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Abstract
Purpose: An adaptive plan selection strategy can account for daily target volume 
variations for radiotherapy in rectal cancer patients. The aim was to quantify the daily 
dosimetric consequences of plan selection compared to a non-adaptive approach.

Methods: Ten patients with rectal cancer, treated with 25 Gy in five fractions to 
the mesorectum and pelvic lymph nodes, were selected. The adaptive strategy 
was simulated by creating three plans per patient, with varying upper ventral PTV 
margins, and selecting the smallest PTV covering the entire mesorectum on every daily 
CBCT scan. Subsequently, mesorectum, bladder, and bowel cavity were delineated on 
these scans. Daily dose volume histograms were calculated for both the adaptive and 
non-adaptive plan, with a ventral PTV margin of 20 mm. Coverage of the mesorectum, 
defined as V95% > 99%, was calculated, as well as bladder and bowel cavity V95% and 
V15Gy.   

Results: In one patient, mesorectum coverage improved. A reduction in bladder V95% 
and bowel cavity V15Gy was found, of 6.9% and 18.4 cm3 (p < 0.01), respectively.  

Conclusions: Plan selection for radiotherapy in rectal cancer can improve coverage of 
the target volume. Overall dosimetric sparing of bladder and bowel cavity was limited 
but could be beneficial for individual patients. 

Keywords: Adaptive radiotherapy; Rectal cancer; Short-course treatment; Plan 
selection; Normal tissue sparing 
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Introduction
For patients with intermediate risk rectal cancer, preoperative short-course radiotherapy 
followed by immediate total mesorectal excision is the primary treatment option [46]. 
Short-course radiotherapy consists of five daily fractions of 5 Gy, resulting in a total dose 
to the mesorectum of 25 Gy. The addition of preoperative radiotherapy results in a high 
local control rate compared to surgery alone, but also leads to higher rates of toxicity 
[47–51]. It has been shown that toxicity reduces for smaller volumes of irradiated normal 
tissue [49, 50, 52, 53]. Several efforts to reduce the irradiated normal tissue volume have 
therefore been implemented, such as more conformal treatment techniques, or the use of 
a belly board when irradiating in prone position [54, 59, 60]. However, during the course 
of treatment substantial changes in bladder and rectum volume occur, requiring large 
margins to maintain coverage of the target [62, 63]. Further reducing these margins can 
only be achieved safely when the geometric uncertainties can be assessed and corrected 
for, by using daily image-guidance. This also enables the implementation of adaptive 
radiotherapy (ART).

Adaptive plan selection strategies have already successfully been implemented, 
for instance for bladder and cervical cancer [14, 100, 116, 154, 155]. For such strategies, 
multiple plans are created prior to treatment using CT scans with different bladder filling 
states. The daily acquired cone beam CT (CBCT) scans are used to select the best fitting 
plan, based on the bladder volume of that day. For rectal cancer, rectum volume is the 
main cause of target volume variation, which is more difficult to vary on the planning 
CT scan than bladder volume. An adaptive strategy based on a single plan adaptation 
during treatment, was described for long-course rectal cancer radiotherapy by Nijkamp 
et al [64], with 25 fractions of 2 Gy. This resulted in a significantly smaller planning target 
volume (PTV) and simultaneous reduction in dose to the organs at risk (OARs). However, 
since the benefit of ART was largest with plan adaptation after the fourth fraction, this 
strategy is not applicable for short-course radiotherapy. 

We therefore designed a novel adaptive plan selection strategy for short-course 
rectal cancer radiotherapy, for which multiple PTVs are created by using variable target 
margins for the upper-anterior side of the mesorectum, since maximum deformations 
are found for this part of the target volume [62, 156]. Subsequently, for each of these PTVs 
a treatment plan is created. By simulating this treatment strategy on patients treated 
previously for rectal cancer with a non-adaptive strategy, the potential dosimetric 
benefit of ART can be evaluated. The aim of this study was therefore to quantify the daily 
dosimetric consequences of an adaptive plan selection strategy compared to a non-
adaptive strategy, for short-course radiotherapy for rectal cancer.  
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Methods

Patients, planning CT and delineations

For this simulation study, patients treated between December 2014 and August 2015 
with short-course radiotherapy for rectal cancer were selected. Standard treatment 
position was prone on a belly board, but patients were treated in supine position when 
pain or presence of a stoma inhibited prone position. Only patients with CBCT scans 
available which imaged the entire target volume were included, resulting in the inclusion 
of 10 patients: five consecutive patients treated in prone position, and five consecutive 
patients treated in supine position. Eight patients had cT2-3N0-2M0 rectum carcinoma 
[46] and had surgery after radiotherapy, whereas two patients were staged as cT2-
3N2M1 and received palliative treatment. Further patient characteristics are presented 
in table 1. Patients were treated in five fractions of 5 Gy, receiving a total of 25 Gy to the 
mesorectum and lymph nodes. Prior to treatment, a CT scan was acquired for planning 
purposes for which patients were instructed to have a full bladder, by drinking 0.5 liter of 
water 1.5 hours prior to scanning and refraining from voiding. On the planning CT scan, 
the radiation oncologist contoured the mesorectum, presacral space, internal iliac lymph 
node regions and, when applicable, obturator lymph node region according to the rectal 
cancer delineation guidelines by Roels et al. [144]. The gross tumor volume (GTV), possible 
pathologic lymph nodes, bladder, bowel cavity, and both femur heads were delineated as 
well, using RTOG guidelines [118].  

Table 1: Patient characteristics.

Patient Age Sex Position Tumor stage GTV location Further treatment

1 35 Female Supine T3 N2a M1a Proximal Chemotherapy
2 67 Male Supine T3b N0 M0 Proximal LAR
3 61 Male Supine T2/3 N1b M0 Proximal LAR
4 73 Male Supine T3 N1 M0 Distal LAR
5 82 Female Supine T3 N2 M0 Distal LAR*
6 59 Female Prone T3 N1 M0 Proximal LAR
7 55 Male Prone T2 N1b M0 Distal LAR
8 55 Female Prone T3 N1 M0 Proximal LAR
9 63 Male Prone T3 N1b M0 Distal LAR
10 44 Male Prone T2 N2 M1 Proximal Chemotherapy

LAR: low anterior resection. * radiotherapy with down-staging purposes, therefore prolonged interval 

between radiotherapy and surgery.
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Treatment planning and delivery

The planning CT scan and all delineations were imported in the treatment planning system 
(Oncentra, version 4.5, Elekta AB, Stockholm, Sweden). For planning and evaluation 
purposes, the mesorectum was divided in an upper and a lower part, for which the border 
was located at the CT slice showing the base of the bladder. The clinical target volume 
(CTV) was created by combining the delineations of the mesorectum, presacral space, 
and lymph node regions. To obtain the PTV, anterior margins of 20 mm and 15 mm were 
added to the upper and lower mesorectum, respectively, while the margin in the other 
directions was 10 mm. The pelvic lymph nodes were expanded uniformly with 9 mm, and 
the presacral space with 10 mm. 

Patients were treated with a non-adaptive strategy. For this, a dual arc volumetric 
modulated arc therapy (VMAT) plan was created for each patient. Planning objectives 
were used to aim for a homogeneous fractional dose of 5 Gy in the PTV, while keeping 
dose to the OARs as low as possible. For each daily fraction, patients were given similar 
drinking instructions as for the planning CT scan. A CBCT scan was acquired daily, and 
registered to the pelvic bony anatomy (XVI, Elekta). The resulting setup correction was 
applied by shifting the treatment couch before starting treatment. 

Simulation of adaptive strategy

To obtain the PTVs for simulation of the adaptive plan selection strategy, the ventral 
margin for the upper mesorectum was varied to be either -25 mm, -15 mm, 0 mm, 
15 mm or 25 mm (figure 1). To reduce the treatment planning workload with regard 
to clinical implementation of this strategy, three margin sizes were chosen for each 
patient depending on bladder and rectum volume on the CT scan. The choice of plans 
was determined as follows: a margin of 0 mm was always selected, and it was assessed 
that a full bladder or empty rectum on the planning CT scan required target volumes 
tailored to either an emptier bladder or a more filled rectum, i.e. positive ventral margins. 
Conversely, negative ventral margins were required for either an empty bladder or full 
rectum on the planning CT scan. Therefore, when visual assessment of the planning 
CT scan showed a very full bladder or very empty rectum, the 0 mm, 15 mm and 25 mm 
ventral margins were selected. The 0 mm, -15 mm and -25 mm margins were selected 
in case of the opposite anatomy, and margins of 0 mm, -15 mm and 15 mm were chosen 
for mixed situations or a bladder and rectum with intermediate filling. All other CTV to 
PTV margins were identical to the non-adaptive treatment procedure. This resulted in 
three PTVs per patient, for which dual arc VMAT plans were created, similar to the non-
adaptive treatment procedure. These plans were not used clinically. Plan selection was 
simulated by selecting the smallest PTV covering the entire mesorectum on each CBCT. 
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Plan selections were obtained from an ongoing study regarding interobserver variability. 
In this study, plan selection for each CBCT was performed independently by a group 
of 20 observers consisting of physicians, radiation therapists and physicists. During a 
discussion session, visibility of the mesorectum on CBCT was evaluated to be sufficient 
for plan selection purposes and a consensus regarding the selected plan for each fraction 
was established.

Dose calculation and comparison

Each CBCT was resampled to the frame of reference of the CT, according to the clinically 
employed shift of the treatment couch, and subsequently imported in VelocityAI (version 
3.1.0, Velocity Medical Solutions, Atlanta, USA). The mesorectum, bladder and bowel 
cavity were delineated by a single observer. For the mesorectum, the target volume 
delineation guidelines by Roels et al. [144] were used, whereas for bladder and bowel 
cavity the RTOG guidelines were followed [118]. Each CBCT was in the same reference 
frame as the CT, therefore the dose distribution for each plan as calculated on the CT 
could be used to calculate the daily dose-volume histogram (DVH) for each structure, 
thereby disregarding possible changes in dose distribution due to anatomical variations. 
For each CBCT scan, daily DVHs were calculated for the non-adaptive, clinically used 

- 25 mm
- 15 mm
0 mm
15 mm
25 mm
non-ART

Figure 1: Different PTVs for the adaptive strategy (solid lines, representing CTV to PTV margins of -25 to 25 mm), 

as well as the non-adaptive strategy (dotted line) (CTV-PTV margin of 20 mm).
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treatment plan, as well as the selected adaptive plan, using Matlab (version R2015b, 
MathWorks, Natick). For the bowel cavity, an absolute volume scale was used since the 
CBCT scans did not include the entire cavity. 

Statistical analysis

For the upper mesorectum, bladder and mesorectum delineations, the absolute volume 
as well as the volume relative to the volume on the planning CT was calculated. To 
facilitate comparison between the adaptive and non-adaptive PTV volumes, all daily 
PTV volumes for the adaptive strategy were averaged for each patient. Coverage of the 
mesorectum was assessed by calculating the daily V95%, i.e. the volume receiving at 
least 95% of the prescribed daily dose. Dose to the bladder was assessed by calculating 
the V95% and mean dose (Dmean). For the bowel cavity, the V95% and V3Gy were assessed. 
The V3Gy corresponds to the V15Gy for 5 fractions, and will therefore be referred to as 
its fractionated substitute, i.e. V15Gy-fx. Similarly, the daily V95% and daily Dmean will be 
referred to as the V95%-fx and Dmean-fx, respectively. Since daily DVH parameters do not 
contain spatial information and can therefore not be directly summed, the differences 
in these dose parameters for the adaptive and non-adaptive strategies were calculated 
per fraction. Differences were tested using the Wilcoxon signed-rank test, which was 
also used to calculate 95% confidence intervals (CI). To summarize the findings, median 
dose parameter values over all fractions were calculated. A p-value < 0.05 was considered 
statistically significant. Statistical analysis was performed using R (version 3.1.0, The R 
Foundation for Statistical Computing, Vienna, Austria). 

Results

Plan selection

For the adaptive strategy, the selected plan increased with increasing relative volume of 
the upper mesorectum (figure 2). The -25 mm plan was never selected, whereas the 0 mm 
plan was selected most often (54% of fractions) (figure 2 and supplementary figure 1). In 
40% of all fractions, a plan with a positive margin was chosen, whereas in only 6% of all 
fractions a plan with a negative margin was selected. 

Of all plans with a positive margin, for 60% the rectum filling was larger than on 
the CT scan, and for 90% the bladder filling was less compared to the CT scan (figure 3). 
The three plans with a negative margin were only selected when the bladder filling was 
larger, and rectum filling was smaller, compared to the CT scan. 
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Figure 2: Left: frequency of plan selections. Right: the volume of the upper mesorectum relative to the volume 

on the planning CT, for each selected plan.
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Figure 3: Plan selections for each fraction, with the respective relative bladder and rectum volume for each 

fraction. The vertical dotted line represents a relative rectum volume of 100%, i.e. the rectum volume during 

that daily fraction was the same as on the planning CT scan. The horizontal dotted line represents a relative 

bladder volume of 100%.
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Target coverage

For the non-adaptive strategy, a mesorectum coverage ≥ 99% was obtained in all but 
two fractions for two different patients. For one of these fractions, the adaptive plan 
improved coverage to at least 99% of the volume. For the other fraction, the suboptimal 
coverage of the non-adaptive plan (97.7%) could be increased to 98.1% using the 25 mm 
margin adaptive plan, but not to the desired 99%. 

Sparing of OARs

For both bladder and bowel cavity, the mean DVH-graph of the adaptive strategy lies 
below the graph of the non-adaptive strategy (figure 4). This illustrates that the bowel 
cavity V95%-fx and V15Gy-fx, as well as the bladder V95%-fx and Dmean-fx, were reduced 
significantly for ART, but the reductions were small (table 2). The median volume of the 
PTV for the non-adaptive strategy was 1 032 cm3, compared to 1 002 cm3 for the adaptive 
strategy, resulting in a small but significant median reduction in PTV volume of 30 cm3 
(95% CI: 22 – 69 cm3, p < 0.01) for ART. 
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Figure 4: Mean DVH for both the adaptive strategy (solid line) and non-adaptive strategy (dotted line), for 

bowel cavity (left) and bladder (right). Shaded areas indicate the standard deviation around the mean. Mean 

DVHs represent a worst case scenario for the high doses, and a best case scenario for the low doses, since it is 

implied that volumes with equal doses are located at the same position for each fraction, which is not the case 

in reality. 
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The DVH parameters for the adaptive strategy were different for patients treated in 
prone or supine position (supplementary table), and showed a larger difference between 
both strategies. However, patients treated in prone position had significantly larger 
bladder volumes during treatment compared to patients treated in supine position 
(supplementary figure 2), which is most likely the cause for the difference in dose 
parameters [59].  

Discussion
This study is the first to investigate the potential dosimetric benefit of an adaptive 
plan selection strategy using multiple target margins for short-course rectal cancer 
radiotherapy. This strategy improved coverage of the target volume, and yielded a minor 
sparing of the OARs. The dosimetric sparing of the bladder and bowel cavity was limited, 
since the median reduction in PTV volume was only 30 cm3. Both rectum and bladder 
volume influenced which plans were selected.

The only other adaptive strategy for the entire rectal cancer target volume has been 
described by Nijkamp et al. They used an adaptive CTV from fraction five onwards, created 
by averaging the CTV shape over the delineations from the first four fractions, rendering 
this strategy not applicable to short-course treatments. Since their strategy adapts the 
entire CTV instead of merely the upper ventral margin of the mesorectum, they find a 
reduction in average PTV of 162 cm3. With a median reduction in bowel cavity V15Gy of 
34 cm3 compared to 13.9 cm3 in the present study, and a median reduction in bladder Dmean 
of 2.5 Gy compared to 0.27 Gy, their strategy has a higher potential for sparing the OARs. 

For other target volumes such as bladder and cervix, plan selection strategies have 
proven to result in increased coverage and reduced normal tissue dose [14, 40, 42, 100, 
113, 115, 116, 141, 155, 157]. Strategies using variable margins for large parts of the target 

Table 2: Differences in dose parameters for bowel cavity and bladder.

ART non-ART
Median 
difference

95% CI

Bowel cavity 
V95%-fx (cm3) 184 191 8.10* 6.15 – 9.60
V15Gy-fx (cm3) 250 264 13.9* 13.1 – 23.1

Bladder 
V95%-fx (%) 6.77 15.7 6.70* 5.13 – 8.40

Dmean-fx (Gy) 2.92 3.23 0.27* 0.20 – 0.32

Median values (over all fractions of all patients) are reported. fx = fractionated substitute of dose parameter, 

e.g. V15Gy-fx equals the V3Gy per fraction. * p < 0.01
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volume to build a plan library result in PTV volume reductions ranging from approximately 
100 to 150 cm3 [113, 141], resulting in a higher sparing potential. 

The improvement we found in target coverage for two out of 50 fractions is clinically 
relevant for short-course radiotherapy, since target underdosage in even a minority of 
fractions is not permitted due to its hypofractionated nature. For a more conventional 
treatment schedule with 2 Gy fractions such as long-course radiotherapy, the clinical 
consequences of a minor coverage improvement will be less significant. However, the 
negative time trend regarding rectal and bladder volume during long-course treatment 
[137] could result in larger anatomical deviations from the planning CT than observed in 
the current study. The clinical benefit of our adaptive strategy regarding target coverage 
and OAR dose for long-course rectal cancer radiotherapy therefore remains unclear.   

Most toxicity after radiotherapy for rectal cancer originates from dose to the bowel 
cavity [48, 49, 53]. Banerjee et al. found that a bowel cavity V15Gy of less than 830 cm3 
would result in a less than 10% risk of grade ≥ 3 acute toxicity [158]. All values for V15Gy-
fx we found for both strategies were below this cutoff value. These results do not indicate 
a significant clinical advantage for ART regarding bowel toxicity. Whether late urinary 
toxicity such as urinary incontinence is caused by radiotherapy or surgery remains 
debatable [48, 49, 51]. However, since a high fraction dose can result in substantial injury 
to the bladder due to fibrosis in the bladder, the urethral sphincter or innervation of both 
[108], a reduction in V95%-fx will be beneficial. Therefore, even the minor reduction in 
V95%-fx we found, from 15.7% to 6.8%, could be clinically relevant. 

Despite the limited overall sparing of OARs in the current study, sparing for 
individual patients can still be substantial. The largest difference in PTV volume between 
both strategies found was 115 cm3, corresponding to a 13% reduction in bladder V95%-fx. 
For the patient with the largest reduction in dose to the bowel cavity, the PTV volume 
was only reduced by 23 cm3, but the V15Gy-fx reduced by 59 cm3, and the V95%-fx by 
11 cm3. This shows that the benefit of a plan selection strategy is patient dependent.

Limitations of the study include the small patient number, and inclusion of patients 
treated in different positions. This increases the variability in dose parameters, since the 
dose to OARs is different for treatment in prone or supine position (supplementary table), 
independent of strategy. In addition, a distinction was not made between male or female 
patients, even though shape variation is significantly different for each gender [62, 63]. 
However, this study showed that a plan selection protocol could be applied independent 
of the treatment position or patient sex. All CBCT scans were delineated by a single 
observer, which minimized interobserver variation but could also introduce a systematic 
error. Nevertheless, delineating was done using the planning CT scan and its delineations 
as a guide, thereby increasing the consistency of delineations. The PTV margin not only 
accounts for geometrical variations, but also delineation uncertainties, which renders 
plan selection based on coverage of the target volume by the PTV theoretically incorrect. 
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However, this selection process is in agreement with our current clinical practice, where 
decisions regarding position verification also depend on coverage of the target on the 
CBCT by the PTV, without additional margins. Plan selection was not performed under 
clinical conditions, which entails time pressure to limit intrafraction motion [159], and 
plan selection by two specialized radiation therapists, supervised by a physician and 
medical physicist, instead of the 20 observers that were involved in the current study. 
Training of observers will therefore be essential. Finally, the set of five margin sizes for the 
adaptive plans was pragmatically chosen, but whether these sizes were optimal remains 
unknown. Further optimization could result in minor improvements of the dosimetric 
outcome. 

The sparing is mainly limited due to the minor reduction in average PTV volume 
over the course of treatment, since the upper mesorectum volume comprised less than 
half of the entire target volume (median: 43%, range: 38% - 56%). Currently no evidence 
exists that the other target margins, around the lower mesorectum, presacral space and 
lymph nodes, can be safely reduced or varied based on predictable anatomical variations. 
Therefore, further improvement of the dosimetric results of our adaptive strategy by 
varying and reducing other PTV margins does not seem achievable, but online replanning 
with the use of sophisticated daily imaging techniques and automated planning could 
lead to an additional reduction in margins and therefore result in more sparing of the 
OARs. 

Conclusion
For short-course rectal cancer radiotherapy, an adaptive plan selection strategy using 
multiple ventral margins for the upper mesorectum has the potential to improve coverage 
of the target volume. Overall dosimetric sparing of bladder and bowel cavity is limited, 
but can be clinically relevant for individual patients. 
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Supplementary material
Supplementary figure 1: Accessible through: http://www.sciencedirect.com/science/article/pii/

S0167814016310581

Supplementary table: Differences in dose parameters for bowel cavity and bladder, for patients treated in 

either supine or prone position.

Position ART non-ART
Median 
difference

95% CI

Bowel cavity
V95%-fx (cm3)

Supine 209 216 7.00* 4.00 – 9.40
Prone 146 156 9.90* 6.80 – 10.9

V15Gy-fx (cm3)
Supine 294 302 8.20* 4.85 – 23.1
Prone 191 202 25.2* 18.4 – 29.8

Bladder
V95%-fx (%)

Supine 3.63 6.43 2.11* 2.85 – 7.03
Prone 9.22 20.4 9.59* 6.36 – 11.1

Dmean-fx (Gy)
Supine 2.73 2.82 0.12* 0.11 – 0.23
Prone 3.08 3.43 0.32* 0.26 – 0.43

* p < 0.01. fx = fractionated substitute of dose parameter. Note that the bowel cavity parameters are lower 

for patients in prone position (for both the adaptive and non-adaptive strategy). The bladder parameters 

are higher for patients in prone position, also for both strategies. The estimated differences between 

parameters for both strategies, i.e. the sparing due to the adaptive strategy, appears to be larger for 

patients treated in prone position. This is most likely caused by the difference in bladder volumes between 

the patient groups (see supplementary figure 2), since plans with larger margins are selected for smaller 

bladder volumes.
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Supplementary figure 2: Bladder volumes as assessed on CBCT for all patients treated in either prone or 

supine position. Bladder volumes for patients treated in prone position were significantly larger compared 

to supine position, with median volumes of 373 cm3 and 162 cm3, respectively (p = 0.01, indicated by asterisk).


