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                        ORIGINAL ARTICLE    

 Statistical simulations to estimate motion-inclusive dose-volume 
histograms for prediction of rectal morbidity following radiotherapy      

    MARIA     THOR  1,2,3  ,       ADITYA     APTE  3  ,       JOSEPH O.     DEASY  3    &        LUDVIG PAUL     MUREN  1,2    

  1 Departments of Oncology and Medical Physics, Aarhus University Hospital, Aarhus, Denmark,  2 Department of 
Clinical Medicine, Aarhus University, Aarhus, Denmark and  3  Department of Medical Physics, Memorial 
Sloan-Kettering Cancer Center, New York, USA.                              

 Abstract 
  Background and purpose.  Internal organ motion over a course of radiotherapy (RT) leads to uncertainties in the actual 
delivered dose distributions. In studies predicting RT morbidity, the single estimate of the delivered dose provided by the 
treatment planning computed tomography (pCT) is typically assumed to be representative of the dose distribution through-
out the course of RT. In this paper, a simple model for describing organ motion is introduced, and is associated to late 
rectal morbidity data, with the aim of improving morbidity prediction.  Material and methods.  Organ motion was described 
by normally distributed translational motion, with its magnitude characterised by the standard deviation (SD) of this dis-
tribution. Simulations of both isotropic and anisotropic (anterior-posterior only) motion patterns were performed, as were 
random, systematic or combined random and systematic motion. The associations between late rectal morbidity and motion-
inclusive delivered dose-volume histograms (dDVHs) were quantifi ed using Spearman ’ s rank correlation coeffi cient (Rs) 
in a series of 232 prostate cancer patients, and were compared to the associations obtained with the static/planned DVH 
(pDVH).  Results.  For both isotropic and anisotropic motion, different associations with rectal morbidity were seen with the 
dDVHs relative to the pDVHs. The differences were most pronounced in the mid-dose region (40 – 60 Gy). The associations 
were dependent on the applied motion patterns, with the strongest association with morbidity obtained by applying random 
motion with an SD in the range 0.2 – 0.8 cm.  Conclusion.  In this study we have introduced a simple model for describing 
organ motion occurring during RT. Differing and, for some cases, stronger dose-volume dependencies were found between 
the motion-inclusive dose distributions and rectal morbidity as compared to the associations with the planned dose distri-
butions. This indicates that rectal organ motion during RT infl uences the efforts to model the risk of morbidity using 
planning distributions alone.   

 The considerable internal motion displayed by many 
organs at risk (ORs) in radiotherapy (RT) leads to 
uncertainties in the actual delivered dose distribution 
[1 – 3]. The treatment plan is usually calculated on the 
basis of a single planning computed tomography 
(pCT) scan which in reality represents only a sample 
of the distribution of organ shapes and positions dur-
ing RT [4] and hence its dose distribution [5]. This 
process therefore introduces both a random and a 
systematic component of the uncertainty in organ 
position during treatment [6,7]. The dosimetric 
effects of these components are generally different, 
with the random component tending to blur the 
dose distribution whereas the systematic component 

 reallocates  it [7]. Since dose distributions close to the 
key ORs usually have relatively steep dose gradients, 
it seems reasonable to expect that such a reallocation 
would result in an increased risk of complications: 
shifts in one direction might increase risk relatively 
steeply (climbing the dose-response curve), whereas 
shifts in the opposite direction would reduce it, yet 
to a lesser extent (backing down the more shallow 
side of the dose-response curve). 

 In studies of the associations between dose/
volume parameters and toxicity, the OR motion 
aspects are usually not accounted for as the studies 
typically assume a static organ as obtained from the 
pCT [1]. To investigate whether use of estimated 
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motion-inclusive dose distributions could improve 
our understanding of and ability to predict toxicity, 
the actual delivered dose distribution would clearly 
be useful. Such dose distributions could be derived 
through dose accumulation based on daily anatomi-
cal imaging [8,9]. Reliable dose accumulation would 
involve describing the organ motion on a voxel level 
(through deformable image registration, DIR, and 
voxel tracking) [10] and subsequently constructing 
the cumulative dose distribution to each of the organ 
voxels. However, the availability of large-scale patient-
specifi c accumulated/delivered dose distributions 
along with corresponding follow-up data is still lim-
ited. Several investigators have described organ shape 
variations on a population basis using the informa-
tion from multiple CT images to simulate organ 
motion [1,11 – 13]. Overall, these studies have shown 
that the doses from simulated motion can often bet-
ter refl ect the actual dose delivered to the organ than 
the dose distribution from the pCT. However, none 
of these studies have explored use of the motion-
inclusive dose distribution as a tool for predicting 
toxicity [1,11]. In two previous publications from 
our group [14,15], the relevance of organ motion 
in relation to prediction of acute and late rectal tox-
icity was investigated in a series of prostate cancer 
patients. Organ motion was described simply by vol-
ume expansion, based on the planning organ at risk 
volume concept [14 – 17] using various isotropic and 
anisotropic margins derived from a previous repeat 
CT internal rectum motion investigation [18]. In 
both studies, the expanded rectum volumes resulted 
in a broader range of intermediate and high dose 
levels showing signifi cant association with rectal tox-
icity compared to the static rectum seen in the pCT, 
indicating that rectum motion is an important aspect 
when predicting rectal toxicity. In the present study 
we go beyond that and introduce an actual motion 
model for describing rectal motion. In this model 
organ motion is described as normally distributed 
translational motion. Different motion magnitudes 
were introduced by changing the standard deviation 
of the applied normal distribution. The model was 
applied to the rectum and the resulting motion-
inclusive dose distributions as well as the static dose 
distributions were investigated in relation to late rec-
tal morbidity.  

 Material and methods  

 The organ motion model 

 Organ motion was simulated by introducing nor-
mally distributed rigid translations of the static organ 
as defi ned in the delineations on the pCT, as either 
random or systematic errors/ shifts  over each of the 

treatment fractions. In order to investigate different 
motion magnitudes in the various simulations, the 
standard deviation [SD, ( σ )] of the related normal 
distribution was altered. Different delivered doses 
were repeatedly simulated as multiple pseudo trials 
for each patient. The motion simulations were all 
carried out in the Computational Environment for 
Radiotherapy Research framework [19]. All simula-
tions were performed on a 2.4 GHz Intel Core 2 Duo 
processor Macintosh HD.  

 Isotropic random and/or systematic motion.   Initially, 
normally distributed isotropic translations were sim-
ulated as either random or systematic errors, i.e. 
shifts over each of the treatment fractions. The motion 
was varied by changing the SD of the related normal 
distribution, i.e. small, intermediate or large SD 
( σ     �    0.2, 0.5 and 0.8 cm). The motion was at fi rst 
simulated with n pseudo trials (n assumed to be in 
the range 2 – 20), with the chosen value depending on 
the stability of the resulting simulated DVHs (see the 
 Motion model exploration  section). Subsequently, com-
bined random and systematic isotropic motion was 
simulated.   

 Anterior-posterior random or/and systematic motion.   As 
isotropic motion is neither the most likely nor the 
most clinically realistic rectal motion pattern [6,18], 
motion in the anterior-posterior direction only was 
simulated. The choice of this direction was based 
on results from previous work from our group [18] 
and the anatomical location of the rectum relative 
to the prostate, i.e. a shift of the rectum into the 
high-dose region will likely constitute a worst-case 
scenario in terms of rectal complications [6]. Like 
for the isotropic motion simulations, this anisotro-
pic motion was simulated as random, systematic or 
combined random and systematic motion, again 
with shifts of small, intermediate or large SD 
( σ     �    0.2, 0.5 and 0.8 cm).    

 Treatment planning and outcome data 

 The fi nal simulations were performed in a data set 
consisting of 232 prostate cancer patients with com-
plete treatment planning and prospectively collected 
follow-up data (in the following referred to as the 
prospective follow-up cohort). All cases in this cohort 
were treated with a four-fi eld box technique with 
MLC-based three-dimensional (3D) conformal RT 
to 70 Gy at Haukeland University Hospital (Bergen, 
Norway). Treatment was delivered in 35 fractions of 
2 Gy to either the prostate only, the prostate and 
seminal vesicles or also to the small pelvis (initially 
50 Gy only). Patient ’ s characteristics, treatment plan-
ning details and late rectal morbidity data have been 
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described previously [20], and only the key points 
are summarised in the following. 

 The rectum was defi ned as the outer wall (with 
contents) from above the anal canal to the recto-
sigmoid fl exure. All patients were prospectively fol-
lowed for at least fi ve years (every six months the fi rst 
year and then annually) having 90% of the follow-up 
sessions performed by the same physician. Late rec-
tal morbidity was scored as late gastro-intestinal (GI) 
toxicity according to the RTOG scoring system [21], 
including rectal morbidity developing more than 90 
days after RT or starting earlier but persisting more 
than 90 days after completed RT. The end-point 
being used for this study was the maximum recorded 
late GI toxicity grade. Severe late GI toxicity (GI 
grade  �    2) was observed in 24 (10%) patients while 
36 (16%) patients experienced GI grade 1.   

 Motion model exploration 

 The performance of the organ motion model was 
initially explored by repeat simulations of n    �    2, 5, 
10 and 20 number of trials. Three repeat simulations 
were performed for all combinations of the number 
of trials and for isotropic random or systematic organ 
motion, both with  σ     �    0.2, 0.5 and 0.8 cm. 

 As a further model performance exploration, the 
motion model was used in a series of nine prostate 
cancer patients that had eight to nine repeat CT 
scans acquired during the course of treatment 
(hereafter referred to as the repeat imaging cohort) 
[22]. For the purpose of the present study, these 
patients were planned with a simultaneously inte-
grated boost using intensity-modulated RT, deliver-
ing 74 Gy to the prostate and 55 Gy to the seminal 
vesicles and pelvic lymph nodes over 37 fractions, 
according to an on-going trial (the Propel A    �    B 
trial; www.cirro.dk). Using these dose distributions 
and the pCT, motion simulations were performed 
with n    �    10 pseudo trials applying both isotropic 
and anistropic motion as well as both random and 
systematic motion. In addition, rectum DVHs based 
on manual segmentations in the repeat CTs were 
calculated following translatory re-positioning from 
the pCT by means of intra-prostatic fi ducial gold 
markers [23] as well as transfer of the SIB plan 
onto the repeat CT scan geometry. The spread of 
these individual re-calculated rectal DVHs were 
compared to the simulated DVHs resulting from 
the various motion pattern parameters. Finally, the 
averages of all re-calculated vs. all simulated DVHs 
were compared, assessing the relative volume diff-
erence between the relative DVHs (Vdiff). Details 
on the treatment and re-positioning procedures 
have been described more thoroughly in the study 
by Th ö rnqvist et   al. [24].   

 Model application 

 In the prospective follow-up cohort, the simulated 
delivered DVHs (dDVHs) as well as the pDVH, i.e. 
the situation with no rectum motion applied, were 
analysed with respect to maximum late GI toxicity, 
comparing patients with vs. without GI grade  �    2. All 
statistical analysis was performed in the Dose Response 
Explorer System [25]. In effect we create a (n times) 
larger digital cohort of patients than the original 
cohort, with a distribution of DVHs that might more 
accurately refl ect the effect of motion. For the dichot-
omised GI toxicity, Spearman ’ s rank correlation coef-
fi cient (Rs) was used to test for differences in rectal 
dose-volume parameters, i.e. the rectum volume 
receiving more than x Gy [Vx (%)] (sampled in 5 Gy 
intervals from 5 Gy up to the prescribed dose). Since 
the patient population was effectively duplicated the 
p-values of the Rs were adjusted for ties [26].    

 Results  

 Motion model performance 

 The repeat motion simulations using n    �    2, 5, 10 and 
20 trials in the prospective follow-up cohort showed 
that stable distributions of dDVHs were generally 
obtained when at least 10 trials were simulated. For 
two and fi ve trials the distributions of the dDVHs dif-
fered between simulations, in particular for the motion 
patterns causing the largest re-allocations of the pDVH 
(i.e. systematic motion using  σ     �    0.5 and 0.8 cm). 
Smaller discrepancies between simulations were seen 
for the use of 20 trials (see  Supplementary Figure 1 
to be found online at http://informahealthcare.com/
doi/abs/10.3109/0284186X.2012.720382  for further 
details). Representative results of the simulations for 
n    �    10 trials are shown for one single patient from this 
cohort (Figure 1). The random shifts smoothened the 
pDVH whereas the systematic shifts re-allocated it, 
typically more distinct as larger motion magnitudes 
were used. To reduce the computational workload in 
the further simulations and since the variations between 
simulations were the smallest for 10 trials; this number 
of trials was used in all subsequent analyses. 

 In the repeat imaging cohort, the largest pop ulation 
differences between the average of the re-calculated 
DVHs and the simulated DVHs were obtained applying 
random large ( σ     �    0.8 cm) isotropic shifts (Vdiff    �    4.5% 
(2.7 – 9.9%)). The smallest differences were seen using 
random small ( σ     �    0.2 cm) anisotropic shifts (Vdiff    �    
2.7% (1.0 – 3.8%)). The average Vdiff over all patients 
for all applied shifts was below 3% (range, 1.6 – 7.0%) 
(Table I). The simulated dDVHs and the DVHs re-
calculated on the repeat CT scans are shown for the 
patient with the largest (Vdiff    �    7.0 (3.6 – 9.9%)) and 
the smallest (Vdiff    �    1.6 (0.9 – 2.7%)) variations relative 
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to the average of the re-calculated DVHs (Figure 2). 
Most of the largest differences resulted from simulati-
ons of large random isotropic shifts whereas the small-
est were distributed over systematic isotropic shifts of all 
applied motion magnitudes ( σ     �    0.2, 0.5 and 0.8 cm) 
and systematic large anisotropic shifts (Table I).   

 The motion-inclusive DVHs and the associations 
with morbidity 

 Overall, new statistical associations emerged between 
the motion-inclusive dDVHs and late rectal morbidity 

compared to the associations with the static 
pDVHs, for both isotropic (Figure 3) and anisotro-
pic motion (Figure 4). In general, the largest differ-
ences in the associations were observed at rectum 
volumes receiving doses above 40 Gy (V40). Given 
isotropic motion, the associations at V40 were insen-
sitive to the motion magnitude and motion design 
(despite some small variations applying intermedi-
ate and large shifts) (Figure 3). Below V40 the 
associations with the dDVHs from all isotropic 
motion patterns deviated from the associations 
with the pDVH (Figure 3) while the dDVHs from 

  Figure 1.     The initial isotropic motion simulations using 10 trials with small ( σ     �    0.2 cm, upper panel), intermediate ( σ     �    0.5 cm, middle 
panel) and large ( σ     �    0.8 cm, lower panel) motion magnitudes for both random (left) and systematic (right) motion patterns shown for 
one patient. The planned DVH is included as well (black solid line).  

  Table I. The largest and smallest relative volume difference between the simulated and re-calculated 
DVHs (Vdiff (%)) and the related shifts for each patient. In the rightmost column the average of Vdiff 
over all applied shifts is given for each patient.  

 Vdiff  (%) 
 Patient 

 Largest  Smallest 
 Vdiff over all 

shifts (%)  Vdiff (%)  Shift  Vdiff (%)  Shift 

1  4.3 ISO, rndm (0.8 cm)  1.8 ISO, syst (0.5 cm)  2.9 
 2  2.7 ISO, rndm (0.8 cm)  0.9 AP, syst (0.8 cm)  1.6 
3  7.1 ISO, syst (0.2 cm)  1.3 ISO, syst (0.8 cm)  4.0 
4  9.9 ISO, rndm (0.8 cm)  3.6 ISO, syst (0.5 cm)  7.0 
5  4.2 ISO, syst (0.8 cm)  1.6 ISO, syst (0.2 cm)  2.3 
6  4.2 ISO, syst (0.5 cm)  2.2 AP, syst (0.8 cm)  3.1 
 7  6.1 ISO, rndm (0.8 cm)  1.5 ISO, syst (0.8 cm)  3.6 
8  3.0 ISO, rndm (0.8 cm)  1.2 ISO, syst (0.2 cm)  1.9 
9  3.6 ISO, rndm (0.8 cm)  0.6 ISO, syst (0.8 cm)  2.0 

    AP, anisotropic; ISO, isotropic; rndm, random; syst, systematic.   



670 M. Thor et   al. 

anisotropic motion followed the pDVH curve to a 
larger extent (Figure 4). 

 The infl uence on the associations with rectal mor-
bidity of the initial isotropic motion simulations intro-
ducing various motion magnitudes (i.e.  σ     �    0.2 cm, 
 σ     �    0.5 cm and  σ     �    0.8 cm) to the static pDVH were 
different between the random and the systematic mo -
tion simulations and most pronounced for the larger 
motion magnitudes ( σ     �    0.5, 0.8 cm) (Figure 3). At 
40 – 60 Gy the dDVHs from the  random  motion 
resulted in stronger associations relative to the pDVH 
whereas the associations from the  systematic  motion 
were either stronger or weaker than those from the 
pDVH. Above 60 Gy, similar associations from ran-
dom and systematic motion were obtained. For aniso-
tropic motion the differences in associations relative 

to the pDVH again increased as larger  random shifts  
were applied with stronger associations for doses 
between 40 Gy and 55 Gy. Applying  systematic  aniso-
tropic shifts, differences in the associations relative to 
the pDVH between 40 Gy and 55 Gy were seen 
(either stronger or weaker). Above V55 the associa-
tions for the systematic anisotropic shifts were also 
weaker than those with the pDVH (Figure 4). For 
both isotropic and anisotropic motion combining  ran-
dom and systematic  shifts the associations of the result-
ing dDVHs were similar to those from  random  motion 
for small and large motion magnitudes ( σ     �    0.2, 0.8 
cm) while similar to those from  systematic  motion for 
the intermediate motion magnitude ( σ     �    0.5 cm), 
again with the largest differences relative to the pDVH 
above V40 (Figures 3 and 4). 

  Figure 2.     All simulated dDVHs (green) and re-calculated DVHs (black) for the patient with the smallest (left) and largest (right) differences 
between the average of the dDVHs and the average of the recalculated DVHs obtained for systematic large ( σ     �    0.8 cm) anisotropic shifts 
and random large isotropic shifts, respectively. The pDVH is additionally included (red).  

  Figure 3.     The simulation of isotropic motion and the associations of the resulting dDVHs (red) and the pDVH (black) with rectal morbidity 
quantifi ed by Spearman ’ s rank correlation coeffi cient (Rs) plotted against the dose (Gy) for random (upper panel), systematic (middle 
panel) and combined random and systematic motion (lower panel) using  σ  of 0.2 (left), 0.5 (middle) and 0.8 (right) cm.  
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  Figure 4.     The anisotropic motion pattern giving the Rs-values, plotted against the dose, i.e. the associations between rectal morbidity and 
the pDVH (black) as well as the dDVHs (red) for random (upper panel), systematic (middle panel) and combined random and systematic 
motion (lower panel) using  σ  of 0.2 (left), 0.5 (middle) and 0.8 (right) cm.  

 Introducing a modest criterion on the Rs-value 
for the dDVHs  –  i.e. an increase of 0.02 relative to 
the Rs-value for the pDVH  –  three of the applied 
isotropic shifts (intermediate and large random shifts 
and large combined random and systematic shifts) 
resulted in stronger associations at fi ve intermediate/
high dose levels (45 – 60 Gy) (Rs    �    0.03 – 0.07) (Table II). 
The same motion magnitudes and shifts showed 
an increase in the Rs-value of the same range 
(Rs    �    0.02 – 0.06) also for anisotropic motion at three 
intermediate dose levels (45, 50 and 55 Gy). Six of 
the isotropic shifts also provided higher Rs-values 
(Rs    �    0.06 – 0.1) for 3 – 30 Gy. The largest differences 
between the anisotropic motion and the pDVH were 
seen at 70 Gy (Rs    �    0.1) (Table II).    

 Discussion 

 The main objective of this study was to investigate 
the effect of using motion-inclusive DVHs  –  obtained 
from a relatively simple motion model  –  to eventually 
improve prediction of toxicity, using the mobile rec-
tum as model site. The results show that motion  –  a 
hidden variable in RT treatment planning  –  probably 
infl uences the risk of late rectal morbidity. Further, 
the results may indicate that fi tting outcomes data 
with motion simulated DVHs might be more accu-
rate than fi tting data to motion-na ï ve planning 
DVHs. 

 This simple model assumed organ motion to be 
described by normally distributed rigid translational 
motion, including various motion patterns. Com-
pared to re-calculated DVHs and static/planned 

DVHs additional information both in terms of the 
appearance of the DVHs and its associations to rec-
tal morbidity was obtained for the simulated motion-
inclusive DVHs. 

 In the repeat imaging cohort the average relative 
volume difference, Vdiff, over all shifts, between the 
simulated dDVHs and the re-calculated DVHs was 
below 3%. The largest Vdiff was obtained for large 
isotropic shifts whereas the smallest for small aniso-
tropic shifts. The larger differences were explained by 
large re-allocations both between the re-calculated 
DVHs and the pDVH as well as between the 
simulated dDVHs and the pDVH. For smaller re-
allocations there was a good agreement between the 
dDVHs and the re-calculated DVHs (Figure 2). 

 By introducing the organ motion model new 
associations between rectal morbidity and the 
motion-inclusive dose distributions compared to the 
associations with the planned dose distribution were 
obtained. The new associations were seen mostly for 
rectum volumes receiving doses in a certain range 
above 40 Gy. The stronger associations were observed 
in particular when simulating random motion. How-
ever, given the size of the material and the number 
of morbidity events, it was not the ambition of this 
study to make explicit recommendations on motion-
inclusive rectal dose/volume constraints, as this will 
require the analysis of further and larger datasets for 
validation. Comparable associations were obtained 
for the dDVHs from the two approaches (isotropic 
vs. anisotropic motion) although the anisotropic 
motion followed the shape of the pDVH curve to a 
larger extent for doses up to approximately 40 Gy 
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while for the isotropic shifts, the dDVH curves was 
typically smoothened up to 40 Gy (Figures 3 and 4). 
For six of the isotropic shifts an increase in the 
Rs-value relative to the pDVH was obtained at low 
doses (Table II). Independent of either intermediate 
or large motion magnitude, the associations with rec-
tal morbidity were strongest when rectum motion 
was simulated as random motion, compared to both 
systematic and combined random and systematic 
motion. For deformable organs such as the rectum, 
random day-to-day variations in volume [27] and 
shape due to, e.g. air cavities [4,5] are much more 
likely than a systematic position change. For small 
isotropic shifts however the associations for random 
and combined random and systematic motion were 
of similar order .  

 Within the high-dose region, the associations 
between the dDVHs and rectal morbidity were either 
similar or less strong as compared to the associations 
with the dose/volume parameters from the pDVH. 
For small systematic isotropic shifts, combined small 
random and systematic isotropic or anisotropic shifts 
and small and intermediate anisotropic random 
shifts, the associations were on the other hand some-
what higher at 70 Gy (Figures 3 and 4). In a previous 
publication from our institution [15] rectum motion 
modelled as volume expansion in the anterior-
posterior direction was explored in the same patient 
population using the same rectal morbidity end-point. 
Similar to the fi ndings of this study, intermediate 
dose levels provided a stronger association with rectal 
morbidity over the static rectal dose distribution. 

Additionally, the rectum expanded with small mar-
gins (6 mm anterior and 5 mm posterior) presented 
higher associations at high doses (62 – 71 Gy) [15]. 
By using a static rectal dose distribution, others have 
previously found associations for high dose levels 
[28 – 30]. For instance, in one of the early rectum 
publications within this fi eld by Jackson et   al. [30], 
both high and intermediate dose levels were associ-
ated with late rectal bleeding. The so-called  dose-bath 
effect  was used to explain the associations at interme-
diate dose levels. It should be pointed out that these 
conclusions were drawn on the basis of a static rectal 
dose distribution [30]. Despite the dDVHs from the 
fi ve above-mentioned shifts giving stronger associa-
tions at 70 Gy there was an overall lack of associa-
tions at high dose levels in this study. This might 
partially be explained by the inability of previous 
studies in including the variations in rectum volume 
and shape as the dose distribution from the pCT 
represents only a sample of the dose distribution 
throughout the entire treatment course [5,31 – 34]. 

 The population-based motion approach used in 
this study assumed that the motion was normally 
distributed such that convolving the dose distribu-
tion obtained from the pCT with a Gaussian prob-
ability density function described the positional 
uncertainty [35]. Interestingly, Mavroidis and co-
workers [36] previously explored similar approaches 
for the lung in a smaller cohort of patients (60 cases) 
treated with RT for breast cancer although with an 
end-point (radiation pneumonitis) based on predic-
tions from a radiobiological model. In any case, since 

  Table II. The associations (Rs) between rectal morbidity and the dDVHs given the 0.02 increase criterion in the Rs-value for the dDVH 
compared to the Rs-value for the pDVH, summarised for isotropic and anisotropic motion with  σ     �    0.2, 0.5 and 0.8 cm given for the dose 
levels (Gy) investigated. The increase in associations was seen especially at intermediate doses (45 – 60 Gy). Isotropic motion provided 
stronger associations also at low doses (    �    20 Gy). Applying anisotropic random motion, the associations were stronger also at high doses 
( �    60 Gy).  

Dose 
[Gy]

Isotropic Anisotropic

σRandom σSystematic σRandom�systematic σRandom σSystematic σRandom�systematic

0.2 0.5 0.8 0.2 0.5 0.8 0.2 0.5 0.8 0.2 0.5 0.8 0.2 0.5 0.8 0.2 0.5 0.8

3 0.06
5
10 0.08 0.08 0.08 0.1 0.08 0.1
15 0.07
20 0.09 0.1 0.1
25
30 0.1
35
40
45 0.05 0.07 0.05 0.03 0.06 0.03
50 0.03 0.06 0.04 0.02 0.04 0.03
55 0.04 0.07 0 05
60 0.07
65
70 0.1
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organ motion in reality will not necessarily follow  ‘ a 
simple Gaussian ’ , a more advanced development of 
the present model should be pursued [11,37]. More 
complex models describing geometric variations have 
been presented [1,11,37,38]. In the study by S ö hn 
et   al. [37] where the powerful principal component 
analysis was used it was still suggested that the 
dimensionality of the motion problem possibly is low 
which would support a relatively simple description 
of the organ motion. It is our interpretation of the 
present study that  –  given the current lack of large 
patient series with both real accumulated dose 
distributions and prospective follow-up data  –  a 
simulated motion-inclusive dose distribution may 
contribute to improve our understanding of dose/
volume components infl uencing on toxicity. 

 To obtain a more accurate estimate of the  true  
rectum dose, patient-specifi c accumulated dose dis-
tributions are required, as pointed out already in the 
pioneering work on adaptive RT by Yan et   al. [39]. 
In two previous studies from our institution the 
performance of a DIR application was investigated 
based on contour propagation for a fraction (four) of 
the nine patients included in the repeat imaging 
cohort [40] and for another fi ve prostate cancer 
patients with repeat cone-beam CTs (6 – 8 scans/
patient) [9]. Based on both quantitative and qualita-
tive evaluation the performance of the DIR for the 
rectum was found insuffi cient [9,40]. Hence calcu-
lating the accumulated rectum dose based on this 
DIR with no further precautions would presumably 
compromise a reliable comparison with the planned 
dose distribution. 

 A majority of the applied shifts displayed signifi -
cant tendencies in the associations between the 
dDVHs and rectal morbidity at both 25 Gy and 
40 Gy (p    �    0.07) although strictly signifi cant asso-
ciations (p    �    0.05) were only obtained for some of 
the shifts at these particular dose levels. We certainly 
acknowledge the overall low predictive power of all 
DVH parameters (both planned and simulated) in 
this material, with Rs-values reaching at most 0.12. 
Based on this small interval, a criterion represented 
by a 0.02 increase in the Rs-value was therefore cho-
sen to identify the associations between rectal mor-
bidity and the motion-inclusive distributions vs. the 
associations with the static dose distribution. In any 
case, our primary ambition was to explore whether 
a motion-inclusive dose distribution has the potential 
of improving our ability to predict rectal morbidity 
rather than suggesting accurate dose/volume con-
straints for the rectum in the treatment planning of 
pelvic tumour sites. 

 The scoring system utilised in this study has 
shortcomings in describing rectal morbidity since it 
is unable to discriminate between small bowel and 

rectal toxicity [21]. This is likely to mostly affect the 
scoring for the fraction of patients (40 cases) where 
also a considerable portion of the bowel was irradi-
ated. In an upcoming study, our intention is to 
address this by limiting the patient population to 
only the remaining 190 patients that were irradiated 
locally and validate the model in another cohort of 
159 prostate cancer patients [41] with similar treat-
ment and follow-up characteristics. Another impor-
tant aspect would be to move away from the 
non-specifi c RTOG GI toxicity [21] to more specifi c 
rectal end-points. In the present patient cohort and 
also in this validation cohort we therefore aim to 
investigate the associations between motion obtained 
from the model developed in this study and, i.e. the 
frequently reported late rectal bleeding end-point 
[30] as well as other separate end-points such as fae-
cal incontinence [42] where dose/volume effect rela-
tions may be easier to interpret. 

 The rectum was chosen as an initial application 
of our organ motion model. It is likely that the model 
may be useful also for other treatment sites and other 
prediction purposes. Future studies related to this 
model may focus on exploring and extending the 
motion model for other deformable pelvic organs, 
e.g. the bladder and the prostate and possibly also to 
prediction of tumour recurrence, the latter by also 
incorporating patient-specifi c functional images and 
motion data. 

 In conclusion, we have developed an organ 
motion model assuming normally distributed trans-
lational motion and explored its potential use for 
toxicity prediction. The rectum and late rectal 
morbidity, highly relevant for RT of several pelvic 
tumour sites, was chosen as the initial application of 
this model. By introducing this model we found dif-
ferences in the associations with rectal morbidity 
compared to the associations with the  static  dose 
distribution obtained from the pCT, in particular 
in the dose range above 40 Gy. Albeit this study 
revealed new associations with toxicity using a 
motion-inclusive dose distribution, more precise esti-
mations are expected to result from future studies 
where individual motion and deformation informa-
tion from repeat imaging data are used to calculate 
patient-specifi c accumulated/summed dose distribu-
tions for mobile ORs.     
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