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                        ORIGINAL ARTICLE    

 Degradation of target coverage due to inter-fraction motion during 
intensity-modulated proton therapy of prostate and elective targets      

    SARA     TH Ö RNQVIST  1,2  ,       LUDVIG P.     MUREN  1,2  ,       LISE     BENTZEN  2  ,       LIV B.     HYSING  3  , 
      MORTEN     H Ø YER   1,2   ,       CAI     GRAU  1,2     &         J Ø RGEN B. B.     PETERSEN  1    

  1 Department of Medical Physics, Aarhus University Hospital, Aarhus, Denmark,  2 Department of Oncology, 
Aarhus University Hospital, Aarhus, Denmark and  3  Department of Oncology and Medical Physics, 
Haukeland University Hospital, Bergen, Norway                             

  Abstract 
 Internal target and organ motion during treatment is a challenge in radiotherapy (RT) of the prostate and the involved 
elective targets, with residual motion being present also following image-guidance strategies. The aim of this study 
was to investigate organ motion-induced dose degradations for the prostate, seminal vesicle and the pelvic lymph 
node when treating these targets with proton therapy, using different image-guidance and delivery strategies.  Material 
and methods.  Four patients were selected from a larger series as they displayed large inter-fractional variation in bladder 
and rectum volume. Intensity-modulated proton therapy plans were generated using both simultaneous integrated and 
sequential boost delivery. For each technique, three isotropic margin expansions (in the range of 4 – 10 mm) were evalu-
ated for the clinical target volume of prostate (CTV-p), seminal vesicles (CTV-sv) and lymph nodes (CTV-ln). Simula-
tion of the dose degradations for all treatment plans were based on dose re-calculations for the 8 – 9 repeat CTs available 
for each patient, after applying rigid registrations to reproduce set-up based on either intra-prostatic fi ducials or bony 
anatomy.  Results.  The simulated dose received by 99% of the target volume (D 99 ) and generalized equivalent dose (gEUD) 
showed substantial inter-patient variations. For 40% of the investigated scenarios, the patient average simulated D 99  for 
all targets were within 2 GyE from the planned dose. The largest difference between simulated and planned dose was 
seen for the CTV-sv when using SIB delivery, with an average relative reduction in D 99  of 13% and 15% for the largest 
margin expansion, when positioned using fi ducials and bony anatomy, respectively.  Conclusions . The most severe dose 
degradations were found for CTV-sv, but they were also evident for CTV-ln. The degradations could not be completely 
resolved, neither by using the largest margin expansion nor with the choice of set-up. With fi ducial set-up CTV-p was 
robust against the inter-fraction changes.   

    In radiotherapy (RT) of prostate cancer, improved 
treatment outcomes has been achieved through dose 
escalation enabled by implementation of increasingly 
more conformal delivery techniques [1 – 3]. Along 
this development, proton therapy is being used in the 
treatment of localized prostate cancer [4 – 8]. A large 
proportion of prostate cancer patients, those with 
locally advanced, high-risk disease, receive RT also 
to the pelvic lymph nodes, although there still are 
controversies both regarding the actual clinical 
evidence and the potentially elevated risk of compli-
cations [9]. The increased conformity that can be 
achieved with protons as compared to photons makes 
protons potentially benefi cial when irradiating large 

complex-shaped targets [10,11]. In this perspective, 
proton therapy for locally advanced prostate cancer 
is therefore attractive [12]. 

 Previous RT planning studies for prostate cancer 
comparing photons to protons have documented 
both reduced integral doses [10,13] and lower dose 
to the involved organs at risk, the bladder, rectum 
and bowel [10,14]. For locally advanced prostate 
cancer a plan comparison showed equivalent target 
coverage combined with the expected reduced risk 
of rectum toxicity [10]. However, independent target 
movement and changes in anatomy as compared to 
the situation used for planning can be a challenge 
[15] for proton RT. Strategies to limit such effects 
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for prostate irradiation are not easily applicable to 
the often co-irradiated seminal vesicles and pelvic 
lymph nodes [16,17]. Based on the experience from 
an intensity-modulated RT (IMRT) robustness 
study [17], we now turn our attention to the organ 
motion-induced dose degradations for the three tar-
gets  –  the prostate, seminal vesicles and pelvic lymph 
nodes  –  in intensity-modulated proton therapy 
(IMPT). The evaluations were made for a selected 
group of the patients with large organ motion for the 
purpose of showing a worst case scenario of dosim-
etric consequences of inter-fraction organ motion, 
and were based on treatment simulations from dose 
re-calculation in a repeat CT-set. The investigations 
included both two image-guidance/positioning strat-
egies  –  intra-prostatic fi ducial markers versus bony 
anatomy  –  as well as two delivery techniques  –  
sequential (SEQ) versus simultaneous integrated 
boost (SIB)  –  that are all in clinical use in photon 
RT of this patient group.   

 Material and methods 

 Four patients were selected from a series of nine 
locally-advanced prostate cancer patients with 
repeat CT scans acquired during the course of RT 
[17,18]. The selection criteria was to include 
patients presenting the largest average relative 
reduction and relative increase when comparing 
rectum and bladder volumes of the repeat CTs to 
those in the planning CT (Figure 1). For the rectum 
we therefore selected one patient with an average 
relative reduction of 52% and one case with an aver-
age increase of 19%. For the bladder one selected 
case had an average relative reduction of 41% while 

the other case had a relative increase of 94%, as 
compared the planning CT. The four selected 
patients had a planning CT and 8 – 9 repeat CT 
scans acquired in close connection with their treat-
ment fractions, all with a slice thickness of 2 – 3 mm. 
All scans were acquired with the same CT scanner 
(Phillips Brilliant Big Bore) using the same 
Hounsfi eld Unit calibration curves, and with the 
patient in supine position using similar fi xation as 
during treatment. All patients had three fi ducial 
markers implanted in the prostate; for dose calcula-
tions, the electron density of these were set equiva-
lent to PMMA (poly methyl methacrylate).  

 Treatment planning 

 For the purpose of this study, one experienced radi-
ation oncologist (LB) delineated the clinical target 
volumes of prostate (CTV-p), seminal vesicles 
(CTV-sv) and the pelvic lymph nodes (CTV-ln) in 
all CT scans for all patients (i.e. 38 scans in total). 
Further details of target and organ at risk delinea-
tions have been presented previously [17,18]. 

 To assess the robustness towards and the magni-
tude of dose degradation for the selected patients, 
different isotropic margin expansions of either 4 mm, 
7 mm or 10 mm were applied around each of the 
CTVs to form the respective planning target volumes 
(PTV). As CTV-sv and CTV-ln were prescribed to 
receive identical dose levels, they formed a joint PTV 
(PTV-ln/sv) when optimizing the treatment plans. 

 The Eclipse treatment planning system version 
10.0.28 (Varian Medical Systems, Palo Alto, USA) 
were used for generating all IMPT plans (a total 
of 24 plans) and dose re-calculations (408 in total). 

  Figure 1.      Relative change in volume compared to the planning CT across the repeat CT scans for the rectum and bladder. The data points 
of the four patients selected for this study are shown with solid symbols, the other with crosses.  
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The optimization was made using a simultaneous 
spot optimization algorithm similar to the algorithm 
developed by Lomax et   al. [19]. The fi nal dose cal-
culation is based on a proton convolution superpo-
sition algorithm (Varian Medical Systems). For 
each patient, IMPT plans were created for the SEQ 
and SIB delivery, each with the different isotropic 
CTV-to-PTV expansions of 4 mm, 7 mm and 
10 mm. Identical prescriptions to what was used for 
photon RT in our department was applied: 74 GyE 
to CTV-p and 55 GyE to CTV-ln/sv, assuming a 
generic relative biological effectiveness of 1.1 for the 
proton prescriptions [20]. For the SIB plans, the 
two prescription levels were planned for delivery in 
37 fractions, and for the SEQ plans 55 GyE was 
planned for delivery to all targets in 28 fractions 
with an additional 19 GyE/9 fraction-boost only to 
the prostate target. To evaluate the SEQ plans we 
used dose summation of the boost and the whole 
pelvic fi elds after dose re-calculation on each of the 
repeat CT scans. Hence, the SEQ plans used the 
same repeat CT scans twice, both for the boost 
fi elds and for the whole pelvic fi elds. 

 All IMPT plans used two lateral opposing fi elds 
(90 °  and 270 ° ) and spot distributions calculated for 
a Cartesian grid encompassing the union of the two 
PTVs and extended with lateral margins of 5 mm. 
The spot-scanning technique was optimized for 
Gaussian spots with  σ     �    5 mm and with both spot 
spacing and the spacing between scanning lines set 
to 5 mm. The highest priorities in the optimization 
were given to dose-volume objectives of: 1) the 
PTVs, to deliver homogenous target doses; and 2) 
the rectum, to reduce doses above 50 GyE, 70 GyE 
and 74GyE [17]. All treatment plans were normal-

ized to the mean dose of PTV-p and evaluated using 
the constraints published in a previous study [17]. 
An example of planned SEQ and SIB IMPT dose 
distributions are shown in Figure 2.   

 Dose re-calculation and evaluation 

 Simulation of proton delivery for the two positioning 
strategies was performed by transferring both the 
SEQ and SIB plans to each of the repeat CT scans 
utilizing the rigid registrations based on either the 
intra-prostatic gold markers or on bony anatomy. 
These registrations assumed translational shifts only. 
Subsequently the dose distribution was re-calculated 
on the repeat scans to account for differences in 
patient anatomy, including organ/target motion and 
deformations as well as tissue heterogeneities. Dose 
accumulation based on deformable registration was 
not performed [21]. 

 The evaluation of the sensitivity towards inter-
fractional anatomy changes was made comparing 
the planned to the simulated dose to the CTVs. For 
each CTV, the physical parameters for the dose 
received by 99% of the target volume (D 99 ) and the 
generalized equivalent uniform dose (gEUD) calcu-
lated with the dose-volume parameter  a  set to �20 
[17,22 – 24] were analyzed.    

 Results 

 Planning constraints were fulfi lled for both targets and 
organs at risk for most plan combinations. For plan-
ning of these challenging patients, the hardest con-
straint to meet was the rectum volume receiving 74 
GyE with the SEQ planning technique. The proximity 

  Figure 2.      Sagittal view of IMPT dose distributions for SIB (left) and SEQ (right) delivery techniques for patient 3. The segmented contours 
of CTV-p (red), CTV-ln (pink) and the PTVs (blue) are displayed and overlaid with a dose colorwash. The colorwash ranges from 95% 
of the prescribed dose to PTV-ln/sv (blue) to 95% of the prescribed dose to PTV-p (orange).  



524 S. Th ö rnqvist et al. 

of the prostate resulted in CTV-sv in general having 
a larger dose variation resulting in high doses (above 
the prescription for CTV-p) after plan summation of 
the boost and the whole pelvic fi elds. 

 Overall similar patterns in planned as compared 
to simulated physical dose were seen for both SEQ 
and SIB delivery. Comparing these two techniques 
revealed that although the plans were not signifi -
cantly different the degradation was most pronounced 
for SIB delivery. However, the deviations were small, 
with average dose differences in D 99  between SEQ 
and SIB of 0.1 GyE for CTV-p, 0.6 GyE for CTV-sv 
and 0.2 GyE for CTV-ln. In the following we there-
fore present numerical results for SIB delivery only. 

 For CTV-p, a margin of 4 mm was suffi cient to 
maintain the planned D 99  and gEUD for all patients 
when positioning was based on fi ducial markers 
(Table I, Figure 3). However, with positioning based 
on bony anatomy, one of the four patients (patient 
no. 2) would have experienced an average degrada-
tion in the D 99  for the CTV-p of �8.1 GyE with a 
4 mm margin. A 7 mm margin was suffi cient to 
maintain the planned D 99  and gEUD in all patients 
also with bony anatomy-based positioning. 

 For the seminal vesicles, large variation in the 
simulated D 99  and gEUD endpoints was seen inde-
pendent of positioning strategy (Table I). There was 
a large variation between patients (Figure 3) where 
patient no. 2 again had a large difference in simulated 
versus planned gEUD with an average of �31.7 GyE 
and �38.0 GyE for the largest margin and position-
ing based on fi ducials and bony anatomy, respec-
tively. For the remaining three patients a 7 mm 
margin was suffi cient to ensure both D 99  and gEUD 
dose degradations being 1.6 GyE or less. 

 For the lymph node target, dose degradations 
were seen for both positioning strategies, but with 
bony anatomy-based set-up being slightly better 
(Table I). Interestingly, the average difference 
between planned and simulated D 99  was -2.4 GyE 
(Table I), even when using a 10 mm margin and 
positioning based on bony anatomy. This was due 
to large differences between planned and simu-
lated D 99  in one patient. For the three remaining 
patients, the planned gEUD was maintained for 

both positioning strategies when using a 10 mm 
margin (Figure 3).   

 Discussion 

 In this study we have investigated the infl uence of 
inter-fractional motion on the dose coverage with 
protons for the three targets irradiated in patients 
with locally advanced prostate cancer. Across all 
targets the dose to the prostate was most robust, in 
particular, when positioning was based on fi ducials. 
For the seminal vesicle target, a substantial varia-
tion in delivered dose was found independent of the 
positioning strategy. This was also the target where 
inter-patient variations had the greatest impact on 
both D 99  and gEUD. For the lymph node target, 
positioning on bony anatomy was slightly better 
than positioning based on fi ducials, however, the 
clinical relevance of this difference is uncertain. 

 One of the four patients had a particularly large 
reduction in simulated versus planned dose. This was 
most likely caused by an enlarged (gas-fi lled) rectum 
in the planning CT (Figure 1 left). The rectum vol-
ume of this patient was on average 48% lower in the 
repeat CT scans than in the planning CT. Diffi culties 
in adequate coverage of the seminal vesicles in pro-
ton RT have also been reported previously by Zhang 
et   al. [25]. An earlier IMPT robustness study that 
was limited to treatment of the prostate only with 
bony anatomy-based set-up also found variation in 
rectal volume to be a signifi cant factor for degrada-
tion of the delivered dose to the prostate [26]. These 
authors further suggested increasing the robustness 
to organ motion by overwriting air cavities using the 
HU equivalent to water. Use of a rectal balloon in 
proton RT would have the same effect but could also 
reduce the amount of organ motion to limit subse-
quent dose degradations [26,27]. With positioning 
based on fi ducials, degradation in dose to CTV-p 
was, however, not observed in our study even for the 
tightest margin of 4 mm. 

 Interestingly, our results showed that the system-
atic change in rectum volume infl uenced not only 
the dosimetric endpoints for the CTV-sv but also 
the CTV-ln. Consequently, a 10 mm margin was not 

  Table I. Patient average difference (and range) in delivered versus planned D99.  

Fiducials [GyE] Bony anatomy [GyE]

4 mm 7 mm 10 mm 4 mm 7 mm 10 mm

SIB CTV-p  � 0.6
  ( � 0.3 to  � 1.0)

 � 0.3
  (0.0 to  � 1.0)

 � 0.5
  (0.2 to  � 1.5)

 � 2.5
  ( � 0.4 to  � 8.1)

 � 1.1
  ( � 0.2 to  � 3.9)

 � 1.0
  (0.0 to  � 3.6)

CTV-sv  � 9.1
  (1.6 to  � 35.1)

 � 8.0
  (1.8 to  � 31.8)

 � 7.0
  (3.9 to  � 31.1)

 � 11.9
  (1.0 to  � 39.2)

 � 9.4
  (1.7 to  � 36.4)

 � 8.1
  (4.2 to  � 35.9)

CTV-ln  � 3.1
  ( � 0.4 to  � 8.1)

 � 2.9
  ( � 0.2 to  � 7.6)

 � 3.2
  ( � 0.1 to  � 9.1)

 � 2.0
  ( � 0.2 to  � 5.9)

 � 2.3
  ( � 0.1 to  � 7.0)

 � 2.5
   ( � 0.2 to  � 7.8) 
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suffi cient to maintain the planned CTV-ln D 99 /
gEUD for this patient, even with positioning based 
on bony anatomy. The results of this particular 
patient further illustrates that a larger margin expan-
sion around the target in proton therapy does not 
necessarily lead to a more robust dose distribution. 
Indeed, the PTV concept may not translate from RT 
with photons to protons since the assumption of the 
spatial dose distribution being invariant to geometri-
cal changes in the beam path for photons is violated 
with protons [28 – 30]. However, in this study we 
used the concept of uniform expansions as a simple 
tool to evaluate to what extent the three targets are 
affected by organ motion. 

 In the generation of our IMPT plans we used 
two lateral opposing fi elds with planning objectives 
and constraints in the optimization similar to those 
used for photon RT. Beam confi gurations with two 
lateral opposing fi elds were chosen since this is cur-
rently the standard approach in proton therapy for 
prostate cancer [3,31,32]. Other beam confi gura-
tions and spot distributions not explored in this 
study for generation of proton plans might lead to 
treatment plans that are more or less robust to 
inter-fraction motion [33]. 

 In our previous IMRT target robustness study 
including the cases selected for the present study, we 
also found the largest dose degradations in the sem-
inal vesicles  –  on average a relative reduction in D 99  

of 3% for bony anatomy and 5% for fi ducial set-up. 
In the present IMPT study corresponding average 
degradations of 15% and 13% were obtained for 
simulations of SIB plans even with the largest mar-
gins. The dose degradations for the pelvic lymph 
node targets with proton delivery (4 – 5% with bony 
anatomy and 5 – 6% with fi ducial set-up, across all 
margins) were indeed more comparable to those 
obtained for the seminal vesicles using IMRT. For 
delivery with both photons and protons it was the 
patient with a systematic reduction in rectum volume 
that were most challenging and, e.g. D 99  for seminal 
vesicles in the remaining cases had degradations 
within 1% for photons versus 3% for protons, using 
comparable margins. 

 A particular strength of this study is the use of a 
solid repeat image material (8 – 9 CT scans for each 
patient) capturing organ and target motion patterns 
that are likely to have also been present during treat-
ment delivery. However, intra-fraction motion, set-up 
errors as well as rotational effects might infl uence the 
estimated delivered doses. In addition, delineation 
uncertainties might also have an effect on the results. 
We aimed to minimize this effect by having all delin-
eations performed by one radiation oncologist. 
Besides, the study is limited by a modest number of 
patients, making it diffi cult to draw defi nitive general 
conclusions on the overall infl uence of changes in 
anatomy for this treatment scenario. Nevertheless, by 

  Figure 3.      The planned and simulated gEUDs for each patient for the SIB plans. Planned doses are denoted by black circles, bony anatomy-
based set-up are in blue and fi ducial-based set-up are in green markers.  
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Phys   2011 ; 80 : 1589 – 600 .  
    Lassen-Ramshad   Y ,  Vestergaard   A ,  Muren   LP ,  H ø yer   M , [11] 
 Petersen   JB  .  Plan robustness in proton beam therapy of a 
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    Johansson   B ,  Ridderheim   M ,  Glimelius   B  .  The potential [12] 
of proton beam radiation therapy in prostate cancer, other 
urological cancers and gynaecological cancers .  Acta Oncol  
 2005 ; 44 : 890 – 5 .  
    Allen   AM ,  Pawlicki   T ,  Dong   L ,  Fourkal   E ,  Buyyounouski   M , [13] 
 Cengel   K , et   al .  An evidence based review of proton beam 
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mittee .  Radiother Oncol   2012 ; 103 : 8 – 11 .  
    Chera   BS ,  Vargas   C ,  Morris   CG ,  Louis   D ,  Flampouri   S , [14] 
 Yeung   D , et   al .  Dosimetric study of pelvic proton radiother-
apy for high-risk prostate cancer .  Int J Radiat Oncol Biol 
Phys   2009 ; 75 : 994 – 1002 .  
    Schippers   JM ,  Lomax   AJ  .  Emerging technologies in proton [15] 
therapy .  Acta Oncol   2011 ; 50 : 838 – 50 .  
    Liang   J ,  Wu   Q ,  Yan   D  .  The role of seminal vesicle motion in [16] 
target margin assessment for online image-guided radiother-
apy for prostate cancer .  Int J Radiat Oncol Biol Phys   2009 ;
 73 : 935 – 43 .  
    Th ö rnqvist   S ,  Bentzen   L ,  Petersen   JB ,  Hysing   LB , [17] 
 Muren   LP  .  Plan robustness of simultaneous integrated boost 
radiotherapy of prostate and lymph nodes for different 
image-guidance and delivery techniques .  Acta Oncol   2011 ;
 50 : 926 – 34 .  
    Th ö rnqvist   S ,  Petersen   JB ,  H ø yer   M ,  Bentzen   L ,  Muren   LP  . [18] 
 Propagation of target and organ at risk contours in 
radiotherapy of prostate cancer using deformable image 
registration .  Acta Oncol   2010 ; 49 : 1023 – 32 .  
    Lomax   A ,  Pedroni   E ,  Schaffner   B ,  Scheib   S ,  Schneider   U , [19] 
 Tourovsky   A  .  3D treatment planning for conformal proton 
therapy by spotscanning .  In :  Faulkner  K , Carey  B , Crellin  A , 
Harrison RM , editors.  Quantitative imaging in oncology. 
London: BIR Publishing ;  1996 . p.  67 – 71 .  
   International Commission on Radiation Units and Measure-[20] 
ments .  Prescribing, recording and reporting proton-beam 
therapy (ICRU Report 78) .  J ICRU   2007 ; 7 .  
    Andersen   ES ,  Muren   LP ,  S ø rensen   TS ,  Noe   KO ,  Thor   M , [21] 
 Petersen   JB , et   al .  Bladder dose accumulation based on a 
biomechanical deformable image registration algorithm in 
volumetric modulated arc therapy for prostate cancer .  Phys 
Med Biol   2012 ; 57 : 7089 – 100 .  
    Niemierko   A  .  Reporting and analyzing dose distributions: [22] 
A concept of equivalent uniform dose .  Med Phys   1997 ; 24 :
 103 – 10 .  
    Niemierko   A  .  A generalized concept of equivalent uniform [23] 
dose .  Med Phys   1999 ; 26 : 1000   (Abstract) .  

selecting patients presenting large organ motion we 
still were successful in providing an estimate of the 
range of degradation that could be present for this 
group of patients. 

 In conclusion, this study found the largest dose 
degradation for the seminal vesicle target indepen-
dent of set-up strategy. Although most of the patients 
presented small differences in delivered as compared 
to planned dose for both the lymph node and semi-
nal vesicle targets, the dose degradation was substan-
tial for a patient with a systematic reduction in rectum 
volume. This was independent of margin expansion 
and patient positioning. The prostate target was 
found robust to such changes when fi ducial-based 
positioning was used.            
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