis van 
het tumor-omringende weefsel toenemen als gevolg van de grotere 
afmetingen van de velden. In Hoofdstuk 5 is een formalisme ontwikkeld, hoe 
de bundelgewichten (en wighoeken) van de behandelvelden zo aan te passen 
voor de setup-verifacatie-fracties opdat de dosis en dosishomogeniteit in het 
PTV behouden blijven.  

Het onderzoek in Hoofdstuk 6 behelst de problematiek die samenhangt met 
het gebrek aan consistentie tussen de verschillende kwaliteitscontrole-
protocollen van lineaire versnellers zoals die gehanteerd worden in de diverse 
radiotherapeutische instituten in Nederland. Ieder instituut heeft zijn eigen 
kwaliteitsborgings-programma om een veilige en effectieve toepassing van 
straling voor de behandeling van kanker. Vanwege de vele richtlijnen die op 
dit gebied gepubliceerd zijn, mag er een grote diversiteit in kwaliteitscontrole 
(QC) procedures worden verwacht. Een project (gefinancierd door het 
toenmalige ministerie van VWS) is opgestart om consensus te bereiken m.b.t. 
de verschillende QC programma s en om te komen tot een set van minimum 
nationale richtlijnen m.b.t. QC procedures in de radiotherapie. Om inzicht te 
verkrijgen in de stand van zaken is een uitgebreide vragenlijst rondgestuurd 
en ingevuld door alle (21) radiotherapeutische instituten, met vragen 
gerelateerd aan veiligheidssystemen, mechanische parameters, 
bundelprofielen, bundelenergieën, absolute dosimetrie, wigfilters en 
lekstraling. Grote variaties in gespendeerde QC tijd kwamen naar voren, in 
het bijzonder voor versnellers met twee fotonenenergieën en meervoudige 
elektronenenergieën. De diversiteit vloeide meestal voort uit verschillen in 
opvattingen m.b.t. QC en verschillen in beschikbare middelen en machinetijd. 
Verder werden grote verschillen in testfrequenties en testmethodologieën 
waargenomen. De data van de vragenlijst zijn vergeleken met de 
aanbevelingen uit nationale en internationale rapporten over QC van lineaire 
versnellers. Uitgaande van deze aanbevelingen en de resultaten van de 
vragenlijst is een set van minimum richtlijnen geformuleerd en 
geïmplementeerd in alle radiotherapeutische instituten in Nederland.  

In Hoofdstuk 7 en 8 worden de bevindingen weergegeven van onze 
langdurige ondervinding met een uitgebreid in-vivo-dosimetrieprotocol voor 
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patiënten die behandeld worden in het TKZ-project. Routinematige in-vivo-
dosimetriemetingen worden in het kader van het TKZ-project uitgevoerd als 
onderdeel van het kwaliteitsborgingprogramma. Bij prostaat- en 
blaaspatiënten worden zowel intree- als uittreemetingen uitgevoerd. Deze 
metingen worden vervolgens geconverteerd naar een dosis in het isocentrum. 
Vanwege de hoge nauwkeurigheid was het mogelijk een nauw actiecriterium 
van 2.5% te handhaven. Uit de ervaring met metingen uitgevoerd bij meer dan 
500 patiënten bleek dat de metingen erg betrouwbaar waren en dat, indien 
noodzakelijk, het aantal monitoreenheden aangepast werd, zelfs als er geen 
verklaring voor de afwijking kon worden gevonden. In de eerste jaren is een 
aantal systematische fouten opgespoord d.m.v. in-vivo-dosimetriemetingen.  
Deze fouten zijn hersteld en daardoor nam het aantal nieuw waargenomen 
fouten in de tijd af. Dientengevolge bleven de in-vivo-dosimetrieresultaten 
stabiel in de latere periode, waardoor het mogelijk was kleine fouten op te 
sporen, soms kleiner dan 1%, in de dosimetrieketen. Het herstellen van de 
fouten was niet alleen voordelig voor de prostaatpatiënten, maar verbeterde de 
behandelkwaliteit van alle patiënten. 
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