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a b s t r a c t

Purpose. – Radiotherapy is an important treatment for prostate cancer. During treatment sessions, bladder
and rectal repletion is difficult to quantify and cannot be measured with a single and initial CT scan
acquisition. Some methods, such as image-guided radiation therapy and dose-guided radiation therapy,
aim to compensate this missing information through periodic CT acquisitions. The aim is to adapt patient’s
position, beam configuration or prescribed dose for a dosimetric compliance.
Methods. – We evaluated organ motion (and repletion) for 54 patients after having computed the original
ballistic on a new CT scan acquisition. A new delineation was done on the prostate, bladder and rectum
to determine the new displacements and define organ doses mistakes (equivalent uniform dose, average
dose and dose–volume histograms).
Results. – The new CT acquisitions confirmed that bladder and rectal volumes were not constant during
sessions. Some cases showed that previously validated treatment plan became unsuitable. A proposed
solution is to correct dosimetries when bladder volume modifications are significant. The result is an
improvement for the stability of bladder doses, D50 error is reduced by 25.3%, mean dose error by 5.1%
and equivalent uniform dose error by 2.6%. For the rectum this method decreases errors by only 1%. This
process can reduce the risk of mismatch between the initial scan and following treatment sessions.
Conclusion. – For the proposed method, the cone-beam CT is necessary to properly position the isocenter
and to quantify bladder and rectal volume variation and deposited doses. The dosimetries are performed
in the event that bladder (or rectum) volume modification limits are exceeded. To identify these limits,
we have calculated that a tolerance of 10% for the equivalent uniform dose (compared to the initial value
of the first dosimetry), this represents 11% of obsolete dosimetries for the bladder, and 4% for the rectum.

© 2011 Published by Elsevier Masson SAS on behalf of the Société française de radiothérapie
oncologique (SFRO).
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r é s u m é

Objectif de l’étude. – La radiothérapie est un traitement important du cancer de la prostate. Durant les
séances, les réplétions rectales et vésicales sont difficiles à quantifier, une unique scanographie initiale
ne peut procurer cette information. Des méthodes comme la radiothérapie guidée par l’image ou la
dose, ont pour but de compenser cette perte d’information, en utilisant des acquisitions scanographiques
périodiques. La finalité étant de proposer une radiothérapie adaptative et plus réelle.
Méthode. – Nous avons évalué le mouvement (et la réplétion) des organes de 54 patients, après avoir
calculé la balistique initiale sur une nouvelle tomodensitométrie. De nouvelles délinéations ont été effec-
tuées pour la prostate, la vessie et le rectum afin de déterminer les déplacements occasionnés, ainsi que
les erreurs de doses générées sur les différents organes (equivalent uniform dose [EUD], dose moyenne
and histogramme dose–volume).
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Résultats. – Les nouvelles acquisitions confirment que la vessie et le rectum ne sont pas de volume iden-
tique durant les séances. Dans certains cas, la dosimétrie validée initialement n’est plus correcte et doit
être revue. Une solution proposée ici est de ne s’attarder que sur les importantes modifications de volume
vésical (5 % des patients). Avec cette méthodologie, on constate une nette amélioration concernant la sta-
bilité des doses vésicales, l’erreur sur le D50 (dose délivrée à 50 % du volume) est réduite de 25,3 %, la dose
moyenne de 5,1 % et l’erreur sur l’EUD de 2,6 %. Pour le rectum, cette méthode diminue toutes les erreurs
de 1 %. Ce processus tend à réduire le risque de non-respect de la dosimétrie validée, entre la simulation
et les séances de radiothérapie.
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Conclusion. – La méthode proposée nécessite l’utilisation de la tomographie conique pour bien position-
ner les volumes cibles mais aussi pour quantifier les variations de volume du rectum et de la vessie. Les
distributions de dose sont retravaillées dès que les volumes vésicaux ou rectaux sont considérablement
modifiés (limite fixée d’après la présente étude). Nous avons identifié que pour une tolérance de 10 % con-
cernant les EUD (comparées à la valeur initiale établie sur la première scanographie), cela correspondait
à 11 % de dosimétries obsolètes pour la vessie et 4 % pour le rectum.
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1. Introduction22

Prostate cancer is the most frequent cancer affecting men over23

50 years of age and second in terms of men mortality (25% of diag-24

nosed cancers in France). Radiotherapy is an important treatment25

for prostate cancer. In some cases, it is the exclusive type of ther-26

apy. The current practice is dose escalation, which limits tumour27

development. The dosimetric limiting factor is the dose received28

by non-cancerous tissues, especially the organs at risk, such as29

the bladder, the rectum, femoral heads, the small intestine or the30

penis bulb [1–4]. In practice, rectum or bladder complications (late31

effects) often reduce the dose to the prostate. Dose escalation is32

really possible when the clinical target volume (CTV) motion dur-33

ing radiotherapy sessions (daily displacements or modifications)34

is controlled. The proposed study aims to, first, determine the35

mechanisms of organ interactions in the pelvic area and, second,36

estimate the consequences of these interactions on prostate treat-37

ment by radiation. In fact, for all the different methodologies used38

in prostate cancer treatment (conformation, intensity modulation,39

arc-therapy, etc.), dosimetry planning uses data from the initial40

simulation alone [5–7]. To take into account organ repletion and41

internal morphology variation during treatment sessions, there are42

control methods such as image-guided radiation therapy and dose-43

guided radiation therapy requiring periodic CT acquisitions [8,9].44

The purpose is to adapt patient’s position, beams and prescription45

doses. These techniques decrease errors due to patient position-46

ing and ensure the proper location of targets and organs at risk.47

In the proposed study, we chose to concentrate on the dosimet-48

ric consequences generated by bladder and rectum morphological49

changes. The first consequence is that initial skin markers (often50

tattoos for pelvic treatment) are no longer adapted and generate51

a loss of tumour control [10–12]. The same process can occur to52

tissues near the prostate. The physician and physicist validations53

(isodoses, organ dose, dose–volume histograms, etc.) related to the54

toxicity to organs at risk cannot be adapted to the reality of treat-55

ment. The stochastic transformations, which caused these patient56

setup errors, are essentially related to the repletion of the bladder57

and rectum. These organs have a particular visco-elasticity that the58

radiotherapy team must quantify and control in order to increase59

the therapeutic dose (dose escalation). Elasticity is the quality of an60

object to be deformed and then resume its original shape when the61

applied stress disappears. These transformations are observable on62

pelvic organs, especially bladder or rectum muscles [13,14]. Firstly,Q163

we will describe the tools used and the clinical trials implemented.64

Then, we will reveal the statistical interaction between ballistic65

parameters and dosimetric values. Thirdly, we will consider clin-66

ical solutions proposed to select the morphological modifications67

requiring a new dosimetry. Lastly, we will look at the impact of68

daily CT acquisitions and the time required to control the dose to69

the organs.70

2. Materials and methods 71

2.1. Methodology 72

The CT scan is a random snapshot of a changing patient. Organ 73

position and repletion are fixed arbitrarily. One method of adap- 74

tive radiotherapy is the use of multiple scans (preferably one a day) 75

to estimate organ position and to adapt the beams. To protect the 76

patient from excessive irradiation, we have only taken two CT scans 77

per patient. One made during the treatment and another during the 78

simulation, before the treatment began (necessary for treatment 79

planning). With the new scanner, we evaluated the impact of time 80

on dosimetry, and verified that the ballistic was still appropriate. It 81

is evident that, as van Herk et al. have shown with analyses of organ 82

motion from repeated CT, the intrinsic error of the dose on irradi- 83

ated volume has two distinct origins: one systematic and the other 84

random [15]. They suggest a necessary patient setup margin which 85

ensures a minimum CTV dose of 95% for 90% of the patient popu- 86

lation, calculated as 2.5� + 0.7� (� is the standard deviation of the 87

patient mean errors, and � the quadratic mean of the patient stan- 88

dard deviations). In the proposed study, the error due to movement 89

is more “macroscopic” and the difference between the random (�) 90

and the systematic (�) term becomes negligible. As shown in Fig. 1, 91

evaluating organ motion and patient setup errors is done after com- 92

puting the original ballistic on the new anatomical configuration; 93

the dose to different organs can then be evaluated. The phase fol- 94

lowing acquisition is the delineation on the new scan of prostate, 95

bladder and rectum by a well-trained person who has already delin- 96

eated the first scan. 97

2.2. Patients’ eligibility and ballistics 98

From 2008 to 2009, 54 patients with organ-confined prostate 99

cancer were prospectively enrolled on a conformational radia- 100

tion treatment in the radiotherapy centre of Ajaccio, the CHD 101

Castelluccio. Each patient was assigned a pretreatment (virtual 102

simulation) with a CT scan of 2 mm slice thickness, followed by a 103

three-dimensional treatment plan. The initial clinical target volume 104

(CTV1) included the prostate and seminal vesicles and the second 105

target volume (CTV2) included the prostate only. The PTV1 and 106

PTV2 margins were done with CTV with a 1 cm uniform margin 107

and 0.5 cm in posterior. The PTV-to-field-edge margin was 7 mm 108

everywhere else, but 12 mm at the superior and inferior borders of 109

the PTV. These margins take into account the dosimetric penum- 110

bra of the multileaf collimator and jaws. The selection criteria for 111

this study were patients with non-operated prostate cancer at stage 112

T2-T3aN0M0, with Gleason score less than or equal to 7 and with 113

concentration of serum PSA less than or equal to 20 ng/mL. These 114

patients were generally those for which the dose escalation treat- 115

dx.doi.org/10.1016/j.canrad.2010.12.006
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Fig. 1. Methodology for CT acquisitions.

Méthodologie pour les acquisitions CT.

ment seemed most interesting. The majority of patients received a116

dose of 46 Gy on the PTV1 (4-beam-box-technique) and between 26117

and 30 Gy boost on the PTV2 (generally six fields with different ori-118

entations). In the current study, normal tissues were delineated as119

follows: the rectal wall with a 0.5 cm wide ring (the extremities of120

the contouring were 1 cm below and above CTV1 [16]); the bladder121

wall with a ring of 0.7 cm over the whole visible volume; the treat-122

ment planning system (TPS) used was Pinnacle® (Philips-AdacTM)123

equipped with the software version 8.0m with three-dimensional124

calculation with heterogeneity. Patients were in supine position125

with the immobilization device Combifix® of SimMedTM. Patients126

were treated with a full bladder and an empty rectum. Only one127

patient was prescribed a laxative due to the presence of gas in the128

rectum. In addition, patients were not notified in advance of the129

day they received their second scan.130

2.3. Comparison criteria131

2.3.1. Geometric critera132

Organ movement induces dosimetric repercussions during the133

treatment. One or more beams can become unsuitable to the134

patient’s anatomy, generating dosimetric errors on the target vol-135

umes and organs at risk. The moment at which these errors take136

place is unpredictable, and no prior action can help quantify this137

“bad” conformation. Many studies propose online or offline solu-138

tions to take into account the morphological noise and properly139

target the PTV whatever the irradiation sessions [17–22]. Rare are140

the solutions which can really be used on the influence of this noise141

on organs at risk. Some authors believe that it is possible to calculate142

in real time the dose at any location on the patient [23,24]. This idea143

is not entirely realistic in a lot of radiotherapy unit. CT scans must144

be made frequently for all patients (maybe for all sessions) and the145

images acquired must be exported and merged in the planning sys-146

tem for organ delineation (∼30 associated acquisitions). The next147

step must be the dose calculation with real volumes and real moni-148

tor unit (MU). It is only with the compilation of these plans (one plan149

per CBCT) that true patient dosimetry can be obtained. In order for150

this process to be clinically possible, it is important to find shortcuts151

to avoid any unnecessary action. The idea is to determine a thresh-152

old value, below which no dosimetric correction is necessary, and153

above which corrections are applied. Before making any dosimet-154

ric considerations, we will quantify anatomic shifts and changes155

affecting the position of other organs. The purpose here is to find156

any interaction between the different pelvic volumes. We chose to157

consider the centroid (centre of gravity) displacement and volume 158

modification of bladder, rectum and prostate. 159

2.3.2. Dosimetric criteria 160

To finalize a dosimetric study, it is necessary to find and use the 161

most relevant and objective parameters. In our case, we selected 162

the most frequently used dosimetric criteria (in our unit) although 163

more relevant ones could have been used instead. We chose the 164

average dose, the equivalent uniform dose (EUD) and dose to the 165

volume for the organs at risk (D30 and D50 for the rectum and 166

bladder, respectively). Our lack of experience in 2008 concerning 167

parameters such as V60, V70 and V74 for the rectum and V60, 168

V70 for the bladder (from “Guide des procédures de radiothérapie 169

externe 2007, SFRO” [25]), forced us to not use these tolerances. 170

For the target volume, we only used the mean dose and D95. All 171

TCP and NTCP values were inapplicable because a large dose dif- 172

ference is required to produce a significant difference between the 173

probability values. It is possible to determine the EUD with some 174

of the values available on the differential dose–volume histogram, 175

and with the Pinnacle TPS (Eq. (1)). The parameters a and p (a = 1/p) 176

being specific constants related to the tissue considered, di the dose 177

of each bin i (voxel i), the maximum of di is noted dmax, Vi the vol- 178

ume fraction associate to the voxel i and volref the volume of the 179

organ in question. It is necessary to compute the effective volume 180

of the organ, called voleff, to determine the EUD (Eq. (2) and (3)). 181

EUD =
(

1
N

∑(
da

i

))1/a

=
(∑

Vi · di
1/p

)p

(1) 182

183

voleff = volref ·
∑

Vi ·
(

di

dmax

)1/p

= volref

(dmax)1/p
·
∑

Vi · d1/p
i

184

= volref

(dmax)1/p
· EUD1/p (2) 185

186

EUD = dmax ·
(

voleff

volref

)p

(3) 187

3. Results and interpretation 188

3.1. Centroid displacement 189

In this study, we found a very surprising setting: although the 190

bladder volume was often completely different between the first 191

dx.doi.org/10.1016/j.canrad.2010.12.006
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Table 1
Absolute difference for the centroids (in centimetres), and the volumes between the first and second CT acquisition.
Différence absolue pour les isocentres (en centimètres), et différence entre les volumes de la première et de la seconde acquisition CT (a représente la moyenne suivi de l’intervalle de
confiance 95 %).

Cranial/caudala Left/righta Anterior/posteriora 3-D Volume (mean absolute
percentage error) (%)

Prostate 0.36 ± 0.09 0.24 ± 0.06 0.33 ± 0.08 0.54 13.06
Bladder 0.92 ± 0.31 0.27 ± 0.07 0.79 ± 0.16 1.24 49.63
Rectum 0.47 ± 0.10 0.28 ± 0.07 0.31 ± 0.06 0.63 17.69

a Mean value and 95% confidence interval = mean ± 2.Std dev.(54)−1/2.

Fig. 2. Displacement of the bladder centroid. C/C: cranial/caudal; A/P: anterior/posterior; R/L: left/right.

Déplacement de la vessie (centroïde). C/C : axe crâniocaudal ; A/P : axe antéropostérieur ; R/L : latéral.

and second scan, the repercussion on prostate displacement was192

often minimal. Table 1 shows the mean absolute percentage error,193

which is defined in Eq. (4); as the average of the absolute percent-194

age deviation of the parameters in the two different scans (Vi
CT1195

represents the volume of the considered organ measured on the196

CT1 and for the patient i).197

MAPE =
∑N

i=1

∣∣∣∣Vi
CT1 − Vi

CT2

Vi
CT1

∣∣∣∣ =
∑N

i=1

∣∣∣∣∣1 − 1(
Vi

CT1/Vi
CT2

)
∣∣∣∣∣ (4)198

It is shown that bladder volume was dramatically reduced199

by 50% on the second CT scan. This change did not affect the200

prostate centroid, which moved by only 0.5 cm; the displacement201

is isotropic in all three directions. The confidence interval for202

this organ is very low as the dispersion of values is so small. The203

question is why was there such a large change in bladder volume204

between the two scans? We have worked on this variation and205

can conclude that the waiting time before and during the simu-206

lation must be reduced. From the 30th patient, we changed our207

methodology and acquired the CT scan maximum 1 hour after the208

patient began to drink (results are not statistically significant but209

bladder volume ratio mean absolute percentage error is equal to210

51% for patients between the first and the 30th and 48% for others).211

Table 1 shows the volume change of the bladder, which induced212

a centroid change in the cranial/caudal and anterior/posterior213

directions, but not in the left/right direction. We can see that for214

the three organs studied, the left/right orientation is not very215

conducive to the changes (0.2–0.3 cm). The results shown in216

this section are similar to those found in the literature [17]. The217

repletion phenomenon in the pelvis is very complex and to better 218

understand its characteristics, it is necessary to test each organ 219

correlation with other organ parameters, such as the displacement 220

in the three directions or the organ volumes. 221

3.1.1. Bladder 222

Table 1 reveals a decrease in bladder volume at the second 223

scan, as introduced in the previous section. In fact, the modification 224

of the bladder’s centroid follows a displacement axis upper ante- 225

rior oblique. Fig. 2 shows that for the bladder, displacements are 226

very important in the cranial/caudal and the anterior/posterior axis 227

(> 0.8 cm for lots of patients). The correlation between the bladder 228

volume ratio and the centroid offset in the anterior/posterior direc- 229

tion is equal to 0.28 (P = 0.06) and 0.58 for the cranial/caudal axis 230

(P < 0.001). Table 2 shows that a change in the anterior/posterior 231

axis is often followed by one in the cranial/caudal axis (P = 0.03). 232

These two parameters are linked, and given this characteristic, 233

instructions were given to the manipulation team to regularly ask 234

patients to come to radiotherapy with full bladders. A change in 235

repletion follows a change in volume, which then incurs a centroid 236

change in the cranial/caudal and the anterior/posterior directions. 237

The bladder repletion compliance must ensure the stability of the 238

bladder centroid. In this case, the displacement of the isocenter will 239

be of about 0.3 cm in all directions, (equal to the shift observed in 240

the left/right direction which is not correlated with organ volume). 241

3.1.2. Rectum 242

For the rectum, the displacement in the cranial/caudal axis 243

(Fig. 3) is only an indication because the delineation is linked to 244

Table 2
Correlation coefficients (CC) for the bladder, rectum and prostate parameters.
Coefficients de corrélation (CC) pour les paramètres de la vessie, du rectum et de la prostate.Q3

Bladder Rectum Prostate

CC P CC P CC P

Cranial/caudal vs. left/right 0.08 0.55 0.02 0.89 0.004 0.98
Cranial/caudal vs. anterior/posterior 0.33 0.03 0.23 0.11 0.06 0.66
Left/right vs. anterior/posterior 0.26 0.08 −0.14 0.32 0.1 0.47
Age vs. 3-D disp 0.23 0.12 0.11 0.42 0.29 0.05
Volume vs. left/right 0.24 0.11 0.03 0.79 0.03 0.78
Volume vs. anterior/posterior 0.28 0.06 0.06 0.69 0.04 0.79
Volume vs. cranial/caudal 0.58 < 0.001 0.38 0.02 0.02 0.87
Volume vs. age −0.03 0.83 −0.11 0.44 −0.0004 0.99
Volume vs. 3-D disp 0.53 0.002 0.29 0.06 0.06 0.67

dx.doi.org/10.1016/j.canrad.2010.12.006
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Fig. 3. Rectum centroid displacements. C/C: cranial/caudal; A/P: anterior/posterior; R/L: left/right.

Déplacement du rectum (centroïde). C/C : axe crâniocaudal ; A/P : axe antéropostérieur ; R/L : latéral.

the fixed limits of the CTV1 and CTV2. Although the distributions245

are not Gaussian, we realized that the averages for the left/right246

and anterior/posterior offsets are approximately 0.5 cm. Table 2247

reveals a significant correlation between the volume of the rectum248

and the cranial/caudal rectum displacement (correlation coefficient249

CC = 0.38, P < 0.02).250

3.1.3. Prostate251

Margins applied to our CTV are 1 cm across and 0.5 cm poste-252

rior. Fig. 4 shows that for many patients, the centroid offsets can253

exceed these values (∼5%). It is important to understand the mech-254

anisms to better control and predict an eventual dosimetric drift.255

The volume ratio is distributed around 1, and certainly must be256

due to the uncertainty of intraoperative delineation (white noise,257

Fig. 5). Table 2 does not allow drawing any conclusion because258

many of the correlations are not significant for the selected patient259

pool. There is a noticeable phenomenon related to the patients’ age260

(Table 2), which affects the position of the isocenter between the261

two scans spaced in time (P = 0.05). It is difficult to determine the262

exact causes of this interaction, but it is possible that the sphinc-263

ters are damaged and become fragile with age. Thus, bladder and264

rectum repletion cannot be maintained during the sessions and the265

prostate is then displaced. To test this hypothesis we will test the266

cross-interaction between volumes and centroids for the bladder,267

rectum and prostate.268

Fig. 4. Prostate centroid displacement (in centimetres). The line is the average, and
the dotted line the average + 2�. C/C: cranial/caudal; A/P: anterior/posterior; R/L:
left/right.
Déplacement de la prostate (en centimètres). Le trait plein représente la moyenne, et
les pointillés la moyenne + 2�. C/C : axe crâniocaudal ; A/P : axe antéropostérieur ; R/L :
latéral.

3.1.4. Cross-interactions 269

The cross-interaction study allows determining the most rel- 270

evant factors among all organs. Results of these interactions are 271

shown in Tables 3 and 4. The analysis reveals that when the centre 272

of the bladder and rectum is shifted, the isocentre of the prostate is 273

consequently shifted. In the case of the bladder, P = 0.02 for a shift in 274

the cranial/caudal axis, P = 0.03 for an anterior/posterior axis shift, 275

and P < 0.001 for an left/right axis shift. In the case for the rectum, 276

P < 0.001 for a shift in all three axes. However, due to our sam- 277

ple size and methodology, we failed to uncover a correlation such 278

as the one existing between an anterior/posterior displacement of 279

the prostate and the rectal volume, although Van den Heuvel et al. 280

revealed a significant correlation equal to 0.62 [20]. This interac- 281

tion is therefore masked by other phenomena. Maybe there are 282

manipulation errors related to metal markers or tattoos, which 283

are sometimes not well positioned or the CT-fusion is not well 284

done. The next section focuses on the dosimetric aspect related to 285

organ movement. The question is: is the dosimetric validation set 286

by physicists and physicians at the initial time t0, still valid with 287

pelvic organ changes during radiotherapy sessions? 288

3.2. Dosimetric modifications 289

Considering the previous sections about the organ motion, it 290

seems necessary to use the CBCT in all radiotherapy session in 291

order to target the PTV. This is time-consuming for technicians 292

(dosimetrists, physicians and physicists) as well as for LINAC. Is 293

it possible to make real-time dosimetries with volumes changing 294

on a daily basis? First, we need to consider that there is a threshold 295

level on the first dosimetry, which is considered for the parameters 296

studied in the previous section (bladder or rectum repletion). If the 297

idea is to re-delineate all contours when patients have large reple- 298

tion modifications, it would be necessary to quantify the change 299

that is considered significant. A simple approximation would be 300

to redo only 5% of the dosimetries, as we try to limit the amount 301

Fig. 5. Clinical target volume (CTV) ratio between the two scans; line is the average
and the dotted line the average ± 2� (standard deviation).
Ratio du volume cible anatomoclinique (CTV) entre les deux scans. Le trait plein
représente la moyenne, et les pointillés la moyenne ± 2� (écart-type).
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Table 3
Cross-interactions between prostate and bladder and rectum parameters.
Interactions croisées entre les paramètres de la prostate et ceux de la vessie et du rectum.

Prostate parameters Bladder Rectum

Parameters CC P Parameters CC P

Volume 3-D disp −0.16 0.26 3-D disp −0.12 0.42
3-D Volume 0.08 0.60 Volume 0.16 0.27
Volume Volume −0.11 0.43 Volume −0.28 0.07
3-D disp 3-D disp 0.44 0.01 3-D disp 0.70 < 0.001
Cranial/caudal Cranial/caudal 0.38 0.02 Cranial/caudal 0.56 < 0.001
Left/right Cranial/caudal −0.03 0.81 Cranial/caudal 0.06 0.69
Anterior/posterior Cranial/caudal −0.01 0.95 Cranial/caudal 0.28 0.07
Anterior/posterior Anterior/posterior 0.35 0.03 Anterior/posterior 0.58 < 0.001
Cranial/caudal Anterior/posterior 0.10 0.48 Anterior/posterior 0.21 0.16
Left/right Anterior/posterior 0.16 0.28 Anterior/posterior −0.08 0.60
Left/right Left/right 0.48 < 0.001 Left/right 0.77 < 0.001
Anterior/posterior Left/right 0.08 0.56 Left/right −0.08 0.59
Cranial/caudal Left/right 0.07 0.63 Left/right 0.05 0.73
Anterior/posterior Volume −0.02 0.89 Volume 0.23 0.13
Left/right Volume 0.02 0.89 Volume 0.04 0.80
Cranial/caudal Volume 0.13 0.37 Volume 0.12 0.39

CC: correlation coefficient.

of redundant work. A wide range of rectum and bladder volumes302

would be collected from the samples of 54 patients. A CT acquisi-303

tion during the treatment (scanner or CBCT) describes an increase304

or decrease of repletion. If the change is out of the 95% interval, it is305

decided to redo the dosimetry. The use of CBCT is relevant to posi-306

tion the isocentre of the prostate, but also to identify the critical307

cases where repletion is not conforming to the initial scan. In case308

of doubt, the CT image dataset must be exported to TPS, merged to309

delineate the volume and applied the ballistic, then the dosimetry310

will need to be revalidated.311

3.2.1. Elimination of bladder parameter outliers312

In this first part, only patients with an important change in blad-313

der volume were considered. A simple approximation is made by314

considering the volume ratio distribution as a Gaussian distribu-315

tion. We know it is wrong given the nature of the definition of316

this parameter (ratio). This means that 0.5 and 2 are symmetric317

(increase or decrease by a factor 2), which does not correspond to318

a Gaussian distribution. The assumption of normality is strongly319

compromised, but we accept this approximation knowingly. In the320

cohort of the 54 patients, the mean absolute percentage error of321

bladder volume between the two CT acquisitions is computed from322

the bladder volume ratio of each patient (Eq. (4)). The average blad-323

der volume ratio is 1.27 between the volume of the first and the324

second scan, and the standard deviation is 0.63. It was decided to325

refuse patients whose ratio is above 2.53 (= 1.27 + 2 × 0.63), which326

corresponds to two patients in our case. Table 5 shows the effect of327

Table 4
Cross-correlation between bladder and rectum parameters.
Corrélations croisées entre les paramètres du rectum et de la vessie.

Rectum bladder CC P

3-D disp Volume −0.09 0.53
Volume 3-D 0.09 0.53
Volume Volume 0.06 0.69
3-D disp 3-D disp 0.44 0.01
Cranial/caudal Cranial/caudal 0.29 0.06
Cranial/caudal Left/right 0.20 0.18
Cranial/caudal Anterior/posterior 0.23 0.13
Anterior/posterior Anterior/posterior 0.09 0.53
Anterior/posterior Cranial/caudal 0.19 0.21
Anterior/posterior Left/right 0.04 0.79
Left/right Left/right 0.42 0.01
Left/right Anterior/posterior 0.27 0.08
Left/right Cranial/caudal 0.01 0.92

CC: correlation coefficient.

the elimination of these outliers. The impact is not apparent on the 328

centroid displacement, but the gain is 1.5% for the mean absolute 329

percentage error of bladder volume ratio. Table 6 shows that the 330

elimination of the bladder outliers, which induced an important 331

gain on the bladder dosimetric error (mean absolute percentage 332

error). For the rectum and prostate, there was no change and the 333

same errors were observed. In detail we found that the ratio of D50 334

(between first and second scan) is significantly decreased (from 335

66.6 to 39.7%), the bladder average dose significantly reduced and 336

the bladder EUD ratio decreased (from 19.4 to 17.2%). Hence, the 337

process of eliminating data outliers does not seem to affect the 338

dose to the target volume and the prostate centroid displacement 339

(0.3 cm) is compensated by the PTV margins. 340

3.2.2. Elimination of rectum parameter outliers 341

Using the same process as previously described, approximat- 342

ing the normal distribution of rectal volume ratio, we obtained an 343

average volume ratio of 1.02 with a standard deviation of 0.205. 344

We will quantify the impact of eliminating all rectum modifica- 345

tions with volume ratio outside [0.613–1.434]. As in the case for the 346

bladder, Table 7 shows that this induces very little displacements. 347

On Table 8, it is interesting to note that the outliers elimination 348

method does not improve the mean dose ratio, D30, nor the EUD 349

for the rectum. In fact, rectal dose modifications are not only related 350

to the rectal volume (shift in the anterior/posterior direction), but 351

also to the movements caused particularly by gas (local contrac- 352

tion and expansion). The simple ratio of volumes is not sufficient 353

to establish a dosimetric rule. The absolute volume of the rectum 354

may be more specific and could act as a predictive parameter. 355

3.2.3. Elimination of bladder and rectum parameter outliers 356

In this case the largest bladder and rectum volume ratios were 357

eliminated (5% of bladders and rectums). Table 9 shows clearer 358

results than for the two previous cases. Improvements are undoubt- 359

edly related to the bladder, with the D50 ratio (−27.3%) followed 360

by the medium dose (−5.1%) and the EUD (−2.6%). The gain to the 361

rectum is also interesting but less important, with about 1% gain 362

for all parameters. The best method consists in repeating only 5% 363

of the dosimetries for patients with a large change in bladder vol- 364

ume (in the present study, 5% of outliers represent a ratio superior 365

to 250%). This process can reduce the risk of mismatch between the 366

initial scan and those of the following days. The use of this process 367

for the rectal volume ratio is less interesting, and is only a secondary 368

correction. 369
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Table 5
Geometrical impact for bladder of the 95% bladder outliers methodology.
Impact géométrique pour la vessie de la méthodologie des « 95 % bladder outliers ».

Cranial/caudal Left/right Anterior/posterior 3-D Volume (mean absolute
percentage error) (%)

Without 0.92 0.27 0.79 1.24 49.63
With 0.94 0.25 0.74 1.22 48.17

Table 6
Dosimetric impact of the 95% bladder outliers methodology.
Impact dosimétrique de la méthodologie « 95 % bladder outliers ».

Ratio Rectum Ratio Bladder Ratio CTV2

D30 Dmean EUD D50 Dmean EUD D95 Dmean

Average (without) 1.016 1.015 1.019 1.125 1.064 1.035 1.010 1.002
Average (with) 1.019 1.016 1.021 1.179 1.097 1.059 1.010 1.002
Mean absolute percentage error (without) (%) 8.7 7.8 5.7 66.6 27.9 19.4 1.0 0.3
Mean absolute percentage error (with) (%) 8.6 7.5 5.8 39.7 23.3 17.2 1.0 0.3

EUD: equivalent uniform dose; CTV: clinical target volume.

Table 7
Geometrical impact for rectum of the 95% rectum outliers methodology.
Impact géométrique pour le rectum de la méthodologie des « 95 % rectum outliers ».

Cranial/caudal Left/right Anterior/posterior 3-D Volume (mean absolute
percentage error) (%)

Without 0.47 0.28 0.31 0.63 17.69
With 0.45 0.29 0.3 0.61 16.70

Table 8
Dosimetric impact of the 95% rectum outliers methodology.
Impact dosimétrique de la méthodologie « 95 % rectum outliers ».

Ratio Rectum Ratio Bladder Ratio CTV2

D30 Dmean EUD D50 Dmean EUD D95 Dmean

Average (without) 1.016 1.015 1.019 1.125 1.064 1.035 1.010 1.002
Average (with) 1.002 1.006 1.010 1.143 1.076 1.045 1.010 1.002
Mean absolute percentage error (without) (%) 8.7 7.8 5.7 66.6 27.9 19.4 1.0 0.3
Mean absolute percentage error (with) (%) 8.0 7.4 5.2 67.2 27.6 19.1 1.0 0.3

EUD: equivalent uniform dose; CTV: clinical target volume.

3.2.4. A global solution370

We have seen that by repeating 5% of the dosimetries (and 10%371

if we consider both bladder and rectum cases), it is possible to372

improve the quality of the radiotherapy. It is now of interest to373

find the link between the number of repeated dosimetries and the374

gain generated (D30, Dmean. . .). Firstly, we need to find the param-375

eters, such as organ volume or isocentre shift, that are most highly376

correlated to the EUD ratio for the bladder and rectum. The selected377

parameters should be strictly orthogonal and not correlated with378

each other as they provide the basis for a linear regression.379

3.2.4.1. The bladder case. To complete the statistical study, the EUD380

ratio needs to be transformed by values superior to 1, so that a ratio381

of 0.9 becomes 1.11 (= 1/0.9). This modification prevents any com-382

pensation of the errors. To determine the parameters having most383

influence on the bladder EUD, we used the classical correlation 384

coefficients associated to a Student t-test. We obtained parame- 385

ters which have a CC statistically not equal to zero, and so which 386

are significant: the D50 bladder (CC = 0.84), the average dose to the 387

bladder (CC = 0.97), the ratio of the bladder volume (CC = −0.7), the 388

3-D displacement of the bladder (CC = 0.77) and the 3-D movement 389

of the prostate (CC = 0.5). Note that the average dose is more repre- 390

sentative of the risk (EUD bladder) than the D50, which could allow 391

us to change our methodology to validate the bladder dose (actually 392

D50 < 62 Gy). None of the dosimetric parameters (average dose to 393

the bladder, D50. . .) are interesting for the proposed study, and we 394

instead chose the two parameters, volume ratio of the bladder and 395

3-D displacement of the prostate. We used the fact that the bladder 396

centroid displacement is a linear combination of displacement of 397

the prostate’s isocentre and bladder volume. If the volume ratio is 398

Table 9
Dosimetric impact of the 95% bladder and rectum outliers methodology.
Impact dosimétrique de la méthodologie « 95 % rectum and bladder outliers ».

Ratio Rectum Ratio Bladder Ratio CTV2

D30 Dmean EUD D50 Dmean EUD D95 Dmean

Average (without) 1.016 1.015 1.019 1.125 1.064 1.035 1.010 1.002
Average (with) 1.003 1.007 1.011 1.200 1.111 1.070 1.009 1.001
Mean absolute percentage error (without) (%) 8.7 7.8 5.7 66.6 27.9 19.4 1.0 0.3
Mean absolute percentage error (with) (%) 7.8 7.0 5.2 39.3 22.8 16.8 1.0 0.3

EUD: equivalent uniform dose; CTV: clinical target volume.
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Fig. 6. Modelised and measured bladder equivalent uniform dose (EUD) ratio (nor-
malized root mean square error = 12.5%). The line represents the equation y = x.
Ratio de l’equivalent uniform dose (EUD) vésicale mesuré et modélisé (normalized root
mean square error = 12,5 %). La ligne est la droite d’équation y = x.

large then the isocentre moves, and if it is not properly positioned399

on the prostate, it may also cause a shift on the bladder. We find a400

regression for bladder EUD (F-Fisher = 11.5 and Fig. 6) as such:401

EUDbladder = 0.937 (P < 0.001) + 0.26 × 3-D prostate402

(P < 0.001) + 0.062 × ratio bladder (P = 0.04)403

If we consider the use of the daily CBCT for the treatment and404

a systematic focus on the prostate’s isocentre (3-D prostate = 0),405

the second term of this equation can be ignored as it is equal to406

zero. The objective is to say that if we fixed the problem of the407

isocentre (actual image-guided radiotherapy), we can only work408

on the volume of the bladder. The regression is limited to:409

EUDbladder = 0.937 + 0.062 × ratio bladder410

So the bladder volume ratio can be imposed by the difference on411

the EUD that we allow. On Fig. 7, we can see that a threshold at 10%412

for the EUD (representing a tolerance of 10% for EUD compared413

to the initial value on the first dosimetry), represents an interval414

of between 2.63 and 0.38 for the bladder volume ratio, and corre-415

sponds to 11% of the misadjusted dosimetries. For a threshold at416

5% (for bladder EUD error), there is an interval of between 0.54 and417

1.8, thus 33% of dosimetries need to be remade, and for a threshold418

at 1%, there is a margin of 1.18–0.85 which corresponds to 76% of419

dosimetries to adapt.420

3.2.4.2. The rectum case. Using the same methodology as previ-421

ously described, we obtained for the rectal volume the parameters422

that most influence the rectum EUD, namely the D30 (CC = 0.85),423

the average dose (CC = 0.84), the volume ratio (CC = 0.57), the 3-424

D displacement (CC = 0.3) and the 3-D movement of the prostate425

(CC = 0.31). We get a regression (F = 7.97 and Fig. 8) as follows:426

EUDrectum = 0.86 (P < 0.001) + 0.05 × 3-D prostate427

(P = 0.05) + 0.144 × ratio rectum (P = 0.003)428

As in the previous case, the use of daily CBCT cancels the 3-D429

prostate coefficient, which tends to near zero when the number of430

CBCT increases and the new relationship becomes:431
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Fig. 7. Link between the number of dosimetry to remake, and the bladder equivalent
uniform dose (EUD) difference authorized.
Relation entre le nombre de dosimétries à réévaluer et la différence de l’EUD (equivalent
uniform dose) vésicale souhaitée.

Fig. 8. Modelised and measured rectal equivalent uniform dose (EUD ratio) (nor-
malized root mean square error = 5.1%). Line is the graph of y = x.
Ratio de l’equivalent uniform dose (EUD) rectale mesuré et modélisé (normalized root
mean square error = 12,5 %). La ligne est la droite d’équation y = x.
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Fig. 9. Link between the number of dosimetry to remake, and the rectum equivalent
uniform dose (EUD) difference authorized.
Relation entre le nombre de dosimétries à réévaluer et la différence de l’equivalent
uniform dose (EUD) rectale souhaitée.

EUDrectum = 0.86 + 0.144 × ratio rectum 432

Fig. 9 shows that for 10% of EUD ratio (tolerance of 10% for EUD 433

compared to the initial value on the first dosimetry), there is an 434

interval in the bladder volume ratio of between 1.67 and 0.6, which 435

represents 4% of the dosimetries which need to be remade. For 5% 436

of EUD ratio, there is an interval of between 1.32 and 0.76 (19% of 437

dosimetries to remake), and for 1%, there is an interval of between 438

1.04 and 0.96 (83% of dosimetries to redo). 439

4. Conclusion and perspectives 440

Organ movement is an important aspect to consider in 21st cen- 441

tury radiotherapy. Many authors have already studied this problem 442

and have developed the image-guided radiation therapy process, 443

which consists in positioning the beams in the target volume with 444

a cone-beam acquisition. This approach ensures that tumour con- 445

trol is maximal. In the proposed study, the approach is different as 446

both the target volume and the organs at risk are studied, a method- 447

ology called the dose-guided radiation therapy. The cone-beam CT 448

is necessary to better position the beam isocentre and the dosime- 449

try is updated throughout the radiotherapy session. This method 450

is based on bladder and rectal volume modifications, and if this 451

variation is important, the dosimetry must be corrected. The future 452

of radiotherapy must consider organ movements, and tools such 453

as CBCT generate many images which need to be interpreted. Our 454

methodology is dedicated to image data selection in order to elim- 455

inate all unnecessary manipulations. However, it will be necessary 456

to complete the results shown in the present study (only two CT 457

acquisitions for each patient) with studies including many CT acqui- 458

sitions per patient. Some results like the cross-correlations will be 459

certainly identical, but other like the relation between the EUD ratio 460

and the volume ratio (Section 3.2.4), must be verified in this case.
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