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Adaptive off-line protocol for 
prostate external radiotherapy with 
cone beam computer tomography

Conformal radiation therapy is routinely 
used in radical treatment of prostate can-
cer. Several studies have shown that dose 
escalation may improve the clinical out-
come of prostate radiotherapy [8]. Dose 
escalation almost inevitably leads to in-
creasing probability of rectum injury un-
less technologically advanced techniques 
are used. For a given total dose, the dose 
delivered to the rectum depends on the 
margin between the clinical target vol-
ume (CTV) and the planning target vol-
ume (PTV). In general, the smaller the 
margin, the smaller the rectum dose. 
The CTV–PTV margin depends on tar-
get motion, patient setup, and target de-
lineation uncertainty. To reduce the CTV–
PTV margin required for setup errors and 
organ motion, several adaptive radiation 
therapy protocols have been introduced. 
For compensation of the setup uncertain-
ty the Shrinking Action Level or No Ac-
tion Level protocols are widely used [1, 3]. 
In centers where these protocols are im-
plemented, the typical CTV–PTV mar-
gin is 1.0 cm. However, some reports sug-
gest larger margins should be added, es-
pecially if extracapsular invasion of tumor 
is suspected [15]. Further diminishing the 
CTV–PTV margin requires controlling of 
the prostate movement in relation to bony 
structures. New radiotherapy technolo-
gies introduced in the late 1990s enabled 
measuring the interfraction of prostate 
movement. These were computer tomog-
raphy on rails installed in the treatment 
room and cone beam computer tomogra-
phy systems (CBCT) [7, 10, 11, 12]. Using 
these technologies, the first adaptive strat-
egies were introduced. According to these 

strategies, the treatment was initiated with 
a conventional CTV–PTV margin, e.g., 
1 cm [6]. Next volumetric imaging was 
performed during the first few fractions 
(first 4–6 fractions). Based on the image 
data, the average CTV was defined, and 
a new adapted plan was prepared with a 
smaller CTV–PTV margin. If this adap-
tive protocol was used, the typical CTV–
PTV margin was 0.7 cm in each direc-
tion. Only systematic error is corrected in 
these strategies. In Munich where helical 
tomotherapy is used supported by the dai-
ly megavoltage computerized tomography 
prior to irradiation the CTV–PTV margin 
is decreased to 3 mm in all directions and 
to 5 mm in the craniocaudal direction [4]. 

In the newest adaptive procedures, on-
line techniques were implemented. They 
enabled compensation of both systematic 
and random errors. In these techniques, 
the position of the prostate is identified 
by the position of the gold markers in-
serted into the prostate gland [2]. Using 
this method, the CTV–PTV margin was 
decreased to 0.5 cm (0.3 cm dorsally) in 
Charité–University of Berlin [5]. Nearly 
continuous localization of prostate in rela-
tion to the machine isocenter may be ob-
tained with electromagnetic active mark-
ers (transponders) implanted into the 
prostate. The idea is analogous to those 
procedures where gold seeds are used. 
However, in this case a wireless magnet-
ic system has been developed. The system 
enables localization of the few implantable 
transponders. Information about the posi-
tion of all transponders is obtained at least 
ten times per second during treatment. 
Using this system different adaptive pro-

tocols were proposed which differ con-
cerning the reaction on the prostate dis-
placement observed during irradiation. 
In the most demanding protocols, the us-
ers claim that the CTV–PTV margins may 
be reduced to less than 0.3 cm. Depend-
ing on the technology and implemented 
adaptive protocols different CTV–PTV 
protocols may be safely used. In this pa-
per, we describe the adaptive protocol im-
plemented in our center based on appli-
cation of CBCT and conventional portal 
imaging techniques. The results confirm-
ing the clinical value of this protocol are 
presented.

Materials and methods

Treatment technique

This study included 10 patients with a 
localized prostate carcinoma (T2–3 N0 
M0) who were treated in our center in 
2010. The median age of treated patients 
was 71 years and 6 months, PSA medi-
an 7.9 ng/ml (range 4.8–22.7 ng/ml), and 
Gleason score median 4.0 (range 3–7). 
During CT treatment simulation, pa-
tients were positioned supine with a knee-
wedge for a better comfort and reproduc-
ibility. According to the protocol, images 
were taken with an empty rectum and full 
bladder. (All patients were asked to emp-
ty their rectum; some were prescribed 
mild laxative suppositories). To keep the 
bladder volume full, patients were asked 
to empty their bladder and drink half a 
liter of water 1 h prior to a planning CT 
scan. The same procedure was followed 
before each treatment session. CT treat-
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ment simulation was performed with a 
CT scanner (Somatom Open, Siemens) 
with a slice thickness of 3 mm. Three skin 
tattoos were marked during the simula-
tion, and image data were sent to a con-
touring station (ROP, CompArt) where 
the prostate, seminal vesicles, rectum, 
bladder, and femoral heads were defined 
by a physician. The PTV consisted of a 
prostate gland CTV and seminal vesicles 
CTV with an additional uniform margin 
of 1 cm. The three-dimensional (3D) con-
formal prostate planning protocol was fol-
lowed with a three field arrangement (an-
terior–posterior and two lateral opposed 
fields, with a wedge as required). All treat-
ments were performed on a Varian Clin-
acs with 15 MV energy beams. The pre-
scribed dose was 65 Gy delivered daily in 
25 fractions during a 5-week treatment. 
During the planning process the recom-
mendations of ICRU Reports 50 and 62 
were followed; min PTV >95% and min 
CTV >97% of a prescribed dose.

Patient positioning control

During treatment, patients were posi-
tioned on the skin tattoos. Table position 
was then shifted according to the treat-
ment plan. CBCT scans were taken during 
the first three fractions and then at least 
twice a week. A total of 162 CBCT images 
were collected. The prostate visualized on 
the CBCT was then manually matched to 
the planning CT; on-line registration was 
performed by radiography staff. Prior to 
irradiation, any displacement from the 
planning position of more than 0.2 cm 
was corrected. A soft registration proce-
dure was repeated off-line by experienced 
physics staff. In the off-line registration 
CBCT images were also matched auto-
matically to a planning CT based on the 
pubis symphisis (registration volume was 
limited to the pubis symphysis only).

Adaptive protocol

In the adaptive protocol, the off-line data 
were used. For each patient, the same pro-
tocol was used in each of the three main 
directions vertical, longitudinal, and lat-
eral; however, for simplicity, the mathe-
matical formalism of the protocol and the 
protocol itself is described for one patient 

and one direction. The reader is referred 
to the appendix, which provides a more 
general description of the mathematical 
formalism of the protocol. Let us describe 
the m-th registration result based on the 
pubis symphisis (bones) and on prostate 
(soft tissue) with bm and sm, respectively.

Both the bone and soft registrations 
describe the change of the pubis symphy-
sis and prostate positions with respect to 
an external system in a single fraction, 
respectively. These displacements are 
known as setup error and internal error, 
respectively. In this work, bony anatomy 
means the pubis symphysis. Having bm 
and sm, a change in the prostate position 
in relation to the pubis symphysis may be 
calculated as follows:

The term Δsbm describes the position of 
the prostate with respect to the pubis sym-
phisis in the m-th fraction, i.e., how much 
the position of the prostate differs from its 
planning position if the position of a pa-
tient is corrected by a setup uncertainty. 
To analyze the movement of the prostate 
with respect to the pubis symphysis for all 
patients (the data for each single patient 
is denoted with subscript “k”), frequency 
histograms of Δ(sbm)k were calculated for 
each direction separately.

Adaptive protocol

There are four main steps in an adaptive 
protocol developed in our center.
1.	� Prior to irradiation during the first 

three fractions, the CBCT is taken. 
CBCT images are registered on-line 
on the prostate gland by radiography 
staff. Based on the on-line soft regis
tration, if any displacement larger 
than 0.2 cm is observed for any direc-
tion, the appropriate change of table 
position is made before irradiation.

2.	� CBCT images are registered off-line 
to a planning CT based on bones and 
prostate gland (soft registration). Af-
ter the first free fractions, the average 
displacement in each direction of the 
prostate position with respect to the 
pubis symphysis is calculated accord-
ing the following formula:

3.	� From the fourth treatment session 
onwards two orthogonal portal imag-
es were taken and the table position 
was shifted to localize the pubis sym-
physis in the same position in relation 
to the isocenter as during the plan-
ning. This is achieved by the on-line 
registration of the portal images with 
DRRs.

4.	� In the next step, the table is also ad-
justed by the following vector

and the irradiation is started. Superscripts 
“vert”, “long”, and “lat” denote the three 
main directions vertical, longitudinal, and 
lateral, respectively.

The adaptive protocol was tested for 
10 patients. For these patients, the CTV–
PTV margin was 1 cm. With this data, 
the prostate shifts from its initial posi-
tion were evaluated. For a single patient, 
the m-th fraction, and one main direction, 
the corrected displacement was calculated 
according to the formula:

The population cumulative frequency 
histogram of the prostate positions in re-
lation to its average position in each di-
rection was calculated. The assumption 
was made that in the first three sessions 
the position of the prostate was identical 
or nearly identical with the planning po-
sition. According to the procedure, dis-
placement should not be greater than 
0.2 cm. Based on the results the CTV–
PTV margin was changed to 0.7, 0.7, and 
0.4 cm for the vertical, longitudinal, and 
lateral directions, respectively.

In order to evaluate the validity of the 
adaptive procedure, data was collected for 
30 consecutive patients treated accord-
ing to the protocol. For this group of pa-
tients, CBCT were taken in the 10th and 
21st fraction, followed by the position  ad-
justments. The off-line soft registration 
was performed and displacement of the 
prostate in relation to the planning isocen-
ter was obtained. The results are present-
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ed in the form of the population cumula-
tive histograms of the changes of the pros-
tate position with respect to the planning 
isocenter for the 10th and 21st fraction and 
for each direction separately.

Results

In . Fig. 1, 2 and . Fig. 3, the frequen-
cy distribution histograms of the values 

“Δsbj” are presented. The “Δsbj” is calcu-
lated with formula (1). Data in . Fig. 2 
and . Fig. 3 show significant reposi-
tion of the prostate in relation to the pu-
bis symphysis for the vertical and longitu-
dinal directions. In 5 out of 162 fractions 
prostate, displacement from its initial po-
sition was found to be >1.0 cm. Changes 
in the lateral position was found insignif-
icant (<0.4 cm), which means the setup 

control based on bony structures, prefer-
ably on pubis symphysis, enables using a 
quite small CTV–PTV margin.

. Fig. 4, 5 and . Fig. 6 show the fre-
quency distribution histograms of the 
values (Δsbj)corr, i.e., the displacement of 
the prostate in relation to the average po-
sition of the prostate based on the image 
data obtained during the first three frac-
tions. The average position is described in 
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Abstract
Purpose.  The goal of this work was to pre-
pare and to evaluate an off-line adaptive pro-
tocol for prostate teleradiotherapy with kilo
voltage cone beam computer tomography 
(CBCT).
Patients and methods.  Ten patients with lo-
calized prostate carcinoma treated with ex-
ternal beams underwent image-guided ra-
diotherapy. In total, 162 CBCT images were 
collected. Position of prostate and pubis 
symphysis (PS) with respect to the isocen-
ter were measured off-line. Using the CBCT 
scans obtained in the first three fractions the 
average position of prostate in relation (Av-
PosPr) to PB was calculated. On each CBCT 
scan, the position of prostate with respect to 
AvPosPr was calculated and cumulative his-
togram of prostate displacement with re-

spect to AvPosPr was prepared. Using this 
data, the adaptive protocol was prepared in 
which (1) based on the CBCT made in the first 
three fractions the AvPosPr to PS is obtained, 
(2) in all other fractions two orthogonal im-
ages are acquired and if for any direction set-
up error exceeds 0.2 cm the patient’s posi-
tion is corrected, and (3) additionally, the pa-
tient’s position is corrected if the AvPosPr ex-
ceeds 0.2 cm in any direction. To evaluate 
the adaptive protocol for 30 consecutive pa-
tients, the CBCT was also made in 10th and 
21st fraction.
Results.  For the first 10 patients, the re-
sults revealed that the prostate was dis-
placed in relation to AvPosPr >0.7 cm in the 
vertical and longitudinal directions only on 
4 and 5 images of 162 CBCT images, respec-

tively. For the lateral direction, this displace-
ment was >0.3 cm in one case. For the group 
of 30 patients, displacement was never >0.7, 
and 0.3 cm for the vertical and lateral di-
rections. In two cases, displacements were 
>0.7 cm for the longitudinal direction.
Conclusion.  Implementation of the pro-
posed adaptive procedure based on the on-
line set-up error elimination followed by a re-
duction of systematic internal error enables 
reducing the CTV–PTV margin to 0.7, 0.7, and 
0.4 cm for the vertical, longitudinal, and later-
al directions, respectively.

Keywords
Adaptive radiotherapy · Prostate · Cone beam 
computed tomography · Image-guided  
radiotherapy · Radiotherapy setup errors

Adaptives Offline-Protokoll mit digitaler Volumentomographie für 
die perkutane Strahlentherapie des Prostatakarzinoms

Zusammenfassung
Zielsetzung.  Ziel dieser Studie war die 
Vorbereitung und Testung eines Offline-Pro
tokolls mit digitaler Volumentomographie 
[“cone beam computed tomography“ (CBCT)] 
für die perkutane Strahlentherapie des Pros-
tatakarzinoms.
Patienten und Methoden.  Mit einer perku-
tanen, bildgesteuerten Strahlentherapie [“im-
age-guided radiotherapy“ (IGRT)] wurden 
10 Patienten mit einem lokalisierten Pros-
tatakarzinom behandelt. Die Lage der Prosta-
ta und der Symphysis pubica in Relation zum 
Isozentrum wurde offline gemessen. Basie
rend auf Scanbildern der CBCT aus den 3 ers
ten Fraktionen wurde die mittlere Lage der 
Prostata (AvPosPr) in Beziehung zur Sym-
physis pubica berechnet. Auf jedem CBCT-
Bild wurde die Lage der Prostata in Rela-
tion zur AvPosPr berechnet und das kumula-
tive Histogramm der Verschiebung der Pros-

tata zum AvPosPr gebildet. Das adaptive Pro
tokoll wurde anhand dieser Daten vorberei
tet. Das Protokoll beinhaltete erstens die Av-
PosPr zur PB, gemessen anhand der ersten 
3 Fraktionen, zweitens eine Korrektur der Pa-
tientenlage, wenn der Set-up-Fehler, gemes-
sen an 2 orthogonalen Bildern, um 0,2 cm in 
beliebiger Richtung abwich und drittens eine 
Korrektur der Patientenlage, wenn die Av-
PosPr um 0,2 cm in beliebiger Richtung ab-
wich. Zur Evaluation des adaptiven Proto-
kolls, wurde bei 30 aufeinanderfolgenden 
Patienten die CBCT zusätzlich während der 
10. und 21. Fraktion durchgeführt.
Ergebnisse.  Eine Messung der ersten 10 Pa-
tienten ergab, dass die Prostata nur in 4 von 
162 CBCT-Bildern um 0,7 cm vertikal und in 
5 Bildern um 0,7 cm longitudinal abwich. 
Eine laterale Abweichung von 0,3 cm wurde 
in einem Bild festgestellt. Für die Gesamt-

gruppe der 30 Patienten überschritt die Ab-
weichung nie 0,7 cm vertikal und 0,3 cm lat-
eral. In 2 Fällen lag die Abweichung in longi-
tudinaler Richtung >0,7 cm.
Schlussfolgerung.  Eine Implementierung 
der adaptiven Prozedur, die auf einer Online-
Fehlereliminierung und der anschließenden 
Reduktion des internen systematischen Feh
lers basiert, erlaubt es, die Grenze zwischen 
klinischem Zielvolumen und Planungsziel-
volumen um 0,7 cm in der vertikalen, 0,7 cm 
in der longitudinalen und 0,4 cm in der later-
alen Richtung zu verringern.

Schlüsselwörter
Adaptive Radiotherapie · Prostata ·  
Digitale Volumentomographie ·  
Bildgesteuerte Strahlentherapie ·  
Radiotherapeutische Positionierungsfehler
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Fig. 1 8 Frequency distribution histograms of displacement of the prostate 
in relation to the pubis symphysis for the lateral direction
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Fig. 2 8 Frequency distribution histograms of displacement of the prostate 
in relation to the pubis symphysis for the vertical direction
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Fig. 3 8 Frequency distribution histograms of displacement of the prostate 
in relation to the pubis symphysis for the longitudinal direction
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Fig. 4 8 Frequency distribution histograms of displacement of the prostate 
in relation to the average position of the prostate based on the image data 
obtained during the first three fractions for the lateral direction
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Fig. 5 8 Frequency distribution histograms of displacement of the prostate 
in relation to the average position of the prostate based on the image data 
obtained during the first three fractions for the vertical direction
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Fig. 6 8 Frequency distribution histograms of displacement of the prostate 
in relation to the average position of the prostate based on the image data 
obtained during the first three fractions for the longitudinal direction
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relation to the pubis symphysis for this di-
rection.

For the vertical and longitudinal di-
rections, the distribution of prostate dis-
placement is not symmetrical. In rela-
tion to the planning position, the pros-
tate moves more anteriorly and superiorly 
(mean displacements were 0.16±0.32 cm 
and −0.16±0.39 cm, respectively). If dis-
placement is measured in relation to 
the average position the prostate moves 
symmetrically, the mean displacements 

were 0.09±0.28 cm for the vertical and 
0.04±0.31 cm for the longitudinal direc-
tion).

Introducing correction of the isocenter 
with the average position of the prostate 
estimated based on the results obtained in 
the first three fractions enables improve-
ment of the geometric accuracy of irradi-
ation. In the vertical and longitudinal di-
rections, only in 4 and 5 fraction (about 
3%) was the displacement greater than 
0.7 cm, respectively. For the lateral direc-

tion, displacement was found to be 0.3 cm 
in a single fraction.

In . Fig. 7 and . Fig. 8, the cumula-
tive distribution of prostate displacement 
in relation to the average position are 
shown. Displacement was defined in rela-
tion to the pubis symphysis corrected for 
the average position of the prostate calcu-
lated with data obtained in the first three 
fractions. Data was collected for 30 con-
secutive patients in the 10th and 21st frac-
tion. Significant results were obtained for 
all three directions. In 10th fraction dis-
placements were always less than 0.7, 0.8, 
and 0.3 cm for vertical, longitudinal, and 
lateral directions. In the 21st fraction, on-
ly in two cases were displacements larg-
er than 0.7 cm in the longitudinal direc-
tion (in one case 0.8 cm and in the oth-
er case 1.0 cm).

Discussion

There are two main sources of treatment 
position uncertainties; the variation in the 
daily patient setup and internal organ mo-
tion during treatment (interfraction and 
intrafraction prostate movement). Set-
up uncertainty influences the accuracy of 
treatment delivery. Therefore, if any set-
up correction protocol is used, quite large 
CTV–PTV margins should be applied. 
The margin may be reduced slightly if a 
positioning control procedure is imple-
mented. We have implemented the on-
line method of correction of a patient 
setup. We noticed that in the lateral di-
rection that the prostate follows the pu-
bis symphysis. Displacement of the pros-
tate in this direction in relation to its plan-
ning position was always less than 0.4 cm, 
and when the adaptive protocol was test-
ed in 60 treatment sessions, only once 
was the displacement 0.3 cm. In the lat-
eral direction, the internal error was very 
small. Most important is that the setup er-
ror may be diminished considerably with 
pre-irradiation portal control. It should be 
emphasized that this result was obtained 
when the registration was performed 
on the pubis symphysis, the anatomical 
structure which is located with proximi-
ty to the prostate. Implementation of this 
procedure enabled decreasing the CTV–
PTV margin from 1.0 cm to 0.4 cm only 
for the lateral direction.
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Fig. 7 8 Cumulative distribution of displacement of the prostate in relation to the average position 
of the prostate based on the image data obtained during the first three fractions collected during the 
10th fraction
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Fig. 8 8 Cumulative distribution of displacement of the prostate in relation to the average position 
of the prostate based on the image data obtained during the first three fractions collected during the 
21st fraction
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The results show that the prostate does 
not necessarily follow the pubis symphy-
sis along the vertical and longitudinal di-
rections. The movement of the prostate 
depends on rectum and bladder filling 
and, as we suspected, from the tension 
of sphincters. If the rectum is distended, 
the prostate is shifted towards the pubis 
symphysis. Gas in the rectum may move 
the gland superiorly. Therefore, in case 
of prostate irradiation, the internal error 
for the vertical and longitudinal direc-
tions are greater, which explains the ra-
tionale behind extended CTV–PTV mar-
gins. Our results showed that the displace-
ment of the prostate in relation to the pu-
bis symphysis is greater than 0.9 cm for 
the anterior–posterior and cranial–caudal 
directions in almost 10% of fractions. Such 
large displacements were observed when 
the position of the prostate was measured 
with respect to its initial position, obtained 
during the planning CT. If the position of 
the prostate was not described in relation 
to its initial position but in relation to its 
average position and if the set-up error 
was negligible the number of significant 
displacements would have to be decreased 
considerably. Based on these observa-
tions, the adaptive protocol was formulat-
ed and tested. The protocol was initially 
tested on 30 patient cases during the pro-
cess of clinical implementation. For these 
patients, the additional CBCT scans were 
acquired in the 10th and 21st fraction in 
order to verify the validity of the adaptive 
procedure. For all 30 patients, the prostate 
displacement with respect to the planning 
isocenter was less than 0.8, 0.4 cm for the 
vertical and lateral directions, respective-
ly. For the longitudinal direction, only in 
two cases were displacements larger than 
0.7 cm (in one case 0.8 cm and in the oth-

er case 1.0 cm). Therefore, statistically 
large displacements can be treated as out-
liers. More data are needed to identify pa-
tients for whom these large displacements 
may occur. However, results obtained for 
the group of 30 patients has proved valid-
ity of implemented adaptive procedure.

The usage of an adaptive protocol is 
not time consuming. In the first three 
fractions, when CBCT and soft tissue 
registration are made, the extra time re-
quired at the treatment machine is about 
5 min (on average the CBCT takes 1.5 min 
and registration takes 3.5 min). In all oth-
er fractions when two perpendicular por-
tal images, one MV and one kV images, 
are taken, an extra 2 min are needed. Oc-
casionally, for some patients due to poor 
CBCT image quality, it is difficult to make 
registration. If this is the case, the proce-
dure may be much longer and reliabili-
ty of registration much poorer. Howev-
er, one should remember that the aver-
age position of the prostate is calculated 
with the data obtained during an off-line 
procedure where the users are not limit-
ed in time.

We were aware that in some cases the 
displacement may exceed the value of the 
CTV–PTV margin. In order to evaluate 
how much the geometrical error deteri-
orates the dose distribution, we prepared 
treatment plans with an isocenter that was 
moved ±0.9 cm from its initial position 
along the vertical and longitudinal axes. 
All treatment plans were made with the 
Eclipse Varian system (version 9). Calcu-
lated dose distributions were compared 
with initial dose distributions in terms 
of the mean dose, minimum dose, D98% 
to the PTV and standard deviation in the 
CTV. In . Tab. 1, the results of this ex-
periment are presented. Doses to the pros-

tate and seminal visicles were calculated 
separately. For each index, the mean value 
and standard deviation were calculated for 
10 patients. The mean value of minimum 
dose and D98% were significantly small-
er in all plans in which the isocenter was 
shifted when compared with the initial 
plans (p<0.01) for both the prostate and 
seminal vesicles. Very small differences 
were found between the mean dose to the 
CTV in the initial plan and for plans cal-
culated with 0.9 cm shifts. In the majority 
of cases, the mean dose in the initial plans 
was slightly greater than obtained for the 
shifted plans. Only a few differences are 
statistically significant. The minimum 
dose to the CTV was in almost all cases 
greater than 95% which follows ICRU rec-
ommendations for conformal radiothera-
py. We may conclude that larger displace-
ments have no influence on the mean dose 
delivered to the target. This is partly be-
cause the dose distributions for the initial 
plans were very homogenous in the CTV 
(standard deviation was always below 
1.5% of the mean dose). Hence, the mean 
dose seems to be a very good estimate of 
the equivalent uniform dose. Therefore, 
somewhat larger than expected displace-
ments should not influence the probabili-
ty of tumor control. If a more conservative 
attitude is preferred, we propose increas-
ing the CTV–PTV margin for the longitu-
dinal direction to 0.9 cm.

Nevertheless, we would like to empha-
size the importance of the experience of 
the user who is responsible for CT regis-
trations and CBCT images. Much easier is 
to register portal images and digitally re-
constructed radiographs. Bones are usual-
ly very well visible on portal images. How-
ever, in some cases computerized meth-
ods of image quality improvements would 
be beneficial [9]. In the first few months 
after implementation of the protocol, due 
to difficulties in image registration, we 
decided to return to our previous 1.0 cm 
margin for some patients.

Similar adaptive techniques were de-
scribed by other authors [13, 14]. In some 
cases, the pretreatment average CTV was 
defined based on diagnostic CT data. The 
treatment plan was prepared to the PTV 
constructed from the average CTV. In an-
other study, the cone beam CT or CT on 
rails were performed during the first few 

Tab. 1  The mean values calculated with the data obtained for 10 patients: minimum dose 
(D100%), D98% and the mean dose to the CTV. The data are for initial plan and plans in which 
the isocenter was shifted by ±0.9 cm. For the longitudinal (Long), and vertical (Vrt) directions 
+ means that the isocenter was shifted towards a patient’s head and towards treatment table, 
respectively

  Prostate Seminal vesicles

D100% D98% Mean D100% D98% Mean

Initial plan 98.4±0.6 98.9±0.9 100.6±0.3 99.2±0.6 99.5±0.6 100.3±0.5

Long +0.9 93.3±2.2 95.7±1.3 100.2±0.5 94.2±2.4 95.0±2.1 97.6±1.4

Long −0.9 92.6±1.2 95.5±1.1  99.7±0.5 99.3±1.2 99.6±0.9 10.4±0.6

Vrt +0.9 96.9±2.7 99.1±1.0 101.3±0.5 93.2±2.5 96.3±1.8 99.2±1.1

Vrt −0.9 94.8±2.5 97.7±0.5  99.5±0.5 98.9±0.9 99.1±0.9 100.0±0.8
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fractions and average CTV was defined 
accordingly. A major disadvantage of the 
procedures is the necessity of multiple 
contouring. In the Netherlands Cancer In-
stitute, a set of 5 CT scans was used to cal-
culate the average prostate shape and posi-
tion [13]. However, this procedure is time 
consuming and requires highly qualified 
staff. The advantage, on the other hand, is 
that contouring allows correction of trans-
lations and rotations of a prostate gland. 
It allows for constructing not only aver-
age prostate shape and position but also 
the average shape and position of the rec-
tum. In our procedure, rotations were not 
considered. The importance of account-
ing for rotations depends on the confor-
mity of the dose distributions. In case of 
very conformal dose distributions, like 
IMRT, the interfraction rotations which 
are not accounted for may deteriorate the 
dose distribution considerably.

Conclusion

A major source of treatment position un-
certainty is the variation in the daily pa-
tient setup defined with respect to the 
external coordinate system. Therefore, 
implementation of the proposed adap-
tive procedure which on the on-line er-
ror elimination followed by a reduction 
of systematic errors enables the CTV–
PTV margin to be reduced to 0.7, 0.7, and 
0.4 cm for the vertical, longitudinal, and 
lateral directions, respectively. The pro-
cedure is easy to implement and has a 
little effect on the treatment time.
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Appendix

Let us denote a patient with index n ε {1,2, 
…, N}, each treatment with CBCT with 
index m ε {1,2, …, MN}, each registration 
result with (bn, m)k and (sn, m)k, where “b” 
indicates the registration based on the pu-
bis symphisis (bones) and “s” indicates the 
registration on prostate (soft tissue). Sub-

script “k” denotes one of the three main 
axes, namely 1: vertical, 2: longitudinal, 3: 
lateral.

Having in a single fraction the dis-
placements of the pubis symphisis and the 
prostate in relation to the external system, 
the prostate position in relation to the pu-
bis symphysis can be calculated in this 
fraction. For patient number n, fraction 
m, and direction k we have:

Using this data collected in the first three 
sessions, the average position of the pros-
tate in relation to the pubis symphysis is 
calculated:

This vector, describing the average posi-
tion of the prostate in relation to the pu-
bis symphysis, is part of the input data for 
the adaptive protocol.
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