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1 General Introduction 

Rectal cancer 
Colorectal cancer is the third most frequent occurring type of cancer, of which 
rectal cancer accounts for around 30% of the cases. In the Netherlands alone, 
each year around 4000 patients are diagnosed with rectal cancer [1]. The 
incidence of rectal cancer is rising and has doubled between 2000 and 2015. 

The standard of care in the Netherlands for patients diagnosed with low risk 
rectal cancer is surgery.  For intermediate risk tumors, surgery is 
complemented by pre-operative radiotherapy. And for high risk tumors, neo-
adjuvant chemo-radiotherapy (CRT) is performed eight to twelve weeks prior 
to surgery [2]. Although the aim of this neo-adjuvant CRT is to down-size the 
tumor and increase the chance for tumor free resection margins, in about 15 % 
of the patients a pathological complete response (pCR) is achieved. These 
responders have shown to have good overall survival and low local recurrence 
rates [3]. Since no tumor cells are found in the resection specimen, the 
question raises to whether these patients should undergo the invasive 
resection surgery. The omission of surgery in these pCR patients has been 
investigated in several clinical trials, showing similar outcomes to CRT plus 
surgery [3–7]. The omission of surgery is currently being investigated further in 
a randomized clinical trial [8]. Whether dose escalation to the gross tumor 
volume (GTV) can further improve pCR is being investigated [9]. 

Radiotherapy for rectal cancer 
For rectal cancer, the most common radiotherapy treatments are the short-
course radiotherapy, consisting of a total of 25 Gy in 5 fractions during one 
week. And the long course neo adjuvant chemo-radiotherapy, consisting of 45 
to 50 Gy in 25 fractions during five weeks combined with chemotherapy. 

Patient setup and target definition 
In radiotherapy, a patient is imaged in treatment position using computed 
tomography (CT) for treatment planning purposes. On this planning CT scan, 
target and organs at risk (OARs) are delineated and a dose distribution is 
calculated. For the course of the treatment, prior to each treatment fraction, 
the patient is positioned on the treatment couch as the patient was positioned 
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during the planning CT. The patient position verification setup is done by 
registering the planning CT and the online imaging. This is typically performed 
on bony anatomy. 

The target for radiotherapy consists of the gross tumor volume (GTV), which is 
extended to the clinical target volume (CTV). The CTV is irradiated to sterilize 
potential microscopic tumor spread and involved lymph nodes. The CTV 
consist of the GTV and additionally; the mesorectal fascia, and the internal iliac 
and obturator lymph node regions. Depending on tumor location and type of 
surgery planned, also the sphincter complex can be part of the CTV for rectal 
cancer [10]. Additionally, to account for geometrical uncertainties a planning 
target volume (PTV) margin is added to the CTV [11]. These uncertainties can 
be for example uncertainties in target delineation and set-up. Also errors due 
to deformation and motion during and between treatment fractions; intra- and 
inter-fraction motion respectively, are compensated with this PTV margin. 

Inter- and intra-fraction motion 
Since the patient setup is performed based on the planning CT that is made 
several weeks before the actual treatment, differences in patient anatomy 
between time of planning and daily treatment fractions exist. These 
differences in patient anatomy are divided into inter-fraction motion i.e. 
motion that occurs between different treatment fractions and intra-fraction 
motion, i.e. motion that occurs during the treatment fraction. Since the rectum 
is a mobile organ and rectal filling can change from day to day and hour to 
hour, variations in both target and OAR positions arise, leading to position 
uncertainties. Especially, since this fluctuating rectum lies within the CTV, the 
volume of this CTV can change from day to day. To compensate for these 
uncertainties, PTV margins are added to the CTV and, in the case of dose 
escalation, to the GTV. These margins are calculated from population-based 
motion statistics. These motion statistics are typically split into a systematic 
component; Σ and a random component σ. Therefrom, a PTV margin can be 
calculated, for instance with use of the Van Herk’s margin formula; Mptv = 2.5 Σ 
+ 0.7 σ [12]. This margin formula is defined such that the target receives a 
minimum of 95 % of the prescribed dose, in 90 % of the population.  
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Treatment techniques  
Past decades, radiotherapy techniques have evolved to become more and 
more conformal. The classical 4-field box technique has been replaced initially 
by 3-dimensional conformal radiotherapy (3DCRT). 3DCRT allows blocking the 
dose to the healthy organ at risk (OAR) by the use of a multi leaf collimator 
(MLC). Since the mid-2000s, 3DCRT is replaced by intensity modulated 
radiotherapy (IMRT), to achieve more conformal dose distributions [13]. 
Hereby the treatment beams are divided into smaller segments, which allow 
modulation of the beam intensity. In IMRT, the dose distribution is optimized 
using inverse planning. Hereby dosimetric constraints and importance weights 
are assigned to both targets and OARs. Using these constraints and weights, 
the dose distribution is then optimized to encompass the target and spare the 
OARs. Also the use of additional treatment beam angles (typically seven), 
allows shaping the radiation dose to the target whilst avoiding the healthy 
OARs, resulting in a more conformal dose to the target. This shaping of the 
dose is a calculation intensive optimization process that involves iteratively 
adjusting importance weights and/or dosimetric constraints, and can take up 
to several hours [14]. 

At present, volumetric arc therapy (VMAT) is more and more becoming a 
standard radiotherapy technique for treating rectal cancer patients [15]. In 
VMAT, similarly to IMRT, the dose is shaped to the target in an inverse 
planning by modulation of the treatment beams. In VMAT however, delivery is 
not done by fixed static beams, but by one or more dynamic rotational arc(s) 
around the patient, whereby the radiotherapy dose is delivered from all 
directions in the arc. During this rotation the intensity of the treatment beam 
is modulated by the MLC and by changing the gantry speed and/or dose rate of 
the linear accelerator (linac) [16]. 

Benefit of these more conformal treatments techniques is that less of the high 
radiation dose is deposited in the OARs, since there is a sharper dose fall-off on 
the edges of the target  [17]. On the other hand, these sharp dose gradients 
are less forgiving in the case of misalignment, motion or deformation. In these 
cases, the target will move outside of the high dose region, resulting in an 
under dosage of the tumor. Due to this nature, more conformal treatment 
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techniques demand for good characterization of both the uncertainties in the 
treatment process as well as target motion during treatment. 

Image guidance 
Next to the evolution of the delivery techniques, also on board imaging has 
evolved. Whereas first, no direct online imaging was available, in the 90s, two-
dimensional (2D) projection images could be made using the Electronic Portal 
Imaging Device (EPID) [18]. Using the EPID, the bony anatomy could be aligned 
in two planes. From the mid-2000s, online kilo-volt cone-beam computed 
tomography (CBCT) units became available [19].  Currently, most new linear 
accelerators for radiotherapy are equipped with CBCT imaging, allowing to 
perform three-dimensional (3D) imaging of the patient on the treatment 
couch. This CBCT allows accurate depiction of the patient's bony anatomy and 
fiducial markers. However, good soft-tissue contrast remains challenging with 
this CBCT technique and therefore accurate imaging of the rectal tumor is not 
possible using CBCT. For imaging of rectal tumors, magnetic resonance imaging 
(MRI) is the preferred method of imaging [20,21]. 

State-of-the-art is currently online MRI. At this moment, two MRI equipped 
linear accelerators (MR-linac) with CE-marking are recently introduced to the 
market. One using a 0.35 T low field MRI and one with a diagnostic 1.5 T high 
field MRI, the latter developed at our institution [22–24]. This high field MRI 
can provide similar quality MRI as used for diagnosis, but then online during 
treatment. This allows for good soft-tissue contrast and therefore also for 
direct tumor visualization. In online adaptive radiotherapy (ART), online 
imaging is used to adapt the treatment plan to the current patient anatomy, 
thereby reducing position uncertainties due to inter- and intra-fraction motion. 
Online MRI guidance is ideal for adaptive radiotherapy treatments, since MRI 
does not use ionizing radiation for imaging and therefore imaging can be 
performed multiple times during each treatment fraction. Since during ART, 
uncertainties in the treatment are reduced, also PTV margins can be reduced. 
Additionally, these MRIs during treatment prove to be valuable for predicting 
treatment response early on during treatment [25–28]. 
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Dose escalation 
With a standard dose level in CRT, pCR is observed in 15 % of the patients and 
these patients have better prognosis. Therefore, a lot of studies have been 
performed or are ongoing with the aim to increase the rate of pCR, by 
increasing the radiation dose to the tumor [9]. This effect is also shown by the 
dose-response model by Appelt et al. [29]. Also at our institution a boost trial 
was performed were an additional dose to the tumor of 15 Gy was delivered, 
of which the results are still pending [30].  

Dose escalation demands for accurate tumor definition at the planning stage 
to the create boost treatment plans. Whereas in standard treatments, the 
tumor does not have to be defined since the CTV is defined by anatomical 
boundaries rather than on the underlying tumor [10]. Additionally, to avoid an 
increase in toxicity, better understanding of the tumor motion during the 
treatment is needed. This is especially true since online imaging modalities, 
except for MRI, provide no direct tumor contrast.  

Dose escalation can be performed in various ways, of which the two most 
common methods are a simultaneous integrated boost (SIB) and a sequential 
boost [9]. In a SIB, the boost dose is delivered integrated with the standard CRT 
treatment. The additional dose to the tumor is thus added on top of the 
standard treatment, increasing the dose to the tumor per fraction. In a 
sequential boost, the additional dose to the tumor is delivered in separate 
treatment fractions. This can either be done before or after the standard CRT 
treatment. In this case the dose to the tumor per fraction of the standard 
treatment is not altered, but the overall treatment length increases. 

  

Outline of thesis 
This thesis paves the way for the development of a MRI-guided boost for rectal 
cancer. This includes investigating the uncertainties in the standard treatment 
as well as finding ways to reduce these uncertainties. 
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In Chapter 2, tumor motion statistics are presented on two time-scales. These 
data can be used to calculate boost-PTV margins for boost dose delivery within 
one week as well as integrated boost delivery over five weeks.  

Tumor delineation uncertainty on various MRI sequences is presented in 
Chapter 3. Here T2 weighted (T2w), diffusion weighted (DWI) and a 
combination of both were evaluated for tumor delineation purposes and inter-
reader variability for these sequences was determined. 

Chapter 4 looks into tumor regression patterns. Here tumor regression was 
quantified, both over the course of CRT and during the waiting period between 
CRT and surgery. Also the implications of tumor regression for tumor boosting 
methods and timing of the tumor boost were investigated. 

Chapter 5 and Chapter 6 look into ways of reducing the uncertainties, both in 
standard and boost radiotherapy treatments. Chapter 5 describes the relation 
between fluctuations in rectal filling and target displacements, and a practical 
solution to reduce these fluctuations and thereby target displacements. 
Chapter 6 investigates whether a setup on rectal wall instead of on bony 
anatomy can reduce uncertainties in CBCT-guided boost treatments.   

The evolution of motion uncertainty in time is investigated in Chapter 7. The 
implications hereof for adaptive radiotherapy are derived. Based on the 
uncertainty reduction, optimal adaptation intervals are determined. 

The most important findings are summarized in Chapter 8. Furthermore, 
future perspectives are given for MRI guided (interventional) boost 
treatments. 



 

 
 

2 MRI-based tumor inter-fraction motion statistics 
for rectal cancer boost radiotherapy 

 
Jean-Paul J. E. Kleijnen 

Bram van Asselen 

Robbe Van den Begin 

Martijn Intven 

Johannes P. M. Burbach 

Onne Reerink 

Marielle E. P. Philippens 

Mark de Ridder 

Jan J. W. Lagendijk 

Bas W. Raaymakers 

 

 

 

 

 

 

 

The following chapter is based on:  

MRI-based tumor inter-fraction motion statistics for rectal cancer boost 
radiotherapy, Acta Oncologica (2019), 58:2, 232-236  



CHAPTER 2 
 

16 

Abstract 
Background: In patients diagnosed with rectal cancer, dose escalation is 
currently being investigated in a large number of studies. Since there is little 
known on gross tumor volume (GTV) inter-fraction motion for rectal cancer, a 
wide variety in margins is used. Purpose of this study is to quantify GTV inter-
fraction motion statistics on different timescales and to give estimates of 
planning target volume (PTV) margins. 
Material and methods: Thirty-two patients, diagnosed with rectal cancer, 
were included. To investigate motion from week-to-week, 16 patients 
underwent a pretreatment and five weekly MRIs, prior to a radiotherapy (RT) 
fraction of the chemoradiotherapy treatment. To investigate motion from day-
to-day, the remaining 16 patients underwent five daily MRIs before each 
fraction in one week of RT. GTV was delineated on all scans according to 
guidelines. Scans were aligned on bony anatomy with the first MRI. For both 
datasets separately, GTV inter-fraction motion was determined based on 
center-of-gravity displacement. Therefrom, systematic and random errors 
were determined in left/right (LR), anterior/posterior and cranial/caudal (CC) 
direction. PTV margin estimates were calculated and evaluated on GTV 
coverage. 
Results: Systematic and random errors were found in the range of 2.3–4.8 mm 
and 1.5–3.3 mm from week-to-week, and 1.8–4.5 mm and 1.8–4.0 mm from 
day-to-day, respectively. On both timescales, similar motion patterns were 
found; the most motion was observed in CC whilst the least motion was 
observed in LR. On the week-to-week data more systematic and less random 
motion was observed compared to the day-to-day data. Overall, only slight 
differences in margin estimates were found. Derived PTV margin estimates 
were found to give adequate GTV coverage.  
Conclusion: GTV inter-fraction motion, on a week-to-week and day-to-day 
timescale, can be accounted for using motion statistics presented in this study. 
 

Introduction 
Patients diagnosed with locally advanced rectal cancer receive neo-adjuvant 
chemoradiotherapy (CRT) prior to total mesorectal excision surgery. A typical 
example of neo-adjuvant CRT consists of 25 fractions of 2 Gy in 5 weeks 
combined with capecitabine, 10–12 weeks prior to surgery. The purpose of 
CRT is to reduce the chance for local recurrence and to downsize the tumor. 
After CRT, around 15 % of patients have a pathological complete response 
(pCR) and these responders have a better long-term prognosis compared to 
non-responders [3,31]. For complete responders, surgery might be safely 
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omitted to improve quality of life [4]. The percentage of pCR can be increased 
by giving an additional boost dose to the gross tumor volume (GTV) [29]. This is 
currently being investigated in a large number of clinical trials [9,30,32–37]. 
For the studies where the boost is delivered using external beam radiotherapy 
(RT), the boost dose is either delivered over a period of weeks; in a 
simultaneous-integrated boost (SIB) during five weeks of standard CRT. Or over 
a period of days; within one week in a sequential boost, prior or post standard 
RT. 
For adequate and safe boost dose delivery, an insight in the motion and 
deformation of the GTV is needed, either from week-to-week or from day-to-
day, depending on the chosen boost strategy. This insight allows to develop 
position correction protocols and determines planning target volume (PTV) 
margins or investigates the use of adaptive strategies, thereby lowering the 
dose to the organs at risk (OAR) while maintaining GTV dose coverage. 
Unfortunately, little is known about the inter-fraction motion of the GTV, 
mainly due to its poor visibility on computed tomography (CT) and cone-beam 
CT. In contrast to CT, magnetic resonance imaging (MRI) provides excellent 
visibility of the GTV due to superior soft-tissue contrast [38]. It is therefore a 
suitable candidate for motion assessment of rectal tumors [39]. However up to 
now, no inter-fraction motion assessment was performed based on MRI for 
the GTV in rectal cancer. 
In absence of GTV motion statistics a wide range of GTV margins are being 
used in ongoing boost trails, between 7 and 30 mm [30,32–37]. Substantiated 
GTV margins could improve these boost treatments by ensuring coverage of 
the GTV by the boost dose at minimal toxicity. 
Purpose of this study is to quantify GTV inter-fraction motion using MRI in 
rectal cancer patients, both on a day-today and week-to-week timescale and to 
give estimates of GTV-PTV margins to account for this motion.  
 

Material and methods 
Patient data 
For the purpose of this study we analyzed 32 patients diagnosed with rectal 
cancer. Half of these patients were imaged on a week-to-week timescale; 
imaged weekly during five weeks of CRT. On these data tumor motion can be 
investigated during five weeks of treatment, similar to the time period over 
which a typical SIB approach is delivered. The other half of the patients were 
imaged on a day-to-day timescale; imaged daily during one week of RT. On 
these data tumor motion can be investigated during one week, similar to most 
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sequential boost approaches. Both the week-to-week and day-to-day datasets 
were analyzed separately. 
For the week-to-week dataset, 16 patients were included; 15 male/1 female, 
TNM-stages; T2-4, N0-2, M0-1 and a mean age of 59.8 years (range: 37–73 
years). These patients underwent a long-course of CRT (25 times 2 Gy in five 
weeks), according to standard clinical practice in our hospital. For this dataset, 
repeated MRI scans were performed weekly. The first MRI scan, which we 
consider the reference MRI (MRIref) was taken at the time of the pretreatment 
planning CT. Furthermore, five additional MRI scans were taken weekly, at the 
end of each week of treatment, prior to a RT fraction. For two patients, one of 
the weekly MRI scans could not be performed due to logistical reasons, 
resulting in a total of 94 MRIs in the week-to-week dataset. 
For the day-to-day dataset, 16 patients were included; 13 male/3 female, 
TNM-stages T2-3, N0-1, M0-1), with a mean age of 60.4 years (range: 43–72 
years). These patients underwent a short-course of RT (5 times 5 Gy in one 
week), according to standard clinical practice in our hospital. For this dataset, 
repeated MRI scans were performed daily during one week. The first MRI scan 
was considered the reference MRI (MRIref) and was taken at the time of the 
first treatment fraction. Four additional MRI scans were taken daily, prior to 
each treatment fraction. For four patients, one of the daily MRI scans could not 
be performed due to logistical reasons, resulting in a total of 76 MRIs in the 
day-to-day dataset. 
All patients were asked to empty their bladder and drink 400 cc of water, one 
hour prior to each MRI scan. A total of 170 MRI scans were obtained in 
treatment position (supine) for analysis. For this study, the T2-weighted (T2w) 
scans were used. On every T2w scan, GTVs were delineated by an experienced 
radiation oncologist. Tumor delineation uncertainty was previously 
investigated in a separate study [38]. All scans were acquired in, by the 
hospital medical ethical review board approved, studies. These studies are 
registered under the numbers NL31131.041.10 and NL29622.041.09 for the 
week-to-week and day-to-day dataset, respectively. Written informed consent 
was acquired from all patients prior to enrollment. 

 

Image acquisition 
MRI was performed in treatment position (supine), using a flat table-top, with 
the imaging plane in the transverse direction. For the week-to-week dataset, 
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MRI was performed on a 3T MRI scanner using a 32 element coil (either an 
Achieva 3TX with SENSE cardiac coil or an Ingenia Wide-bore with 
FlexCoverage Anterior + Posterior coil, both Philips Medical Systems, Best, The 
Netherlands). For the Achieva system, T2w imaging was acquired on a 
resolution of 0.47 x 0.47 mm2, slice thickness of 3 mm and the number of slices 
was 50. A repetition time (TR) of 9403 ms and an echo time (TE) of 110 ms 
were used. For the Ingenia system, T2w imaging resolution was 0.82 x 
0.82 mm2, slice thickness of 3 mm, and the number of slices was 70. The TR 
was 5627 ms and the TE was 110 ms. 

For the day-to-day dataset, MRI was performed on a 1.5T MRI scanner using a 
four element body coil (Gyroscan NT Intera with SENSE body coil, Philips 
Medical Systems, Best, The Netherlands). T2w imaging was acquired on a 
resolution of 0.62 x 0.62 mm2, slice thickness of 4 mm, and the number of 
slices was 30. A TR of 3713 ms and TE of 120 ms were used.  

Image registration 
To evaluate residual target motion after online position correction on bony 
anatomy, all repeated MRIs were registered to the MRIref, using a rigid 
registration method from the Elastix toolkit [40], allowing translations as well 
as rotations. All delineations were projected on the MRIref, as shown in Figure 
1. Visual inspection showed errors in bony alignment to be limited to 1 voxel. 
These errors were neglected for the purpose of this study. 
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Figure 1: An example from the week-to-week dataset where the GTV delineations of all repeated 
MRIs are projected on MRIref. Delineation of pretreatment scan (MRIref) is in red, the delineations 
of the repeated MRIs of week 1–5 are in red, purple, yellow, green, cyan and orange, 
respectively. 

Inter-fraction motion characterization 
With all repeated MRIs registered to its MRIref, relative interfraction 
displacement can be quantified. To derive motion statistics, the following 
analysis was performed for both the week-to-week and day-to-day dataset 
separately. For all the aligned delineations, center-of-gravity (COG) was 
determined. Next, the distance vectors between the COG of delineated GTVs 
on the MRIref and all the repeated MRI scans were determined. These distance 
vectors were then decomposed into distances in left/right (LR), 
anterior/posterior (AP) and cranial/caudal (CC). Per patient, mean (m) and 
standard deviation (s) of these distances were calculated over time. The group 
mean error (GM) and systematic error (Σ) were calculated by taking the mean 
and standard deviation over m; the mean distance per patient, respectively. 
The random errors (σ) were calculated by taking the root mean square over s; 
the standard deviation of the distances per patient [12]. In this way group 
mean, systematic and random errors in GTV position were determined. This 
was done in, respectively, LR, AP and CC direction, both for the week-to-week 
and day-to-day data, separately. Stability of delineated GTVs was evaluated. 
Therefore, for both the week-to-week and day-to-day dataset, data were 
checked for normality and pair wise compared using a two-sided paired t-test 
between delineations of the MRIref and repeated MRIs. P-values below .05 
were considered as significant. 
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Margin evaluation 
Estimates for PTV margin expansions were calculated for the GTV for both the 
week-to-week and day-to-day dataset, using the margin recipe by van Herk et 
al. MPTV = 2.5 x Σ + 0.7 x σ; with Σ the systematic and σ the random population 
error in mm [12]. PTV margin estimates were evaluated on target coverage of 
the GTV for the week-to-week and day-to-day dataset separately. This was 
done by adding the margins to the MRIref delineation to create the PTV. We 
evaluated the coverage by determining the amount of repeated MRI GTV 
delineations that were covered by this PTV for 95 % of their volume. We 
consider a PTV margin that results in a GTV overlap of 95 %, in 90 % of all cases 
as adequate. 
 
Results 
The average GTV (range) on the pretreatment scan was 54.0 ml (17.2–143.6 
ml) for the week-to-week dataset and 12.3 ml (3.9–29.0 ml) for the first scan of 
the day-to-day dataset. Furthermore, significant reduction in GTV was found 
between the MRIref and repeated weekly MRIs in the week-to-week dataset, 
but not for the day-to-day dataset. A complete overview of GTVs in time can 
be found in Table 1.  
 
Table 1: Average GTVs in time for the day-to-day and week-to-week timescales. 

 
The analysis of COG displacement of the GTV after online bony anatomy 
position verification, showed the following patterns. The least random and 
systematic motion was found in LR and the most random and systematic 
motion was found in CC direction, both from week-to-week and from day-to-
day. Overall similar patterns were found in both the week-to-week and day-to-
day datasets. When comparing them, larger systematic and smaller random 
errors were found from week-to-week compared to day-to-day. Overall, 
slightly larger treatment margins are required from week-to-week compared 
to day-to-day. A complete overview of motion statistics and margin estimates 
can be found in Table 2. 
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Table 2: GTV motion statistics for week-to-week and day-to-day timescales, i.e. motion within 
five weeks of CRT and one week of RT, respectively. 

 
PTV margin estimates were evaluated on overlap of PTV and GTV. For both the 
week-to-week and day-to-day data, boost PTV margins achieved adequate 
target coverage, i.e., PTV overlapped more than 95 % of the GTV in more than 
90 % of all cases. For 90 % of all cases a PTV coverage of 99,9 % and 97,2 % was 
achieved, on the week-to-week and day-to-day timescale, respectively (see 
Figure 2). 

 
Figure 2: Evaluation of GTV-PTV margin estimates for both the week-to-week and day-to-day 
timescale. GTV-PTV margins were calculated using the van Herk recipe and were evaluated on 
GTV overlap. For the PTV margins to be adequate, 95 % target overlap in 90 % of all cases was 
required (indicated by the dashed lines). Note that margin evaluation on target overlap is more 
strict than on dose coverage. 
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Discussion 
This is the first study to investigate rectal tumor inter-fraction motion using 
MRI. The purpose of this study was to investigate rectal tumor inter-fraction 
motion on different timescales; from week-to-week and from day-to-day. 
These motion statistics can be used to develop tumor boost protocols with 
substantiated tumor margins, for both integrated boost techniques as well as 
sequential boost techniques prior to standard treatment. 
In this study, residual errors after an online correction on bony anatomy were 
quantified for two different timescales. Systematic and random errors 
between 2.3–4.8 and 1.5–3.3 mm for the week-to-week and 1.8–4.5 and 1.8–
4.0 mm for the day-to-day timescale were found, respectively. The only study 
that quantified tumor inter-fraction motion for rectal cancer, a CT-based week-
to-week study by Brierley et al. [41], reports systematic errors between 1.9 
and 4.5 mm and random errors between 2.0 and 6.3 mm for different 
geometrical directions. Although patients in that study were scanned in prone 
on CT and our patients in supine position on MRI, quite similar systematic 
errors were found. However, they do find larger random errors, which might 
be explained by uncertainties in GTV assessment on CT or by the lower number 
of samples per patient; three in their study vs. five/six in our day-to-day/week-
to-week dataset. 
When comparing week-to-week and day-to-day results, we find more 
systematic and less random errors for the week-to-week data as compared to 
the day-to-day data. Therefore, slightly larger margins are needed for the 
week-to-week dataset; on average only 0.6 mm larger. These differences can 
be explained on the one hand by the difference in time-period between the 
two groups. Over the course of CRT radiation effects are starting to take place, 
which are not, or in lesser extent taking place during one week of RT. We 
observed no tumor regression on the day-to-day timescale during RT, whereas 
on the week-to-week timescale tumor regression during CRT was found. The 
latter was also shown by Van den Begin et al. [42]. Also rectal volume tends to 
decrease after two to three weeks of CRT whereas this is not observed during 
one week of RT [43,44]. This could lead to increased systematic errors. Another 
explanation for the differences could be the large difference in tumor size. The 
smaller tumors in the day-to-day dataset might be more mobile which could 
explain the larger random errors for this group. 
We derived margin estimates, based on motion statistics presented in this 
study, on both a week-to-week and day-today timescale. These margins were 
evaluated on tumor coverage by the PTV, which is more strict than evaluation 
on (total) dose. Nevertheless, high GTV coverage percentages were achieved 
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by the PTV throughout the time of treatment. Although the PTV margins were 
evaluated on the same data they were derived from, we believe the evaluation 
proves that the derived sets of motion statistics are a good description of the 
motion present in the datasets. Ideally, presented motion statistics should be 
evaluated on a separate repeated MRI dataset. 
GTV inter-fraction motion statistics, as presented in this study, can be used to 
derive margins for dose escalation in clinical practice. Currently, dose 
escalation studies use margins ranging from 7 to 30 mm. However, applying 
the tumor motion data from this study, tumor margins can be reduced 
considerably. Potentially allowing for an even higher boost dose or lowering 
the dose to OAR. 
The day-to-day GTV motion data presented in this study is based on a situation 
where no tumor regression takes place. Therefore, these data are applicable to 
a sequential boost prior to standard CRT. Whether these data can be used for a 
post CRT boost, where tumor regression and other radiation induced effects 
take place, was not investigated. 
Furthermore, the absence of a pretreatment MRI weeks prior to the repeated 
MRIs could have had an impact on the derived systematic errors. However, 
work on the evolution of these motion errors in time suggests no 
underestimation of systematic errors is to be expected, due to the absence of 
a pretreatment MRI [39].  
The MRIs used in this study consisted of transverse slices of 3 or 4 mm thick. 
This slice thickness could have had an influence on the motion found 
perpendicular to these slices (CC). We deem this influence to be minor due to 
the following reasons. Since we perform a COG-based method the effects of 
slice thickness partially average out. Furthermore, the used image registration 
can achieve a sub-voxel registration accuracy, thereby also the derived motion 
will have a sub-voxel accuracy, reducing the effect of slice thickness even 
further. 
One has to keep in mind that these statistics only incorporate the residual 
inter-fraction motion after a set-up based on bony anatomy and intra-observer 
variation. Inter-observer variation [38], intra-fraction motion [39] and institute 
set-up errors are not included in these data and have to be combined to get 
institute PTV margins, as described by van Herk et al. [12]. Also, the 
applicability of this margin recipe in a (hypofractionated) boost setting 
including a background dose should be evaluated. 
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Conclusion 
Residual inter-fraction motion of the GTV, after daily set-up on bony anatomy, 
can be corrected for using motion statistics presented in this study for both 
pre-CRT sequential and SIB approaches. 
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Abstract 
Background: While surgery remains the cornerstone of rectal cancer 
treatment, organ-preservation is upcoming. Therefore, neo-adjuvant 
treatment should be optimized. By escalating doses, response can be 
increased. To limit toxicity of boost, accurate gross tumor volume (GTV) 
definition is required. MRI, especially undeformed fast spin echo diffusion-
weighted MRI (DWI), looks promising for delineation. However, inconsistencies 
between observers should be quantified before clinical implementation. We 
aim to find which MRI sequence (T2w, DWI or combination) is optimal and 
clinically useful for GTV definition by evaluating inter-observer agreement. 

Methods: Locally advanced rectal cancer patients (tumors <10 cm from anal 
verge) were scanned on 3T MRI transverse T2w and DWI (b = 800 s/mm2). 
Three independent observers delineated T2w, DWI and combination (Combi) 
after training-set. Volumes, conformity index (CI), and maximum Hausdorff 
distance (HD) were calculated between any observer-pair per patient per 
modality. 

Results: Twenty-four consecutive patients were included. One patient had cT2 
(4.2 %), 19 cT3 (79.1 %) and 4 cT4 (16.7 %), with 2 clinical node negative 
(8.3 %), 4 cN1 (16.7%), and 18 cN2 (75.0%) on MRI. From 24 patients, 70 
sequences were available (24 x T2, 23 x DWI, and 23 x Combi). Between 
observers, no significant volume differences were observed per modality. T2 
showed significantly largest volumes compared to DWI (mean difference 
19.85 ml, SD 17.42, p < 0.0001) and Combi (mean difference 7.16 ml, SD 11.58, 
p < 0.0001). Mean CI was 0.70, 0.71 and 0.69 for T2, DWI and Combi 
respectively (p > 0.61). Average HD was largest on T2 (18.60 mm, max 31.40 
mm, min 9.20 mm). 

Discussion: Delineation on DWI resulted in delineation of the smallest volumes 
with similar consistency and mean distances, but with slightly lower Hausdorff 
distances compared to T2 and Combi. However, with lack of a gold standard it 
remains difficult to establish if delineations also represent true tumor. DWI 
shows great potential for delineation purposes as long as sufficient experience 
exists and geometrical distortions are eliminated. 
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Introduction 
While surgery remains to be the cornerstone of treatment in rectal cancer, a 
cautious shift toward organ-preserving (watchful waiting) strategies exists. 
When pursuing non-surgical treatment, optimization of neo-adjuvant 
strategies becomes more important. Since response to neo-adjuvant radiation 
is dose-dependent [9,31,45,46], dose-escalation may be used to increase 
clinical good-response rates to let more patients benefit from organ-
preservation. The effect of dose-escalation was recently shown when ≥ 60 Gy 
treatment increased pathological complete response rate compared to normal 
dose (50 Gy), without worsening toxicity [9]. Nevertheless, different radiation 
protocols were used which showed considerable variation in toxicity- and 
response-rates. This indicates that dose-escalation is effective but that room 
exists for optimization of radiation techniques. 

In order to develop an optimal boost strategy, i.e. to achieve high response 
rates with low toxicity, several factors are important besides the dose-level 
itself. These include accurate gross tumor volume (GTV) definition, planned 
target volume (PTV)-margins accounting for tumor movement, dose-delivery 
techniques, and objective response and toxicity scoring. Most issues have been 
solved through intensity modulated radiotherapy (IMRT) limiting healthy-tissue 
irradiation, reduced PTV-margins after set-up verification improvements, and 
Mandard [47] and CTCAE [48] scoring systems. What remains to be 
investigated is which imaging modality should be used to accurately define 
target area for the boost. Imaging should be able to discriminate tumor tissue 
from its surroundings and should enable to deliver dose only to the tumor area 
– the GTV –, rather than to a larger area surrounding the tumor – the clinical 
target volume (CTV). 

Magnetic resonance-imaging (MRI) is the image modality with the best soft-
tissue contrast and highest level of detail able to discriminate tumors from 
their surrounding anatomy, better than CT or PET-CT. Also, MRI is non-invasive 
and has no radiation-exposure to patients. Especially diffusion-weighted MRI-
imaging (DWI) looks promising since it is able to discriminate tumors from 
healthy tissue upon diffusion-restriction, i.e. cell density [49,50]. Nevertheless, 
conventional DWI-sequences are prone to geometrical distortions, especially 
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around air-tissue transitions [51]. To eliminate geometrical distortions, a Turbo 
Spin Echo (TSE) based DWI-sequence was developed: DWI-SPLICE [52]. Thus, in 
contrast to other DWI sequences, DWI-SPLICE allows direct registration of 
images to anatomical MR images. This makes this sequence feasible for 
delineation purposes. However, a problem with delineations always remains 
that, no matter how good image-quality is or how well anatomy is 
represented, they are prone to inconsistencies between observers. Moreover, 
there is lack of a gold standard to validate delineation. Before introducing a 
new radiation protocol in the clinic, it is therefore mandatory to first assess 
delineation inconsistency between observers. 

Although MRI has shown great delineation potential in rectal [53–55] and 
other cancers [56,57], little experience exists with MRI-guided delineation for 
boost planning in rectal cancer [30,54,58]. This was only investigated once, and 
only for T2w and DWI alone [58]. Although hypothesized that DWI would 
improve consistency, it didn’t. A combination of sequences was unfortunately 
not investigated. Therefore, in this study we aim to evaluate which MRI 
sequence (T2w, DWI) or their combination is optimal and clinically useful for 
GTV definition as used for boosting the tumor in addition to normal CRT [30]. 
We do so by evaluating inter-observer agreement and calculating distance 
parameters between delineated GTV contours by different observers. These 
measures should provide insights into the feasibility to use MRI-guidance for 
delivering a boost to the GTV.  

Methods 
This study is designed and reported according to the Guidelines for Reporting 
Reliability and Agreement Studies (GRRAS) [59]. 

Patient selection 
Consecutive rectal cancer patients were screened for locally advanced disease 
(T3 with threatened mesorectal fascia, T4 or N2M0 [60]) to receive 
chemoradiation using MRI according to Dutch guidelines [61]. Tumors located 
610 cm from the anal verge on MRI were eligible for inclusion in this 
prospective study. Inclusion criteria mimic RECTAL BOOST study-criteria [30]. 
Informed-consent was asked from all patients. A sample size of ≤ 20 patients 
was deemed appropriate to evaluate agreement between observers. 
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Patient positioning and image acquisition 
Patients were scanned one week prior to radiotherapy without bowel 
preparation in supine position on a flat table-top without intravenous contrast. 
MRI scans were acquired on two 3T MRI units (Philips Ingenia Wide-Bore or 
Achieva 3TX). Images were obtained in transverse direction. Scan parameters 
of T2w and DWI-SPLICE Turbo-Spin-Echo (TSE) sequences are illustrated in 
Table 3. T2w images had a resolution of 0.8–0.9 x 0.85–1.07 mm2 and slice 
thickness of 3 mm, while DWI-SPLICE had 2.02-2.5 x 2.02–2.5 mm2 resolution 
with 4.0 mm slice thickness. Two b-values (b = 0 and 800 s/mm2) were 
obtained in the DWI-SPLICE with a free-breathing single-shot approach (Table 
3). The differences between the MRI sequences result from adaptations of the 
sequences to the different hardware of the Ingenia and Achieva 3T scanners 
(Table 3), while maintaining the image quality. Since two MRI units were used, 
observers were asked after completion of the study to qualify if there had 
been potential differences in image quality between both units. 

Table 3: MR scan protocol parameters. 

 

Target volume delineation 
For each patient, available MRI images were transferred to in-house developed 
delineation software [62]. Three independent observers (radiation oncologist 
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with 10 years of experience in rectal cancer, radiation oncologist in-training 
with 5 years of experience, and researcher with 2 years of experience) were 
provided their own image sets: T2, DWI-SPLICE (‘DWI’) and combined 
sequences registered via identity transformation (‘Combi’). First, a consensus 
meeting was organized to develop GTV-delineation instructions. Instructions 
were updated after a training-set (n = 3). Observers were provided clinical 
information (endoscopy and digital examination). Cases from the training-set 
were excluded from analysis. First, all T2-images, and P1 month thereafter DWI 
and Combi, were delineated. All images were delineated on transverse slices. 
In DWI (b = 800 s/mm2) observers could adjust window- and level-settings to 
replicate clinical situations. All observers delineated blinded and independently 
from each other.  

Statistical analysis 
As further specified below, volumes, conformity index, mean distance (MD) 
and maximal Hausdorff distances (HD) were calculated per modality to 
evaluate agreement, contour shapes and locations. To investigate contour 
sizes, volumes were calculated per observer, per patient, and per modality. 
Volume sizes are visually presented and analyzed between observers per 
modality and between modalities. To investigate volume differences between 
DWI and T2 and their correlation with absolute DWI volume, Bland Altman 
plots indicate DWI volumes against T2 volumes within patients. Another Bland 
Altman plot shows absolute DWI volume against the factor by which DWI 
volumes are increased on T2, to indicate if volume size differences depend on 
DWI volume size. 

To investigate inter-observer variation, a generalized conformity index (CI) for 
overlap between ≥ 3 observers was calculated per patient per modality:  

𝐶𝐶𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 =  
∑ |𝐴𝐴𝑖𝑖 ∩𝐴𝐴𝑗𝑗|𝑝𝑝𝑝𝑝𝑖𝑖𝑟𝑟𝑟𝑟 𝑖𝑖 𝑗𝑗 
∑ |𝐴𝐴𝑖𝑖 ∪𝐴𝐴𝑗𝑗|𝑝𝑝𝑝𝑝𝑖𝑖𝑟𝑟𝑟𝑟 𝑖𝑖 𝑗𝑗

  , 

with Ai, or Aj being the different delineations of observer pair i j [63]. A Fleiss’ 
kappa was also calculated as an additional measure of inter-observer 
consistency (between 0 and 1) [64] to allow comparison with other studies. For 
3 observers, Fleiss’ kappa defined as:  
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𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠′𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =  
𝑉𝑉2 + 3𝑉𝑉3

𝑉𝑉1 + 2𝑉𝑉2 + 3𝑉𝑉3
 , 

with V i  the volume contoured by exactly i observers [64]. CI or Fleiss’ kappa 
= 1 indicates perfect agreement among observers, > 0.8 very good, 0.7–
0.8 good, 0.7–0.6 moderate, < 0.6 low, and 0 indicates no agreement. CI and 
Fleiss’ kappa’s were calculated only for cases that had both T2 and DWI 
available. We analyzed difference in CIs between modalities. Additionally, CIs 
were plotted against mean volumes per modality and checked for correlation. 
A simple linear regression was plotted in case significant correlation existed to 
indicate how volume influences CI.  

To assess differences in contour shapes and locations within patients, a 
distance between center of mass (dCOM) of each observer-pair is calculated 
within patients. The dCOM is expressed as the length of the 3 dimensional 
vector and presented as mean (SD) with a range per modality. To evaluate 
separation between contours–borders, two distance parameters were 
calculated per observer-pair per modality. Hausdorff distances (HD) were 
calculated, representing the maximum of the shortest distances from any 
delineated point to the other contour. The maximum of the shortest HDs was 
determined over all observer pairs per modality (HD). In a similar manner, a 
mean distance (MD) between contours was determined as the average 
distance between all observers over all points of contours within one patient 
on one modality. The HD en MD are graphically represented for each modality, 
and differences between modalities were analyzed. All analysis between 
modalities concern paired data, and were therefore analyzed by repeated 
measures ANOVA and paired T-tests to identify statistical significant 
differences (p < 0.05). 

Results 
Patient characteristics 
Twenty-four consecutive patients (20 males and 4 females, median age 
66.0 years (26–80)) were included. All tumors were locally advanced and had 
indication for CRT [61]. Patient characteristics are shown in Table 4. One 
patient (4.2 %) had clinical T2, 19 had cT3 (79.1%) and had 4 cT4 (16.7%). 



CHAPTER 3 
 

34 

Clinical nodal stage was negative in 2 patients (8.3 %), cN1 in 4 (16.7 %), and 
cN2 in 18 (75.0 %). One patient had metastasis (4.2 %). Mean distance from 
the anal-verge was 4.2 cm (0–10 cm). From 24 patients, a total of 70 sequences 
were obtained (24x T2, 23x DWI, and 23x Combi). In one patient DWI was not 
available because there were technical problems during the scan. After 
completion of the study, the observers reviewed image quality of both MR 
units and concluded that there was no difference which could have precluded 
the ability to use images of both units for delineation. 

Table 4: Baseline characteristics of patients. 

 

Volume measurements 
An example of delineated structures is provided in Figure 3 and the Appendix 
provides two examples of images obtained at both MR units to indicate 
comparable image quality of both (Figure A). 
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Figure 3: Representative example of delineations in one patient of three observers on T2w (A and 
C) and DWI (B and D) sequences in transverse (A and B) and sagittal (C and D). 

Volumes per observer and per modality are presented in Figure 4. Between 
observers no significant volume differences were observed within each 
modality. T2 showed significantly larger volumes than DWI (mean difference 
19.85 ml (SD 17.42), p < 0.0001) and Combi (mean difference 7.16 ml 
(SD 11.58), p < 0.0001). Volumes on Combi were also significantly larger than 
on DWI (mean difference 12.69 ml (SD 10.96), p < 0.0001). 
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Figure 4: Volumes per modality per observer (A–C), and for all observers combined per 
modality (D). 

The volume increase ratio between DWI and T2 volumes varied between 1 and 
3 times but was independent of DWI volume (Pearson _0.17, p > 0.16) 
(Figure 5). 
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Figure 5: Bland–Altman plots representing absolute (A) and relative volume differences (B) 
between contours delineated by three observers on T2 and DWI. 

Agreement and distance measures between contours 
The mean conformity index (CI) was 0.70, 0.71 and 0.69 for T2, DWI and Combi 
respectively. Fleiss’ kappa was 0.82 on all modalities. CI and Fleiss’ kappa’s did 
not differ significantly between our three modalities (p > 0.61 and p > 0.71 
respectively) (Figure 6), indicating delineation consistency is comparable 
between modalities. 

 

Figure 6: Conformity index (A) and Fleiss’ kappa (B) values per modality for three observers. 
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CIs and mean volumes were correlated on T2 (Pearson’s r = 0.61, p < 0.002) 
and Combi (Pearson’s r = 0.61, p < 0.002), but not on DWI (Pearson’s r = 0.24, 
p > 0.27) (Figure 7). On T2, per ml volume increase the CI increased by 0.001 
(SE = 0.000, R2 = 0.367, p < 0.002) with intercept at 0.61. For Combi, per ml 
volume increase the CI increased by 0.002 (SE = 0.000, R2 = 0.371, p < 0.002) 
with intercept at 0.61. 

 

Figure 7: Correlation between volumes and conformity indexes (IC’s) for T2 (A), DWI (B), and 
Combi (C) modalities. 
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Mean dCOMs per modality are presented in Figure 8. T2 showed to have the 
largest mean dCOM (3.30 mm) and Combi the lowest (2.57 mm), indicating T2 
had most shape and location variability. Mean dCOMs were not significantly 
different between modalities (p > 0.70). dCOM variance was 2 times larger on 
T2 than on DWI or Combi, although one outlier existed on DWI. In retrospect, 
observers agreed the least experienced observer had delineated an artifact 
which results in an unrealistically high dCOM value. T2 had the largest mean 
HD (mean 18.59 mm, range 9.16 - 31.41 mm) compared to DWI (mean HD 
14.42 mm, range 4.03 - 49.10 mm) (Figure 8). DWI again showed the outlier 
case (49.10 mm). On Combi, mean HD was between T2 and DWI values 
(Figure 8). 

Repeated measures ANOVA showed a significant difference in HD between 
modalities (p < 0.006), with a significant mean HD difference of 4.80 mm 
between T2 and DWI (p < 0.04) but a non-significant difference between T2 
and Combi (p > 0.06) or DWI and Combi (p > 0.61). Separation over the whole 
contour border was also largest on T2 (MD = 1.80 mm) and smallest on DWI 
(MD = 1.49 mm). Considering our voxel size of ≤ 2.0 x 2.0 mm2 on DWI, an 
average MD smaller than one voxel exists between observers. Again, the 
outlier case showed an increased MD on DWI (9.05 mm). There were no 
significant differences between modalities in MD (p > 0.19). 

Discussion 
In this study, two MRI sequences and their combination (T2 and DWI) were 
used for GTV-delineation in locally advanced rectal cancer by three observers 
with the purpose of identifying GTV-delineation consistency and separation 
between contours. This is the first study to actually calculate distance 
parameters, providing crucial information for development of MRI-guided GTV 
boost strategies complementary to standard chemoradiation which is directed 
to the entire CTV. Agreement between GTV delineations performed by the 
different observers was good and was comparable between different MRI 
sequences. Our results are in concordance with results of a previous rectal 
cancer delineation study [58]. Namely, the best consistency was reached on 
DWI images [58]. New findings of our study are inter-observer agreement 
improvement with larger volumes, and comparable agreement after combined 
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T2-DWI sequences compared to both sequences alone. This last finding may be 
due to the fact that some observers tend to rely mostly on T2-images while 
others prefer to trust the DWI-images more. Combining both scans, however, 
can also introduce a new inconsistency-factor since images have to be co-
registered and topography can be different between sequences. Therefore, 
this study used a DWI SPLICE [51] sequence which is specifically designed to 
acquire geometrically undistorted DWI images. 

 

Figure 8: The distance between centers of mass (dCOM) (A), maximal Hausdorff distances 
(HDmax) (B), and mean distances (MD) (C) of contours within each observer-pair per modality. 
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In contrast to the previous delineation study, we performed an analysis to 
calculate distances between contours since this is crucial before contours can 
be used in a clinical radiotherapy setting [58]. Also, we used the combination 
of sequences in our study, which was not done in the previous study 
potentially because co-registration of DWI to T2 was difficult because of 
geometrical distortions in their SE-EPI DWI [58].When looking at volume sizes, 
we found that T2 volumes were significantly larger than DWI volumes 
(approximately 2–3 times), with larger T2 volumes showing higher inter-
observer consistency. Larger volumes on T2 may results from the fact that 
distinguishing between oblique sectioned rectal wall and tumor can be 
difficult. Consequently, this area can become delineated as tumor, thereby 
increasing volumes dramatically. Such difficulties mainly depend on image 
quality, resolution and angulation of images. Volume differences observed in 
this study might therefore have been larger than those found by Regini et al. 
[58] or than those observed in prostate MRI delineation-studies [57,65]. 
Analysis investigating the center of mass indicated that the delineated 
structures were often close to one-another and that most had comparable 
shapes. The shortest maximal distance between contours, an important 
measure for radiotherapy planning purposes, furthermore indicates the close 
localization of contours between observers. Nevertheless, some contour-
regions remained widely separated. In our study this was more distinct on T2 
than on DWI images, and regions with the largest separation were later 
reviewed to depend on delineated artifacts. As artifacts may always arise on 
MR images, it is difficult to reach perfect conformity. Nevertheless, we are 
positive that MRI provides a feasible and safe method for GTV delineation.  
This study was initiated under the assumption that regions which are most 
likely to contain tumor are most important when considering a boost in order 
to reach a clinical complete response (cCR). With lack of a gold standard – i.e. 
pathologic validation – it remains impossible to know how well delineations 
actually represent true tumor. Unfortunately, pathologic validation of 
delineations remains difficult in the setting of neo-adjuvant treatment since 
pre-radiotherapy delineations are hard to compare with pathologic results 
retrospectively since tumors often shrink and deform as a result of 
chemoradiation. Therefore, we have to assume in this study that an area 
delineated by multiple observers is most likely to contain tumor. We must also 
emphasize that this study focuses solely on identifying delineation consistency 
between observers, and that it does not aim to identify which regions truly 
contain tumor, i.e. does not focus on delineation accuracy. Furthermore, T2 
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and DWI sequences may both be prone to marginal missing of low density 
tumor spread, but this does not play a role when aiming to identify a GTV area 
and is inherent to resolution and quality of MR scans. Nevertheless, we feel 
that in this study image quality has been optimal and that this is certainly no 
less compared to standards used in current literature. By only boosting the 
region most likely to contain tumor, i.e. the GTV, surrounding healthy-tissue 
can potentially be spared whereas boosting an entire CTV would also irradiate 
healthy tissue. To boost only the GTV is of particular benefit in regard to 
functional outcomes in case a cCR is followed up by watchful waiting instead of 
radical surgery. When watchful waiting is applied, the same MR sequences 
may not only play a role in delineation of tumors, but may also be used to 
select patients with a cCR. For this purpose MR sequences are being optimized 
and new sequences are being developed, such as functional (DWI, MR 
spectroscopy) and very high-resolution 7 Tesla. These modalities are currently 
also under investigation in our institution [30,66] in order to provide a 
comprehensive (MR-based) watchful waiting strategy to patients in the future.  

MRI-based delineation in rectal cancer is relatively new. Nowadays there is 
only one study available that investigated inter-observer agreement [58]. 
Unfortunately, this study did not calculate CIs or Fleiss’ kappa’s as measures of 
inter-observer agreement, but only compared volumes between observers (as 
discussed above). In comparison with prostate cancer studies on delineation 
agreement, we showed a considerably higher conformity on multiparametric 
(0.61) [56], T2w (0.61) and DWI (0.51) [57] imaging. This encourages to use of 
MR for GTV delineation instead of CT, which is the current standard for CTV 
delineation. Delineation of GTV volumes on CT resulted in contradictory 
volumes when compared to MRI GTV volumes [53,55], which is most likely 
dependent on worse soft-tissue contrast on CT. Whereas CT is primarily used 
to define CTVs, CT-based CTV delineation showed comparable conformity 
indexes to what we obtained in this study for MR-based GTV delineation [44]. 
Although the CT-based study by Nijkamp et al. was not aimed to identify 
delineation-uncertainties for boost purposes, their presented uncertainty-level 
indicates to what extent uncertainty is accepted in current routine clinical 
practice. Nevertheless, there are some studies that boost entire CTVs based on 
these uncertainties. They either use CT-based CTV or box techniques, thereby 
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taking for granted comparable – or even larger – uncertainties [9]. Remarkably, 
toxicities observed in these studies are comparable between boost (≥60 Gy) 
normal dose (50 Gy) [9]. It seems thus safe to boost mesorectal regions, and it 
may be even better acceptable to boost a GTV based on MR imaging, than to 
boost a CTV based on CT imaging, because both uncertainties are comparable 
and dose delivered outside a CTV is potentially more damaging to healthy 
tissue than dose delivered outside a GTV which still stays within the CTV. 

One of the strengths of our study is that we used an adapted DWI-sequence, 
i.e. the SPLICE-DWI, to eliminate geometrical distortions in our DWI images. 
Because we obtained geometrically correct DWI-images we could co-register 
DWI images to T2 images with close-to-perfect anatomical overlap. This 
improved anatomical interpretation of the images and thereby benefitted our 
delineations. Because DWI-SPLICE acquisition is slower than other DWI 
sequences, only 2 b-values could be acquired per patient, reducing accuracy of 
ADC quantification. However, for delineation purposes it is more essential to 
obtain geometrically correct images than producing robust ADC-values. We 
choose to use b = 800 images because of our previous experience with this b-
value [25,26,28,67]. Nevertheless, acquiring multiple b-values images can be of 
added value when performing qualitative assessment or when artifacts are 
encountered. Another strength of this study is that a delineation guideline was 
developed upfront and that a training-set was provided to all observers. This is 
not standard in delineation studies, and not done in the previous rectal cancer 
MR delineation study [58], but may help to reduce delineation inconsistency 
[44]. This emphasizes the need for training, consensus and experience in 
delineation practice. In routine practice however, processes of peer-review 
and supervision are already common. Therefore, when MR-guided delineation 
becomes integrated into practice, development of guidelines and building 
experience under supervision are paramount since they may reduce toxicity in 
patients. 

We acknowledge our study has limitations. A first limitation is that artifacts 
were delineated as tumor. Although instructions included how artifacts 
needed to be identified (by checking ADC maps) and although clinical 
information was available, artifacts sometimes remained difficult to distinguish 
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from tumor (as described above). Especially in the rectum where movement 
and air accumulation exist, motion and susceptibility artifacts can arise. While 
most images in our study lacked artifacts, one patient had an artifact that was 
unrecognized and delineated by our most inexperienced observer. This 
produced an unrealistically large dCOM and HD for this patient. This 
emphasizes the existence of a learning-curve in regard to recognition of 
artifacts, especially on DWI images. In experienced observers DWI-delineation 
by can consistent, which was previously indicated by comparing volumes after 
repeated delineation in one observer [67] and the finding of an excellent 
reproducibility of mean ADC-values performed by multiple observers [68]. To 
improve DWI-delineation consistency, image optimization through increased 
voxel sizes and/or reduction of the number of averages may improve signal-to-
noise-ratio, thereby reducing artifact occurrence. Other measures to eliminate 
bowel movement are however not recommended [69]. Although artifacts 
occurred in our study, we feel that DWI possesses great potential to be used 
for delineation as long as sufficient experience exists and geometrical 
distortions are minimized. 

In the near future, interest to use MRI for delineation of pelvic tumors will 
likely increase [70–73]. As experience will grow, MR sequences may even be 
used to deliver non-homogenous doses since functional sequences can be used 
to indicate where regions with the highest tumor cell-density are located. 
These areas may need a higher dose than other regions in order to obtain cCR. 
Our data imply that T2 images result in tumor sizes 3 times that on DWI, 
implying that boosting a T2-delineated GTV could lead to unnecessary healthy-
tissue irradiation. Especially considering that in our study rectal wall was 
sometimes delineated as tumor. Or, the other way around, that DWI 
delineations underestimate tumor size and response-rates might not improve 
as was anticipated because not all of tumor cells are targeted. Another issue 
that should be taken into account when boosting a GTV is tumor movement 
during radiation. In a previous study of our group it was shown that 95 % of 
the distance of tumor movement, i.e. intrafraction motion, was limited to 
2.3 mm during 90 % of the scan time (of one minute) [39]. This indicates that 
tumor motion during radiation is limited, and that margins needed to correct 
for tumor motion during radiation consist of less than twice the distance of 
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margins needed to correct for inter-observer variability. Together, these 
distance parameters may result in small margins surrounding the tumor. The 
use of IGRT in this setting is paramount since this can provide real-time day-to-
day information on tumor location and potentially on motion patterns. Besides 
that DWI sequences can be used for delineation-purposes, they may also be 
used for response-monitoring during treatment. Acquiring DWI-images during 
treatment may in the future give rise to novel adaptive strategies that 
generate new treatment plans according to the observed remaining cell-
density at each day/week during treatment. To develop such individualized 
treatment plans, reliability of DWI-images and inter-observer consistency 
during treatment should be investigated first. 

In conclusion, our study presents MRI-based GTV-delineation with good 
agreement between observers. Delineation on DWI resulted in the smallest 
volumes compared to T2 or a combination of these sequences. Conformity 
indexes were similar between sequences, even though delineated volumes 
were smaller on DWI. Also, the Hausdorff distance on DWI was smaller than on 
T2, which indicates that, in our dataset, delineation consistency on DWI was at 
least comparable to T2. However, a golden standard lacks for validation of 
delineations and imaging artifacts remain an issue. Overall, our results indicate 
that MRI-based GTV-delineation is feasible for boost purposes as long as DWI 
is optimized, experience is sufficient, and consensus is reached between 
multiple observers. 
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Appendix 
 

 

Figure A: Examples of T2 (A and C) and DWI (B and D) images acquired on the Ingenia (A and B) 
and Achieva (C and D) scanners. 
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Abstract 
Purpose: Few data is available on rectal tumor shrinkage during preoperative 
chemoradiotherapy (CRT). This regression pattern is interesting to optimize 
timing of dose escalation on the tumor. Methods: Gross tumor volumes (GTV) 
were contoured by two observers on magnetic resonance imaging (MRI) 
obtained before, weekly during, 2–4 weeks after, and 7–8 weeks after a 5-
week course of concomitant CRT for rectal cancer. 
Results: Overall, 120 MRIs were acquired in 15 patients. A statistically 
significant tumor volume reduction is seen from the first week, and between 
any two time points (p < .007). At the end of CRT, 46.3 % of the initial tumor 
volume remained, and 32.4 % at time of surgery. PTV measured 61.2 % at the 
end of treatment. Tumor shrinkage is the fastest in the beginning of treatment 
(26 % / week), slows down to 7 % / week in the last 2 weeks of CRT, and finally 
to 1.3 % / week in the last 5 weeks before surgery. 
Conclusions: The main rectal tumor regression occurs during CRT course itself, 
and mostly in the first half, with shrinking speed decreasing over the course. 
This suggests that a sequential boost is preferably done after the elective 
fields, yielding an average PTV-reduction of 39 %. A simultaneous integrated 
boost strategy could benefit from adaptive planning during the course. 
 

Introduction 
The standard of care for locally advanced rectal cancer is preoperative 
chemoradiotherapy (CRT) followed by total mesorectal excision (TME) surgery 
[74]. CRT decreases the risk of local recurrence, and can downsize the tumor, 
thereby increasing the chance of a radical resection. In around 15–20 % of 
patients, tumor reduction yields a pathological complete response (pCR), i.e., 
no tumor is found in the resection specimen [75]. Hence, an organ 
preservation strategy might be considered in patients with a clinical complete 
response after CRT [76], and such a ‘wait and watch’ strategy may result in the 
same clinical outcome as surgery [77]. 
Therefore, it is of interest to maximize the complete response rate. Since this 
rate is dose-dependent [29,46,78,79], dose escalation on the primary tumor, a 
boost dose, is attractive [9]. The boosted volume should however be kept to a 
minimum, in order to limit any increase in toxicity. A boost dose can be 
delivered sequentially (before or after the regular radiotherapy course) or as a 
simultaneous integrated boost (SIB), combining the elective dose and the 
boost dose in the same delivery [80,81]. The volume to be boosted will depend 
on the chosen strategy and timing. For a SIB, it may prove beneficial to adapt 
the boost volume during treatment, if tumor regression during treatment is 
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common. This raises the question when the gross tumor volume (GTV) 
responds during treatment. Only two articles have assessed the GTV volume 
during CRT, and only at one time point [82,83]. A more precise volume–time 
curve can reveal the optimal timing for a tumor boost, and show whether 
adaptive radiotherapy (ART) is warranted when using a SIB approach. We 
therefore performed a prospective study in which the rectal tumor was 
evaluated every week during CRT. Magnetic resonance imaging (MRI) 
evaluation was chosen over CT imaging because of its superiority in rectal 
tumor visualization.  
 
Methods 
Patients and treatment 
Patients with a biopsy-proven adenocarcinoma of the rectum (cT3–4 N0–2), 
referred for preoperative CRT, were prospectively included. The trial was 
approved by the ethical committee (NL31131.041.10), and all patients signed 
informed consent. 
Patients received standard preoperative CRT treatment according to institution 
guidelines including standardized bladder filling instructions. Irradiation dose 
was 50 Gy in 25 fractions of 2 Gy, delivered in 5 weeks on workdays combined 
with oral capecitabine (Xeloda® , Roche, Basel, Swiss) b.i.d. (two times a day). 
No special clinical preoperative evaluations were planned, since response 
prediction was not the aim of this study. 
 
Magnetic resonance imaging 
Eight MRI scans sessions were performed for every patient: before therapy, 
weekly during 5 weeks of treatment, 2–4 weeks after CRT, and 7–8 weeks after 
CRT (shortly before surgery). MRI was performed in treatment position 
(supine), using a flat table-top on a 3T MRI scanner (Philips Achieva and Philips 
Ingenia 3TX, Best, the Netherlands). Anatomical T2w and diffusion weighted 
images (DWI) were acquired. T2w imaging was acquired on a resolution of 0.47 
x 0.47 mm2 (Philips Achieva) or 0.82 x 0.82 mm2 (Philips Ingenia), with a slice 
thickness of 3 mm. 
Since, we aimed to evaluate a potential boost volume, the GTV of the primary 
tumor was contoured on axial T2-weighted images [38], by two experienced 
radiation oncologists independently, for every MRI scan. Resulting contours 
were compared by Dice similarity coefficients. In case of a dissimilarity (Dice 
< 0.7), the contours were discussed and a consensus contouring reached, 
otherwise the mean volume was noted. Planning target volumes (PTVs) were 
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created using expansions of 7 mm laterally, 11 mm anteroposterior and 13 mm 
craniocaudally around the GTV [30]. 
 
Statistics 
Volumes at different time points were compared with paired t-tests, after 
checking normality. To compensate for these multiple comparisons (n = 7), α 
was set at 0.007, according to the Bonferroni correction. A cubic interpolation 
of PTV measurements was done to enable finding optimal adaptation time 
points. 
 
Results 
Overall, 120 MRIs were acquired in 15 patients, after exclusion of one patient 
without MRI baseline. Patient characteristics are shown in Table 5. Most 
patients presented with cT3 disease (n = 13/15). Initial GTV volume ranged 
from 16 to 138 cc. After initial contouring of all MRIs, Dice similarity between 
observers was 0.76 ± 0.17 on average. Dice measured > 0.7 for all MRIs of 
13/15 patients. Consensus delineations were obtained for the remaining two 
patients. 
 

Table 5: Patients characteristics. 

 
 
In almost all patients, tumor shrinkage was clearly visible in the first 2 weeks of 
CRT (Figure 9 and Figure 10). One patient showed no response during CRT and 
suffered local progression before planned surgery. He was however included in 
all analyzes. 
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Figure 9: Example of tumor regression over time in a single patient (sagittal T2-weighted 
images). Decrease in GTV volume (red) is already visible in the first week of CRT. 
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Figure 10: Evolution of target volumes (mean ± standard deviation) over time, relative to 
baseline volume, for GTV (red) and PTV (blue). N =15. Asterisk (*) denotes significant difference 
with previous time-point (p < .007). Other ρ values range between .01 and .07 

On the whole, a statistically significant reduction is seen in Week 1 (measuring 
point averagely after 3.9 days of treatment), and also between any other two 
time points (Figure 10, Table 6). GTV measured 46.3 % of the initial volume in 
the fifth week of CRT, and 32.4 % at time of surgery (Table 6). Initial tumor 
volume had no influence on the relative shrinkage. PTV reduction was less 
pronounced, with a remaining volume of 61.2 % at the end of treatment 
compared to the initial PTV. 
 
Table 6: Average PTV boost volume reduction using different adaptive 

 
Tumor shrinkage rate is the fastest in the beginning of treatment 
(26 % / week), slows down to 7 % / week in the last 2 weeks of CRT, and finally 
to 1.3 % / week in the last 5 weeks before surgery (Figure 11(A), percentages 
relative to initial tumor volume).  
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Figure 11: Speed of GTV shrinkage over the CRT course (mean ± standard deviation). (A) Absolute 
shrinkage per week (expressed in % relative to the baseline volume). (B) Shrinkage relative to the 
previous measurement (% / week). (N = 15; Post 1 and 2: respectively 2–4 weeks and 7–8 weeks 
post CRT). 

Table 7 shows the average PTV reduction that can be obtained with different 
adaptive strategies, either by adapting a SIB plan (12.4–21.6 % reduction of 
baseline PTV volume) or with a sequential boost after the regular course (39 % 
reduction). 
 
Table 7: Average PTV boost volume reduction using different adaptive strategies 

 
 
Discussion 
We aimed to determine the regression pattern of rectal tumors during CRT. 
Based on our evaluation, shrinkage starts already in the first week of CRT, and 
continues up to the time of surgery (Figure 10), albeit slowing down. The 
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majority of tumor regression therefore occurs during CRT (54 % reduction of 
the GTV), which can have important consequences on boost strategies. 
Naturally, PTV reduction is less pronounced (Figure 10), since an important 
part of the planning volume is created by applying a fixed uncertainty margin. 
Yet, with an average PTV reduction of 69 cc (39 %), adapting the target volume 
can prove worthwhile, depending on the boost strategy chosen. 
A first option is a simultaneous boost (SIB) strategy, with the advantage of 
integrating different dose levels within a single treatment fraction. It seems 
then interesting to adapt the boosted volume to the shrinking tumor (Table 7). 
Adapting at one time point (halfway the course) already yields a reduction of 
12.4 % of the average PTV, when the whole course is taken into account. 
Providing more adaptation points improves the benefit, but differences 
become smaller. A daily modification provides the maximum advantage of the 
SIB approach: 20 % when every new plan is taken into use the next fraction 
and 21.6 % if the daily plan is used on-line immediately. The exact impact of 
these strategies on dosimetry should be explored. The interest in ART is 
increasing, but practical considerations restrain broad clinical use, among 
which the high workload of recontouring and replanning [84]. Of course, more 
frequent adaptation brings more workload. The balance between workload 
and benefit can be assessed in Table 7, together with the optimal adaptation 
time points in function of the number of adaptations. Systems such as the MRI 
linac aim to improve the adaptation workflow with high quality online soft-
tissue imaging and automatic non-rigid contour propagation [22]. 
A second strategy is a sequential boost dose delivery after the regular CRT 
treatment. The treatment duration is then slightly prolonged, but this 
additional fractionation can also provide radiobiological advantages [85]. The 
main benefit of this approach is however boosting the smallest tumor volume 
obtainable (Figure 10), and minimizing irradiation of organs at risk. This is 
especially important in the context of an organ preservation strategy, where 
also rectal dose becomes meaningful, since late rectal toxicity is associated 
with rectal volume receiving ≥60 Gy [86,87]. The shrinkage benefit amounts 
39 % of PTV volume, almost twice the benefit of an adaptive SIB approach 
(Table 7), which can easily be explained by the fact that a SIB starts at fraction 
1 and for sequential boost the optimal time is awaited. Lastly, delivering the 
boost separately could make target positioning more precise, since the elective 
fields don’t have to be reckoned with. 
Until present, the pattern of rectal tumor shrinkage during CRT was unknown. 
A linear (fixed volume over time) or an exponential regression (fixed 
proportion over time) was expected. On Figure 11(A), the decrease of the 
speed from 26 % / week to 7 % / week seems exponential, which could mean 
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the velocity decreases at the same rate as the tumor. However, plotting the 
weekly reduction over the current tumoral volume (Figure 11(B)) does not 
yield a fixed percentage of the tumor volume. Instead, even in relative sense, 
the regression in the first half of CRT (~22 % per week) is faster than in the last 
half (circa 13 % / week). A plausible explanation is that the remaining volume is 
also the most radioresistant part of the tumor, despite fractionation benefits 
such as reoxygenation. This provides an additional motive for boosting at the 
end of the treatment. Alternatively, tumor cell kill could be proportionally 
constant during the entire treatment, with other phenomena, such as a 
decrease of edema and/or of inflammatory cell infiltration, accounting for the 
early regression. 
The most important limitation of this study is the limited number of patients, 
which is inherent to the detailed methodology. However, the results were 
consistent over different patients, and the resulting MRI tumor volume of 32.4 
% after CRT is in line with the values of 26.7–33.5 % described in other articles 
[88–93]. Due to the limited number of patients no definitive conclusions can 
be drawn on the predictive potential of the volume regression observed in our 
study. 

Conclusion 
The main rectal tumor regression occurs during the CRT course itself, and 
mostly in the first half, with speed of shrinkage decreasing over the course. 
This increases the advantage of a boost after the elective fields: boosting the 
smallest volume possible, which is by definition also the most radioresistant 
part of the tumor, since it is the remaining portion after the elective fields. A 
significant PTV reduction of 39 % can be reached this way. On the other hand, 
SIB approaches could benefit from adaptive planning during the course, with a 
maximum advantage of 21.6 % in PTV volume, when calculated over the entire 
treatment course. 
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Abstract 
 

Purpose: Radiotherapy for rectal cancer is associated with uncertainties due to 
daily differences in rectal filling. This daily variation might influence CTV and 
GTV. Controlling rectal filling might reduce target position uncertainties. 
Purpose of this study is to assess daily variations in rectal filling and the 
influence on CTV and GTV. Additionally, the use of the rectal diameter as 
measure for detecting abnormal rectal fillings and target positions is 
evaluated. 

Material and Methods: Two MRI datasets were used; one where patients were 
scanned daily during one week of radiotherapy, to evaluate fluctuations in 
rectal filling in clinical practice and the impact on CTV and GTV (16 patients, 
N=76 scans). And one to evaluate maximal GTV displacements and CTV 
deformations, where patients were scanned twice, once with the rectum 
artificially filled and once without rectal preparation (9 patients, N=18 scans).  

For GTV, center-of-gravity motion was taken as measure for displacement. For 
CTV and rectum, the difference in anterior-posterior diameter as measure for 
deformation. To evaluate the influence of rectal filling on target position, 
correlations between GTV displacement or CTV deformation and rectal 
deformation were determined. Furthermore, GTV displacements were 
compared based on the amount of observed rectal deformation.  

Results: Average differences in rectal filling of 30% were found, resulting in 
maximal GTV displacement and CTV deformation up to 30 and 20mm. 
Correlation between CTV and rectal deformation was observed (r=0.69, 
p<0.001). Significantly less tumor motion was found when rectal diameter or 
volume differences were below a threshold of 7mm or 10%. 

Conclusion: Substantial daily fluctuations in rectal filling were found and 
associated with GTV displacement and CTV deformation. It was shown that 
reduction in daily fluctuations of rectal filling will result in less target 
variations. The anterior-posterior rectal diameter is a good measure to detect 
abnormal rectal filling and target positions.  
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Introduction  
Radiotherapy in the pelvic region is associated with uncertainties due to daily 
differences in filling of pelvic organs, like the rectum. The influence of the 
varying rectal volumes on target volume position can be significant as shown in 
prostate and cervical cancer patients [94–96]. For rectal cancer, varying filling 
of pelvic organs can lead to large margins needed to ensure coverage of the 
clinical target volume (CTV) [41,43,97–102]. The exact contribution of rectal 
filling variances to this margin is unknown.        

Due to the growing interest in boost radiotherapy for rectal cancer, the exact 
tumor position becomes of greater importance [9]. Uncertainty in tumor 
position requires large margins to ensure coverage which may harm 
surrounding healthy tissue and lead to more toxicity [103]. As the rectal tumor 
is part of the rectal wall, the tumor position will be dependent on rectal filling.  

Since CTV shape and gross tumor volume (GTV) position are mainly influenced 
by the daily fluctuating rectal filling [99], margins needed to ensure target 
coverage may possibly be reduced by controlling i.e. stabilizing, the rectal 
volume. When the rectal filling is daily verified online, abnormal situations can 
be detected and avoided, thereby reducing the fluctuations and stabilizing the 
rectal filling.  

The efficacy of such stabilization of rectal filling throughout the course of 
treatment depends largely on the ability to determine the rectal filling with 
respect to planning CT. Furthermore, it has to be proven that the change in 
rectal filling can be a good predictor for target position instability. Also, for a 
clinical implementation, this method needs to be easy and fast to perform in 
an online setting. Measuring the rectal diameter in anterior-posterior direction 
can be easily performed. Therefore, this measurement could be a good 
candidate substitute for rectal filling. 

To investigating the change in rectal diameter as a surrogate for target position 
instability in clinical practice, we used a dataset of daily imaging during the 
course of radiotherapy treatment. Most of the fluctuations in rectal filling that 
will be observed in such a clinical dataset will be around the average 
fluctuation. Extreme differences will, by definition, be rare in the dataset. To 
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be able to assess whether the relationship between difference in rectal filling 
and target position also holds in more extreme cases, we also investigated a 
dataset of patients where the rectum was filled artificially. 

The purpose of this study is to assess the magnitude of daily variations in rectal 
filling and the influence hereof on the GTV and CTV. Furthermore, the use of 
the rectal diameter as measure for detecting abnormal rectal fillings and target 
positions is evaluated. 

Materials and Methods 
Patient data 
Two MRI datasets were used for this retrospective study. One to evaluate 
target displacements due to daily fluctuations in rectal filling in clinical 
practice; the standard RT dataset. And another dataset to investigate 
maximum target displacements due to extreme rectal filling; the artificially 
filled, full rectum dataset. Written informed consent to use the imaging data 
was acquired from all patients. 

The standard RT dataset consists of sixteen patients (13 male/ 3 female). These 
patients were scanned daily in treatment position (supine), during one week of 
short course radiotherapy (5 times 5 Gy). Scans were performed on a 1.5 T 
Philips Intera magnetic resonance imaging (MRI) scanner using a flat table top. 
For four patients, one MRI scan could not be performed due to logistical 
reasons, resulting in a total of 76 scans. The protocol consisted of a T2w TSE 
with an image resolution of 0.62 mm * 0.62 mm and a slice thickness of 4.0 
mm. The mean (range) age was 60.4 (43-72) years and included TNM stages 
were T2-3, N0-1 and M0-1. 

The full rectum dataset consists of nine patients (4 male/ 5 female) who were 
scanned twice using MRI, resulting in a total of 18 MRI scans. First, on a 1.5 T 
Philips Achieva MRI scanner in a situation where the rectum is filled for 
diagnostic purposes, using an ultra sound transducer gel (MRIfull rectum). The 
protocol consisted of a T1w FFE mDixon sequence with an image resolution of 
0.64 mm * 0.64 mm and a slice thickness of 4.2 mm. A second MRI is obtained 
two weeks later on a 3 T Philips Ingenia MRI scanner without rectal 
preparation (MRIstandard rectum). This protocol consisted of a T2w TSE with an 
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image resolution of 0.82 mm * 0.82 mm and a slice thickness of 3.0 mm. The 
mean (range) age was 56.5 (33-76) years and TNM stages included were T3-4, 
N0-2 and M0.  

On all scans the tumor and rectum were delineated by an experienced 
radiation oncologist and all scans were aligned on bony anatomy with the first 
acquired scan, which mimics daily position verification protocols. Thus, for the 
standard RT dataset all scans were aligned on the MRI of the day of the first 
fraction and on the full rectum dataset the standard situation MRIs were 
registered to the MRIs with the filled rectum.  

Displacement analysis 
To evaluate displacements due to fluctuating rectal anatomy the following 
differences between the first MRI and all daily MRIs for standard RT dataset 
and between MRIstandard rectum and MRfull rectum for the full rectum dataset were 
determined.  

As a quantification of GTV displacement, the difference in center of gravity 
(COG) between the MRIs was determined for each tumor; ∆COGtumor. To 
quantify the difference in rectal and CTV diameter, the diameter of the rectum 
and CTV was determined in the anterior-posterior direction at the height of 
the sacral s4-s5 junction and through the central plane of the patient, 
respectively ∆Diameterrectum and ∆DiameterCTV. Around this location a strong 
relationship between rectal and CTV motion exists [99]. The rectal diameter 
was measured from rectal wall to rectal wall and the CTV diameter was 
determined by taking the distance from the sacrum to the anterior mesorectal 
fascia border (Figure 12). Since the sacrum is a fixed bony structure, the 
difference in DiameterCTV is a measure for the displacement of the anterior 
CTV border. Furthermore, for standard RT dataset, also the difference in rectal 
volume; ∆Volumerectum was determined. 
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For the standard RT dataset an analysis for GTV displacements was performed, 
in which the scans were divided into two groups; small and large rectal 
variation. This differentiation was done twice; once on volume and once on 
diameter difference; ∆Volumerectum and ∆Diameterrectum respectively. 

 

Figure 12: Example of measured diameter of CTV (red) and rectum (yellow) overlaid on mid-
sagittal T2-weighted MRI of pelvic area. The diameter of the rectum is measured from rectal wall 
to rectal wall. The CTV diameter is measured from sacrum to anterior mesorectal fascia. 
Diameters are measured at height of the sacral s4-s5 junction. 

Statistical analysis 
For both patient datasets, mean and ranges of tumor displacements and both 
rectal and CTV diameter differences were determined. To evaluate the 
influence of rectal filling on CTV deformation, correlation was determined 
between rectal and CTV diameter change for both the standard RT and the full 
rectum dataset.  

To evaluate the displacement of the tumor due to the extreme filling of the 
rectum in the full rectum situation, mean and range of tumor displacement 
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were determined. Furthermore, tumor displacement was tested for 
significance using a one sample t-test.  

To evaluate the influence of rectal filling on tumor position in the standard RT 
dataset differences between the small and large rectal variation groups were 
assessed using a Mann–Whitney U test. This was done for both thresholds 
based on volume and rectal diameter. For all statistical analysis, p-values of p < 
0.05 were considered as significant. 

Results 
In the standard RT dataset, daily rectal volume differences during one week of 
radiotherapy treatment were on average 25.1 ml (range 0.0 – 112.9 ml) or 30% 
(range 0 – 147 %) and daily tumor displacements were on average 5.3 mm 
(range 0.7 - 30.1 mm). An example of varying rectal filling can be found in 
Figure 13. 

 

Figure 13: Example of varying rectal filling during radiotherapy treatment, i.e. within the 
standard RT dataset. The left image was acquired on the first day and the right image on the 
second day of treatment. On the second day, the rectum was fuller as compared to the first day, 
thereby deforming the central part of the anterior CTV border. The CTV, rectum and bladder are 
outlined in red, purple and green respectively. 

In the full rectum dataset, tumor displacements between the filled and 
standard rectum situation were on average 23.3 mm (range 12.7 – 45.2 mm). 
These tumor displacements due to filling of the rectum were significantly 
different from zero; t(8) = 6.4,  p < 0.001. 
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Furthermore, anterior CTV border displacements were found up to 20 mm in 
the standard RT dataset and up to 33 mm in the full rectum dataset. Significant 
Spearman correlations were found between ∆Diameterrectum and ∆DiameterCTV 
for the standard RT dataset; r = 0.69, p < 0.001, and for the full rectum dataset; 
r = 0.92, p = 0.001. A scatter plot of ∆Diameterrectum and ∆DiameterCTV for both 
datasets can be found in Figure 14. 

 

Figure 14: Scatter plot of differences in CTV and rectal diameters in mm. The results of the 
Standard RT and the Full Rectum dataset are depicted by the blue circles and by the red squares 
respectively. Note: in the Full Rectum group diameter difference are all positive due to the filling 
of the rectum with ultra sound transducer gel. 

In the Standard RT dataset, significantly more tumor displacement was 
observed when the rectal volume differed more than 10% (p=0.002) or the 
rectal diameter difference was more than 7 mm (p=0.030) (Figure 15). 
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Figure 15: Tukey boxplots of daily GTV displacement, differentiated by amount of rectal 
displacement into groups of small and large rectal variation. Differentiation was done on rectal 
volume difference; less (small rectal variation) or more (large rectal variation) than 10% volume 
difference (right) or 7 mm diameter difference (left). All values are in mm. 

Discussion  
This is the first paper to investigate the influence of varying rectal filling on 
tumor position. It shows that both CTV and GTV are influenced by daily 
differences in rectal filling and that the displacements of CTV borders and GTV 
can be considerable. Furthermore, substantial fluctuations in rectal filling 
during radiotherapy were found in daily clinical practice. 

GTV displacements due to filling of the rectum were observed in all patients. In 
Standard RT these displacements were, although not observed on all days and 
smaller in size compared to the Full Rectum, still occurring frequently and 
large; up to 30 mm. Performing dose escalation on such unstable targets 
results in the tumor being not adequately boosted or that large margins are 
needed. Thereby boost dose is being deposited in surrounding (healthy) 
tissues, potentially leading to increased toxicity. Also due to the fact that these 
boost treatments can be given in a low number of fractions, the effects of 
over- and underdosage due to difference in rectal filling can become more 
pronounced. 

A correlation between the anterior CTV border displacement (i.e. 
∆DiameterCTV) and rectal diameter was found. This coincides with findings by 
Nijkamp et al. [99], where a correlation was found between rectal volume 
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variation and anterior mesorectal motion. Evaluation of the rectal diameter is 
a simple and practical method for a daily evaluation in clinical practice with 
little imaging requirements, e.g. the measurement could be performed on a 
single mid-sagittal 2D image. The rectal diameter is defined in anterior-
posterior direction at the height of the sacral s4-s5 junction, where both the 
CTV is the most mobile and where the highest correlation between rectal 
volume variation and CTV motion is present, as described Nijkamp et al. [99]. 
Whilst this method only incorporates the rectal diameter change at this height, 
we show that this measurement, being at the most mobile location, is still 
good for evaluating CTV displacement daily (see Figure 14). Benefit of this 
simple rectal diameter measurement is that it can be easily performed online 
on daily imaging, making it easy to implement in clinical practice. 

In clinical practice, daily fluctuations in rectal volume were observed to be 
substantial, resulting on average in CTV and GTV displacements of 6 and 5 mm, 
respectively. Reduction of fluctuations in rectal filling can reduce position 
uncertainty for both CTV and GTV as shown in Figure 14 and Figure 15. Many 
different methods for bowel preparation have been investigated in literature, 
especially in the field of prostate cancer, however stabilizing the rectal volume 
can be cumbersome [104]. A practical and non-invasive approach can be to 
avoid extreme rectal fillings during treatment, which we apply in a rectal boost 
trial at our institution [105]. Online measurement of the (difference in) rectal 
diameter on daily imaging can be an easy way to detect extremes rectal filling 
and thereby extreme target positions. In such a situation a patient can be 
asked to defecate and a new setup can be performed. It is therefore also 
important to avoid extreme rectal filling at the time of planning CT. 

The effect of fluctuating rectal filling in clinical practice can be multiple. For 
instance, in the case where an abnormal rectal volume occurs at the time of 
the planning imaging, random errors in target position can become systematic 
errors, resulting in inadequate target coverage, thereby leading to under 
dosage of the target. When in such a situation stabilization of rectal filling is 
performed, target coverage will be adequate again, since random errors at 
planning imaging will not propagate as systematic errors as easily. 
Furthermore, rectal volume tends to regress during treatment and thereby 
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rectal mobility is reduced during treatment, as shown by Maggiulli et al. [106]. 
Controlling the rectum filling will reduce systematic errors due to this rectal 
volume regression and thereby the dosimetric impact of this rectal mobility. 

Furthermore, the most common margin recipe defines treatment margins such 
that in 90% of the population 95% of the target is covered by at least 99% of 
the prescribed dose [12]. Therefore, margins are largely determined by the 
extremes of the population and in 10% of the population the planning target 
volume (PTV) dose will not cover the CTV adequately. Treatment margins 
defined on a population where the extremes are reduced e.g. by stabilizing the 
rectal filling, will be substantially smaller since 90% of the population is 
covered by a smaller margin. When rectal volumes are stabilized, PTV margins 
can be redefined on a population with stabilized recta, resulting in smaller 
margins. However, further research should be performed prior to reduction of 
treatment margins. But even without margin reduction and already applicable 
in current clinical practice, reduction of extreme fluctuations in rectal filling 
will lead to target coverage in more than 90% of the population. 

A connection between both tumor and CTV-border displacement and the 
extent of rectal filling was established by this paper. This shows that, when 
daily fluctuations of rectal filling are reduced, more stable target positions will 
be achieved. Furthermore, an easy to measure surrogate for rectal filling, and 
thereby also for target stability was found. This opens up the possibilities to 
perform an online check to avoid the treatment of patients with abnormal 
rectal filling. Therefore, by using this insight in clinical practice, systematical 
misalignments can be avoided and treatment margin might be reduced.  

Conclusion 
 

Both GTV and CTV positions are influenced by the amount of rectal filling. In 
clinical practice, daily fluctuations in rectal filling can be frequent and 
substantial. Reduction of daily fluctuations in rectal filling results in less CTV 
deformation and GTV displacement. An online measurement of the rectal 
diameter can be used to detect patients with abnormal rectal filling and thus 
stabilize the rectal filling during treatment. 
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Abstract 
Background: Rectal cancer patients that show a pathological complete 
response (pCR) after neo-adjuvant chemo-radiotherapy, have better prognosis. 
To increase pCR rates several studies escalate the tumor irradiation dose. 
However, due to lacking tumor contrast on online imaging techniques, no 
direct tumor setup can be performed and large boost margins are needed to 
ensure tumor coverage.  

The purpose of this study was to evaluate the feasibility of performing a setup 
on rectal wall for rectal cancer boost radiotherapy, thereby using rectal wall 
surrounding the tumor as tumor position surrogate.  

Methods: For sixteen patients, daily MRI’s were performed during one week of 
radiotherapy. On each of these images, tumor and rectum were delineated. 
Residual displacements were determined per surface voxel after setup on bony 
anatomy or rectal wall and setup errors for both setups were compared. 
Furthermore for every tumor surrounding rectal wall voxel, displacement was 
compared with the closest tumor point and correlation was determined. 

Results: Mean (SD) setup error was 2.7 mm (3.3 mm) and 2.2 mm (3.2 mm) 
after setup on bony anatomy and rectal wall respectively. Nevertheless, similar 
PTV-margin estimates i.e. 95th percentile distances, were found; 8.0 mm. Also, 
a merely moderate correlation; ρ=0.66 was found between rectal wall and 
tumor displacement. Further investigation into tumor and rectal mobility 
differences showed that the rectal wall lacks appropriate anatomical 
landmarks to find true displacements, especially to capture motion along the 
rectal wall.  

Conclusions: Setup on rectal wall slightly reduces mean setup errors but 
requires a similar PTV-margin as compared to setup on bony anatomy. Rectal 
mobility might be similar to tumor mobility, but due the absence of anatomical 
landmarks in the rectum, displacements along the rectal wall are not detected 
on current online imaging. Therefore, to further reduce tumor position 
uncertainties, direct or indirect online tumor visualization is needed. 
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Background 
The treatment paradigm for rectal cancer is changing with the introduction of 
organ sparing alternatives for patients responding well to neoadjuvant therapy 
[4]. As the response to neoadjuvant radiotherapy is dependent on the 
irradiation dose, several dose escalation studies using external beam 
radiotherapy or brachytherapy are currently being conducted [9,29]. 

External beam radiotherapy dose escalation is challenging as the target, the 
rectal tumor, is not visible on online cone beam computed tomography (CBCT) 
imaging (Figure 16). One way to overcome this problem is to perform a setup 
on a surrogate for the rectal tumor position on the CBCT. Traditionally, this is 
done by using the pelvic bony anatomy as a position surrogate for setup [107]. 
Since rectal tumors originate from the rectal wall, which has visibility on CBCT, 
the rectal wall might be a better position surrogate for the tumor due to the 
close proximity. Due to this proximity, similar mobility for tumor and rectal 
wall is often assumed in literature [100,101,106], but was never investigated.  

 

Figure 16: Transverse images of the lower abdomen of a rectal cancer patient using different 
imaging modalities. The images are of the same patient, depicting the same location through the 
rectal tumor. On the left; MRI, in the middle; computed tomography (CT) and at the right; CBCT. 
The tumor is delineated in red on the MR image. Note: on CT and CBCT images, there is contrast 
between the rectum and surrounding mesorectal fat, but no contrast between the rectum and 
the tumor. 

To investigate the feasibility of a setup on rectal wall, magnetic resonance 
imaging (MRI) can be used, since it provides contrast for both tumor and rectal 
wall (Figure 16). Mobility of these structures has to be investigated separately 
since the contrast of the tumor, which is not present on the online CBCT 
imaging, might influence the derived mobility of the rectal wall. When rectal 
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wall and tumor mobility are investigated separately, rectal wall mobility on 
CBCT and MRI imaging will be similar. 

As with every surrogate, some errors in tumor position will remain, whether 
this is a standard setup on bony anatomy or a setup on rectal wall. To quantify 
the benefit of using the rectal wall as tumor position surrogate, errors in tumor 
position after both a setup on rectal wall and a setup on bony anatomy can be 
compared. 

The purpose of this study was to test the feasibility of using the rectal wall as 
position surrogate for the rectal tumor during rectal cancer boost 
radiotherapy. We therefore quantified how large setup errors were in case of a 
set-up on rectal wall as compared to a traditional set-up on bony anatomy, by 
using consecutive MRI scans. Additionally, we determined the correlation 
between mobility of the tumor and the rectal wall surrounding the tumor. 

Methods 
Data acquisition 
16 patients, diagnosed with a local rectal tumor (T2-3, N0-1, M0-1) were 
included after written informed consent was obtained.  Patients received five 
daily radiotherapy fractions of 5 Gy to the clinical target volume (CTV), i.e. the 
mesorectum and the iliac, obturator and pre-sacral lymph nodal regions. 
Within a medical research ethics committee approved study, these patients 
were scanned daily on a 1.5 T MRI scanner (Philips Intera, Philips medical 
systems, Best, The Netherlands), prior to each fraction of radiotherapy 
resulting in five MRI scans per patient. For 4 patients, one MRI scan could not 
be made due to logistical reasons, resulting in a total of 76 MRI scans to be 
analyzed. Patients were scanned in treatment position (supine) on a flat table 
top using a 4 element body coil. Scanning protocol consisted of T2 weighted 
(T2w) and diffusion weighted imaging (DWI). T2w imaging was acquired on a 
resolution of 0.62 x 0.62 mm2, slice thickness of 4.0 mm, and the number of 
slices was 30. A repetition time (TR) of 3713 ms and an echo time (TE) of 
120 ms were used. DWI was performed with a resolution of 1.87 x 1.87 mm2 
and a slice thickness of 4.0 mm. The number of slices was 40 and b-values of 0, 
200 and 800 [s/mm2] were chosen. 
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To evaluate the mobility the rectal wall and tumor separately, rectum and 
tumor were delineated on each MRI scan by an experienced radiation 
oncologist. Delineations were made on the T2w scan with DWI next to it as a 
guideline, using our in-home developed multi-modality delineation software 
[108]. 

Setup on bony anatomy 
For each patient, the first scan was considered as the reference scan and 
rigidly registered to each daily scan, mimicking the set-up on bony anatomy 
which is performed prior to each fraction of radiotherapy. These rigid 
registrations were done using the ‘Euler’ registration of the Elastix toolkit [40]. 
Registration accuracy was checked by visual inspection of bony alignment and 
errors were found to be limited to one voxel.  

Using the transformation matrix of the registration, delineations of the tumor 
and rectum of the reference scan were propagated to each daily scan. To 
determine the non-rigid displacements, distances between the reference 
delineation and all daily delineations were determined per surface voxel, for 
rectum and tumor separately. These distances were determined using the 
bidirectional local distance measure as described by Kim et al. [109].  

By mapping the repeated delineations, we were able to evaluate rectal 
mobility independently of tumor mobility. In this way we can use MRI, where 
both rectal and tumor contrast is present, to evaluate a CBCT guided situation, 
in which merely rectal wall contrast is present. To determine the errors after 
setup on bony anatomy, mean and standard deviation were determined of all 
tumor displacements. Furthermore a cumulative distribution function of these 
displacements was calculated. The 95th percentile of this cumulative 
distribution function was taken as a planning target volume (PTV) margin 
estimate for compensating these bony anatomy setup errors. 

Setup on rectal wall 
To determine the errors after a setup on rectal wall, also a setup on rectal wall 
was performed. We therefore defined a position surrogate based on the 
rectum delineation on the reference scan, taking only that part of the rectal 
wall close to the tumor.  More precisely, by taking that part of the rectal wall 
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that lies within a 1 mm expansion of the tumor. A graphical example of how 
this position surrogate was defined can be seen in Figure 17A. 

 

Figure 17: Schematic sagittal overview of used method. (A) The position surrogate was defined as 
that part of the rectal wall (red) that lies within a 1 mm expansion (dashed blue) around the 
tumor (blue). (B) For both tumor and position surrogate (i.e. part of the rectal wall surrounding 
the tumor), distances between the reference (solid lines) and daily (dotted lines) delineations 
were determined. For all points of the position surrogate the corresponding i.e. nearest, tumor 
point was determined. As an example, displacements for a pair of corresponding points of the 
position surrogate and tumor are shown by the arrows. As measure of how well position 
surrogate and tumor mobility are in agreement, Pearson’s correlation was determined between 
displacements of each pair of corresponding points, i.e. the correlation between the green and 
blue arrow, for all points of the position surrogate. 

The rectal wall of the reference scan is aligned with the rectal wall on each 
daily scan and the reference tumor delineation was transformed accordingly. 
This alignment was done for each day, by applying the mean displacement of 
the position surrogate, i.e. the tumor surrounding rectal wall, as a setup 
correction.  

After this setup on rectal wall, tumor displacements were determined similar 
to the setup on bony anatomy i.e. the local displacements between the 
reference delineation and all daily delineations were determined per surface 
voxel using the bidirectional local distance measure. We then determined the 
errors after setup on rectal wall by determining the mean and standard 
deviation of all displacements, similar to the setup on bony anatomy. 
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Furthermore, a cumulative distribution function was calculated to determine a 
PTV-margin estimate for compensating these rectal wall setup errors.  

To analyze the performance of the setup methods, both setup errors and PTV-
margin were then compared between setup on bony anatomy and rectal wall.  

Comparison of rectal wall and tumor mobility 
To define how well tumor and position surrogate mobility are in agreement, 
correlation between displacements of tumor and position surrogate, i.e. rectal 
wall surrounding the tumor, was determined. Therefore the residual 
displacements after bony set-up were compared. This was done by a voxel-by-
voxel comparison of the displacements of both tumor and rectal wall. Hereby, 
the displacement of each voxel of the tumor surrounding rectal wall was 
compared to the displacement of the closest voxel of the tumor reference 
delineation as can be seen in Figure 17B. The tumor and rectal wall 
displacements between the reference delineation and all daily delineations 
were compared.  

Statistical Analysis 
To determine the effectiveness of a setup on rectal wall we performed the 
following statistical analysis.  

To check for differences in setup errors for the tumor between a setup on 
bony anatomy and a setup on rectal wall, we performed a two tailed paired t-
test. Furthermore the Pearson’s correlation coefficients between tumor and 
position surrogate displacements were determined. All P-values; p ≤ 0.05 were 
considered as significant. 

Results 
We determined the residual tumor displacement after setup, i.e. the mean 
setup error, for setup on bony anatomy and position surrogate (rectal wall). 
The mean setup errors were 2.7 mm (standard deviation (SD) 3.3 mm) and 
2.2 mm (SD 3.2 mm) for setup on bony anatomy and position surrogate, 
respectively. Mean setup errors per patient can be seen in Figure 18. 
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Figure 18: Scatter plot of the mean setup error per patient for setup on bony anatomy and rectal 
wall i.e. tumor position surrogate. The median is indicated with the black horizontal line and the 
standard deviation by the vertical whiskers. 

In order to assess the required margins to compensate for setup errors after 
setup on bony anatomy or rectal wall, cumulative distribution functions were 
determined (Figure 19). The required PTV-margin estimate, i.e. the 95th 
percentile of the residual displacements, was 8.0 mm for both the setup on 
bony anatomy and rectal wall. 

For the comparison of displacement of tumor and tumor surrounding rectal 
wall, a moderate correlation between the two was found; r = 0.66 and 
p ≤ 0.001. An example of mismatch between tumor and tumor surrounding 
rectal wall displacement can be seen in Figure 20. 

Discussion 
This is the first study to investigate the feasibility of performing a setup on 
rectal wall for boost delivery, thereby using the rectal wall close to the tumor 
as a surrogate for tumor position. We furthermore investigated the correlation 
between daily rectal wall and tumor displacements. For a tumor position 
surrogate to be feasible, high correlations are needed to provide accurate 
tumor positions. The lower correlations are, the larger and more frequent 
errors in tumor position will be.  
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Figure 19: Cumulative distribution plot of residual displacements i.e. setup errors, after setup on 
bony anatomy and rectal wall i.e. tumor position surrogate. The level of the 95th percentile of 
the setup error is indicated by the dashed line. 

 

Figure 20: Delineations of the rectal wall (yellow) and tumor (purple) on a sagittal MRI scan. The 
dashed delineations are overlaid from a different treatment day. Note the difference in amount 
of displacement and direction, between rectal wall and tumor (cyan arrows). 
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Although a moderate correlation between rectal wall and tumor position was 
found, only a slight reduction in setup errors was observed; the mean setup 
error was reduced by 0.5 mm (from 2.7 to 2.2 mm). The 95th percentile 
distance, which is the PTV-margin estimate that includes 95 % of the target 
surface, was similar for both setup methods. This suggests that no reduction of 
PTV-margin can be achieved by performing a setup on tumor surrounding 
rectal wall over a setup on bony anatomy. A setup on rectal wall thus requires 
similar margins as compared to setup on bony anatomy, but results in a slightly 
smaller setup error on average. 

The merely slight reduction of setup errors and the intermediate correlation 
coefficient found indicate that either tumor and rectal wall move more or less 
independently or that the observed rectal wall displacement on imaging is an 
over- or under-estimation of true rectal wall displacement. Further 
investigation into individual cases shows the latter is the case, as can be seen 
in Figure 20. Displacement was defined as the distance between repeated 
delineations. In the example in Figure 20, we observe tumor displacement in 
cranial-caudal (CC) direction, resulting in displacement along the rectal wall 
contrast border. When displacement for the rectum is considered, this 
displacement in cranial-caudal direction will not be captured since no contrast 
is available along the rectal wall, nor are there anatomical landmarks present 
except for the tumor itself, that will guide image registration in an online 
setting. This results in a difference in observed rectal wall and tumor 
displacement. A more general and schematic explanation can be seen in Figure 
21. When the rectum is simplified as a tube, in absence of landmarks on 
imaging as for instance on CBCT, distensions can be seen on imaging because 
they occur perpendicular to the image contrast. However both rotations and 
displacements along the rectum cannot observed since they occur parallel to 
the image contrast. 
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Figure 21: Schematic explanation of undetected mobility in absence of imaging contrast. The 
rectum is simplified as a tube, having only contrast with its surroundings and no internal 
anatomical landmarks, similar to the contrast of the rectal wall on CBCT. Distensions can be 
detected in this situation since displacements occur perpendicular to the image contrast (green 
arrows). However, rotations as well as displacements along the tube, e.g. cranial-caudal 
movement in case of the rectum, cannot be observed detected since they occur parallel to the 
image contrast (red arrows).  

Determining the rectal wall displacement by matching delineations of the 
rectum or registering online CBCT images to prior imaging, will therefore result 
in an unrealistic solution in such a situation. In this paper, we have chosen to 
determine displacements by matching delineations using a local bi-directional 
distance measure, mimicking a CBCT guided situation, to evaluate whether the 
observed rectal wall displacements are in concordance with tumor 
displacements.  When we would apply image registration to determine 
displacement of the rectal wall between the repeated MRIs, this displacement 
would be estimated (more) correctly since the tumor in situ acts as an 
anatomical landmark for the registration.  However, since in current clinical 
practice CBCT neither provides this tumor contrast nor other anatomical 
landmarks, an image registration based method cannot be used to investigate 
the feasibility of a setup on rectal wall for CBCT guided (adaptive) radiotherapy 
due to the presence of tumor contrast in our MRI scans.  
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Several studies were done to derive (estimates of) tumor PTV-margins based 
on rectal motion statistics, thereby making the assumption that tumor and 
rectal wall moves alike [100,101,106]. All these studies were performed on 
CBCT, which does not provide adequate contrast to assess true rectal wall 
displacement. When rectal motion statistics are characterized in such a setting, 
correlation between rectal and tumor motion is limited as shown by this study.  

A study that both quantified tumor and rectal mobility by Brierley et al. 
reported the largest tumor motion in CC direction, which might explain the 
poor performance of a rectal wall-based tumor position surrogate [41]. 
Unfortunately, the study by Brierley could not quantify mobility in CC direction 
for the rectum due to limitations of their methodology, and therefore could 
not detect potential differences in tumor and observed rectal mobility. 

Although the rectal wall close to the tumor might have the same mobility as 
the tumor itself, this motion cannot be found due to the lack of anatomical 
landmarks along the cylinder shaped rectum, especially in CC direction. Since 
tumor mobility is highest in CC direction as reported by [41], it is not advised to 
define tumor PTV-margins based on rectal wall mobility. Alternatively, tumor 
positions can be found online by direct tumor visualization using online MRI as 
proposed by Lagendijk et al. or by indirect tumor visualization, i.e. by inserting 
fiducial markers into the tumor as described by Moningi et al. [23,110]. 

Conclusions 
A setup on rectal wall reduces setup errors slightly on average, but requires a 
similar PTV-margin as compare to a setup on bony anatomy. Although the 
mobility of the tumor surrounding rectal wall might be similar to the tumor 
mobility, one cannot use rectal wall mobility as surrogate for tumor mobility. 
This is explained by the fact that displacement of the rectal wall and tumor 
along the direction of the rectal wall will not be detected due to the absence of 
anatomical landmarks. Observed rectal wall displacement on imaging can 
therefore be an over- or underestimation of tumor displacement. To further 
reduce uncertainties in rectal cancer boost radiotherapy, direct or indirect 
online tumor visualization is needed. 
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Abstract 
Reduction of motion uncertainty by applying adaptive radiotherapy strategies 
depends largely on the temporal behavior of this motion. To fully optimize 
adaptive strategies, insight in target motion is needed. Purpose of this study 
was to analyze stability and evolution in time, of motion uncertainty of both 
the tumor (GTV) and clinical target volume (CTV) for patients with rectal 
cancer.  

We scanned 16 patients daily during one week on a 1.5 T MRI scanner in 
treatment position, prior to each radiotherapy fraction. Single slice sagittal 
cine MRIs were made at the begin, middle and end of each scan session, for 
one minute at 2 Hz temporal resolution. GTV and CTV motion were 
determined by registering a delineated reference frame to time-points later in 
time. The 95th percentile of observed motion (dist95%) was taken as a measure 
of motion. 

The stability of motion in time was evaluated within each cine-MRI separately. 
Evolution of motion was investigated between the reference frame and cine-
MRIs of a single scan session and between the reference frame and cine-MRIs 
of days later in the course of treatment. This observed motion was then 
converted into a PTV-margin estimate. 

Within a one minute cine-MRI scan, motion was found to be stable and small. 
Independent of time-point within the scan session, the average dist95% remains 
90% of the time below 3.6 mm and 2.3 mm for CTV and GTV respectively. 

We found similar motion over time-intervals from 18 minutes to 4 days. When 
reducing the time-interval from 18 minutes to 1 minute, a large reduction in 
motion uncertainty is observed. A reduction in motion uncertainty, and thus 
PTV-margin estimate, of 71% and 75% for CTV and tumor was observed, 
respectively. Time-intervals of 15 and 30 seconds yield no further reduction in 
motion uncertainty, compared to a 1 minute time-interval. 
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Introduction 
The introduction of intensity modulated radiotherapy (IMRT) for neo-adjuvant 
chemo-radiotherapy (CRT) treatment of patients with rectal cancer, has led to 
a more conformal treatment with less normal tissue irradiated. In current 
radiotherapy treatments, in about 15% of the patients a pathological complete 
response is observed [3]. Additionally, a boost dose can be delivered to 
increase this pathological complete response rate [9,30]. However, to 
compensate uncertainties due to inter- and intra-fraction motion, and patient 
positioning errors, a planning target volume (PTV) margin is needed to ensure 
target coverage. This leads to a larger treatment volume and possibly overlap 
with organs at risk (OAR), resulting in a higher OAR dose and thereby more 
toxicity.  

Adaptive radiotherapy allows PTV margin reduction by reducing these 
uncertainties, at the cost of a more complex and/or labor intensive treatment. 
Where traditionally, adaptive radiotherapy is used to compensate for inter-
fraction motion, developments in online imaging allow to compensate for 
intra-fraction motion and set-up inaccuracies. Recent developments in MRI-
guided radiotherapy [23] allow adaptive radiotherapy on both inter- and intra-
fraction time-scale for rectal cancer boost treatments, due to rectal tumor 
visibility on MRI. 

In general, complexity rises as adaptation is performed more frequently. To 
find the optimal trade-off between adaptation and/or imaging frequency and 
the complexity of the treatment, insight in the evolution of uncertainties in 
time is needed. Also what type of adaptation strategy is best e.g. gating, 
trailing or tracking, and the needed adaptation time-interval, depends on the 
type and frequency of observed motion. Up to now, there is hardly any 
knowledge of intra-fraction motion in rectal cancer [98,111], let alone the 
implications of this motion for adaptive radiotherapy.  

Aim of this study is to gain insight in the extent of motion uncertainty and its 
stability and evolution in time of both CTV and GTV of rectal cancer patients. 
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Materials and methods 
Data acquisition 
Sixteen patients, diagnosed with early stage rectal cancer were included this 
study (see Table 8). These patients received a short-course, 3 dimensional 
conformal radiotherapy (3DCRT) consisting of 5 times 5 Gy during one week, 
prior to surgery. 

Table 8: Patients characteristics. 

Patients (n) 16 
Age (mean, range) 60.4 (43-72) 
Gender male/female (%) 13/ 3 (81%/19%) 
T stage  

T2 9 (56%) 
T3 7 (44%) 

N-stage  
N0 8 (50%) 
N1 8 (50%) 

Metastasis 1 (6%) 
Distance from anal verge in cm  

  

6.3 (2-12) 
  

Within a medical research ethics committee approved study, these patients 
were scanned daily, one hour prior to each treatment fraction of 3DCRT, on a 
1.5T MRI scanner (Philips Intera, Philips Healthcare, Best, The Netherlands). 
Each scan session consisted of the following scans; T2-weighted (T2w) and 
diffusion weighted imaging (DWI), for delineation purposes and three mid-
sagittal single slice cine-MRIs (balanced Fast Field Echo’s; bFFE), to quantify 
intra-fraction motion at different timescales. Cine-MRIs, were acquired for the 
duration of one minute at a frequency of 2 Hz; at the begin (t = 0:00 min), 
middle (t = 9:30 min) and end of the scan session (t = 18:00 min). The first five 
frames of the cine-MRIs were discarded from the motion analysis, since 
contrast is still changing due to the balanced nature of the scan, and the sixth 
frame was considered as the reference frame for the motion analysis. For four 
patients, one scan session could not be performed due to logistical reasons, 
resulting in a total of 76 scan session and 228 cine-MRIs. The scanning 
parameters of the cine-MRI are; sagittal bFFE with TR/TE of 3.30/1.65 ms, a flip 
angle of 50°, matrix-size of 224 x 244, a pixel size of 1.43 x 1.43 mm and a slice 
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thickness of 7 mm for 120 time points at a frequency of 2 Hz. T2 scanning 
parameters were; a T2 turbo spin echo (TSE) with TR/TE of 3713/120 ms, flip 
angle of 90°, matrix size of 512 x 512, a voxel size of 0.63 x 0.63 mm, a slice 
thickness of 4 mm, total number of slices was 30 and the  number of signal 
averages was 3. 

Delineations 
For each scan session, delineations were made on the T2w scan by an 
experienced radiation oncologist, according to guidelines [44]. Gross tumor 
volume (GTV) i.e. the tumor, clinical target volume (CTV) and rectum were 
delineated on the T2w scan using our in-house developed delineation 
software: Volumetool [62]. The GTV consisted of the primary tumor and the 
CTV consisted out of mesorectum and iliac, obturator and presacral lymph 
node regions. For the delineation of the GTV, the DWI scan was used as a guide 
next to the T2w scan. These 3 dimensional (3D) delineations were then 
transferred to the sagittal 2 dimensional (2D) cine-MRIs.  

 

Figure 22: Example of delineations which are transferred from a 3D T2w scan to a single slice 2D 
sagittal cine-MRI. On the left, a transverse and sagittal slice are shown of the 3D T2w scan. On 
the right, the single slice 2D sagittal cine-MRI is shown. The CTV is delineated in green, the tumor 
in red. The position of the cine-MRI slice is indicated by the purple line in the transversal T2w 
scan. 

T2w transverse 
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Motion analysis 
Motion of delineated structures, i.e. displacement and/or deformation, was 
investigated on different timescales, using the 2D cine-MRIs. This was done by 
registering the frame of the reference time point (tREF ), to frame of the 
investigated time point (ti ). For every delineated surface voxel, the 
deformation vector field (DVF) of the registration was used to determine the 
motion from tref to t i, for that  voxel. The length of the vector was taken as 
displacement distance. As a measure of motion, the 95th percentile distance 
(dist95%) of all surface voxels was calculated per investigated time point. This 
dist95% is the distance that incorporates 95% of the surface voxels at the 
investigated time point.  Analysis was performed, to evaluate both the stability 
of motion as well as the evolution of motion in time. 

Figure 23: Schematic overview of analysis. The stability analysis consist of registering the 
reference frame of each cine-MRI scan to each frame of that same scan, indicated by the blue 
arrow in the top of the figure. The motion evolution analysis consists of registering the reference 
frame of the begin scan to the frames, 15, 30 and 60 seconds later in time of the same scan, the 
first frames of the Mid and End scan and, the first frame of the begin scan of the scan session Δ n 
day(s) later in time (depicted by the red arrows in the bottom part of the figure). 

Motion stability 
To evaluate the potential stability of motion within a scan session, motion 
within a one-minute time frame at different time points in the scan session, 
was evaluated. The reference frame was registered to all frames of that scan, 
for each scan session and for the begin, middle and end scan separately (see 
Figure 23; upper/blue arrows). Differences in motion, i.e. dist95%, within scans 
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at different time points (begin, mid and end) were checked using a Kruskal-
Wallis test. 

Motion evolution in time 
To quantify the potential gain of adaptive radiotherapy, evolution of motion 
over time was evaluated by registering the reference frame to different time 
points, both within the same scan session and to scans of scan sessions later in 
time (see Figure 23; lower red arrows). Thereby investigating motion on a 
timescale of seconds, minutes and days, respectively, 15, 30 and 57 seconds, 
9:30 and 18:00 minutes and 1, 2, 3, and 4 days. 

Seconds and minutes 
For the analysis of the motion within a single scan, the reference frame of the 
each 2D cine-MRI was registered to frames at time points 15, 30 and 57 
seconds.  For the analysis over minutes, the reference frame of the begin scan 
was registered to the reference frames of the mid and end scan. 

Days 
For the analysis over days, the T2w scans were registered to all T2w scans of 
treatment days later in time. This results in registrations over time periods of 
one, two, three and four days (Δ1day, Δ2days, Δ3days and Δ4days, 
respectively). Motion of the delineated voxels on the 2D cine-MRI were 
evaluated using the 3D DVF of the T2w scan. The 3D motion vector was then 
projected on the 2D cine-MRI slice to get the 2D motion within the imaging 
plane, which is similar to the analysis between 2D cine-MRIs.  

The motion analysis over a one day time period (Δ1day) was checked for 
similarity in time using a Friedman test. In this manner we checked for 
potential differences over time e.g. from day 1 to day 2, day 2 to day 3, day 3 
to day 4 and day 4 to day 5. In absence of these time trends, data over the 
same time period (Δ day ) but with different starting days, can be pooled to 
increase the amount of data. For example, for the Δ2 days analysis, next to the 
data from day 1 to day3, also data from day 2 to day 4 and day 3 to day 5 can 
be used. Pooling data results in an increase in data from n = 16 for every time 
period, to n = 60, 44 and 28 for time periods of Δ1 day, Δ2 days and Δ3 days, 
respectively. 
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From motion to margins 
To get insight in how PTV margins change under influence of the motion 
evolution in time we determined a margin estimates based on the observed 
motion. We defined the PTV margin estimate as the distance that includes 95% 
of the surface voxels (dist95%) in 90% of the observed cases, for that time point. 
These margin estimates are then expressed as a percentage, with the highest 
observed motion in time as the 100% PTV margin estimate, for each target 
structure separately. 

Image registration 
All registrations were performed using the Elastix software package [40]. For 
both 2D and 3D registration, the non-rigid B-spline transform was used. This 
consisted out of a multi-resolution approach using three resolutions of b-spline 
grids i.e. 40, 20 and 10 voxels, the adaptive stochastic gradient descent 
optimizer and the advanced Mattes mutual information metric. Registered 
images were visually checked for alignment. For the 3D registrations, a rigid 
bony alignment using the ‘Euler’ transform, was performed prior to the non-
rigid registration. This being similar to the daily alignment on bony anatomy, 
typically performed prior to each RT treatment fraction. 

Statistical analysis 
We performed the following statistical test to check for differences in the data.  
In order to check for differences in observed dist95% motion between begin, 
mid and end cine-MRI scans, of all patients and all days, a Kruskal-Wallis test 
was used. We used a non-parametric test, since not all data was normally 
distributed. To check for potential time trends in motion extent, we checked 
for differences in motion for Δ1day registrations of different treatment days. 
Since data was non-normally distributed we used a Friedman test to test for 
differences in the repeated measurements over time. We furthermore tested 
whether the observed motion uncertainty over different time-intervals is 
different from the uncertainty over a 15 second time-interval by comparing the 
distributions pair-wise using a (non-parametric) Mann-Whitney U-test. P-
values <0.05 were considered as significant. All statistical tests were performed 
using Graphpad Prism 6.05 for windows (Graphpad Software, La Jolla, 
California USA). 
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Results 
The results of the analysis of the motion on a one minute time-scale at the 
begin, mid and end of the scan session are shown in Figure 24. For both CTV 
and GTV, we observed similar motion in the begin, mid and end scan, with 
more extremes observed in the begin scan. The Kruskal-Wallis test gave no 
reason to assume difference in median motion in time (P=0.88). 

When combining all one minute data, regardless of the time point within the 
scan session, the cumulative motion as percentage of a one minute interval is 
shown in Figure 25. Within this one-minute timeframe, the average dist95% 
remains 90% of the time below 3.6 mm and 2.3 mm for the CTV and GTV 
respectively.  
 

 
Figure 24: The mean 95th percentile distance during a one minute scan at different time points 
within the scan session. The center line represents the median and the ‘+’ the mean. For every 
patient, all days are included in the analysis (N=76). 
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Figure 25: The cumulative 95th percentile distance (dist95%) as percentage of a 1 minute time-
period. The mean over all scans; the expected dist95%, is depicted in green and red for CTV and 
GTV respectively. Note: this graph shows what percentage of a one minute time-period a certain 
dist95% is to be expected, not when within this one minute that will be. 

 

Figure 26: Box-and-whisker plots of 95th percentile distances over time. Motion is shown, on a 
time-scale from seconds to days, for CTV (upper) and tumor (lower). The required PTV-margin 
estimate i.e. the dist95% that includes 90% of all cases is shown by the red dashed line. A ‘*’ 
above a boxplot indicates significant different motion compared to t=15 seconds (p<0.05). The 
number of data points (n) in each boxplot is indicated below the graph, per time point. 
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We checked the stability of the motion over the course of treatment. We 
found similar dist95% and median motion over the treatment course for the 
GTV, CTV and rectum. The Friedman test showed no significant difference 
(P=0.48) in mean Δ1day motion between different starting days. We were 
therefore able to pool the data for further analysis, increasing the number of 
observations for motion analysis over one or multiple days. 

Results of the analysis of motion over the whole treatment; with the time-
interval  ranging from 15 seconds to four days are shown in Figure 26. We 
observed a strong increase in motion over time-intervals longer than 1 minute, 
which reaches a plateau after 18 minutes. Up to 1 minute and from 18 minutes 
up, observed dist95% is fairly stable. The distance that includes 90% of the cases 
is shown by the dashed red line as a measure of margin estimate. The 
corresponding (percentual) reduction of this margin estimate is shown in 
Figure 27. 

Figure 27: The reduction in margin estimate as function of the adaptation time-interval for the 
CTV and tumor. Note: the required margin estimate is scaled to the highest observed motion in 

time, per target structure. 

Discussion 
For rectal cancer, intra-fraction motion is hardly investigated upon [98,111], in 
contrast to inter-fraction motion which is widely investigated 
[41,43,97,99,100,106,112,113]. The few data on intra-fraction motion in rectal 
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cancer, are based on rigid displacements of the bony anatomy, and does not 
provide the needed insight to develop adaptive radiotherapy strategies. 
Furthermore, the influence of the rectum on intra-fraction motion is 
investigated in prostate cancer patients [114–116], but due to the presence of 
pathology in-situ, it is questionable if and how, this knowledge translates to 
rectal cancer patients.  

The data presented in this study is the first data on intra-fraction mobility of 
the target structures, i.e. CTV and tumor, in rectal cancer. Also, this is the first 
study to show evolution of motion from intra-fraction to inter-fraction 
timescale, allowing to fully evaluate potential reduction in motion 
uncertainties that can be achieved by adapting radiotherapy strategies and 
selecting optimal time-intervals for adaptation. 

Motion stability  
The observed motion within one minute scans is stable and small, with an 
average dist95% under 2 mm for both CTV and tumor. We found no significant 
difference in observed motion for the duration of the scan session, although 
we observed some extremes at the beginning of the scan session, for both CTV 
and tumor. This might be explained as some patients being tense at the 
beginning of the scan session, who relax again as they get used to the flat 
treatment table. For the implementation of adaptive strategies, motion 
uncertainty is only dependent of on the adaptation interval and not on the 
time since start of the treatment. 

When this one minute motion is cumulatively expressed as a percentage of the 
observed time, we observe that in 90% of the time motion is below 3.6 mm 
and 2.3 mm for CTV and tumor respectively.  In an adaptive radiotherapy 
setting that uses exception gating, this can be interpreted as 90% of beam-on-
time using gating window sizes of 3.6 and 2.3 mm for the CTV and tumor, 
respectively. 

Stable motion patterns were found during the one week course of treatment. 
We found no significant difference in observed motion between days 1 and 2, 
2 and 3, 3 and 4, and 4 and 5, for CTV as well as tumor. This coincides with the 
findings in literature [99,100] that no volume regression of the mesorectum; 
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which is the main portion of the CTV wherein the tumor resides, takes place 
during the first week of radiotherapy. We were therefore able to pool time-
intervals of the same length but different starting days, thereby increasing the 
total number of data points for the time-intervals over one or more days.  

Motion evolution 
The evolution of motion is similar for CTV and tumor, the only difference is 
that motion uncertainty is slightly smaller at each time-interval for the tumor 
compared to CTV. 

The largest increase in motion is found from one minute to 18 minutes. The 
observed motion after 18 minutes is similar to motion observed over one or 
more days.  This suggests that motion over days is actually an accumulation of 
intra-fraction motion, which saturates already during a single fraction. This fact 
renders ‘plan of the day’ approaches only meaningful if imaging, planning and 
delivery can be done under 18 minutes, or additional image guidance is 
performed.  

Below one minute we observed stable motion, suggesting a one minute time-
interval for adaptation is optimal, and further reduction in adaptation interval 
yields no reduction in motion uncertainty. Motion uncertainty below one 
minute can only be reduced furthermore by ‘real-time’ adaptation approaches.  

Since the used imaging in this study mainly consisting of single slice cine-MRI, 
motion is considered in 2 dimensions; anterior-posterior (AP) and superior-
inferior (SI) direction. In cases where there is large through-plane motion, the 
2D motion is an under estimation of the real motion. The cine-MRI imaging 
plane was therefore placed sagittal through the tumor and the center of the 
CTV, covering the principal axis of motion and the most mobile part of the CTV, 
as described by literature on inter-fraction motion. We therefore expect the 
effect of through plane motion to be limited, especially since this motion is 
small compared to the 7 mm slice thickness of the cine-MRI. Nevertheless, 
motion in left-right direction is not considered in this study. Therefore for the 
time-intervals over days, where motion is determined in 3D, the 3D motion 
projected on the 2D cine-MRI imaging plane, for fair comparison with motion 
found in the 2D cine-MRI.  
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It is not straightforward to calculate PTV margins from this 2D motion data. 
Nevertheless, we can define a margin estimate based on the presented motion 
uncertainty whereby in 90% of the cases, 95% coverage is achieved. This 
margin estimate can be reduced when going from no adaptation to an 
adaptation interval of one minute by 71% for the CTV and 75% for the tumor. 
Also, since margins of the widely used margin recipe by van Herk [12] scale 
linear with motion, the observed percentual reduction is also expected for 
margins calculated with such a margin recipe.  

Conclusions 
We found motion to be stable over a one-minute time-interval, independent of 
the time-point within the scan session. We furthermore observed a similar 
motion uncertainty over time-intervals longer than 18 minutes i.e. intervals 
between 18 minutes and 4 days. Highest reduction in motion uncertainty is 
achieved when adapting with a one minute time-interval, resulting in a 
reduction of motion uncertainty of 71% and 75% compared to non-adaptive 
treatments, for the CTV and tumor respectively. Shorter adaptation time-
intervals i.e. 15 or 30 seconds, yield nu further reduction in motion 
uncertainty.
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8 Summary and General Discussion 

 
Summary 
This thesis focuses on filling the knowledge gaps for an effective introduction 
of MRI-guided boost treatments for rectal cancer. Also existing knowledge on 
CTV motion is redefined, using the benefits of MRI’s superior soft tissue 
contrast, thereby improving the standard treatment. 

In this thesis the preparatory steps for introduction of MRI-guided 
radiotherapy in rectal cancer are discussed. These steps include evaluating the 
limitations of the current standard of care CT-guided treatment and assessing 
where MRI-guided radiotherapy can reduce these limitations by using the 
benefits of the superior soft tissue contrast of the MRI. 

In Chapter 2 we investigated the mobility of rectal tumors. Therefore 32 
patients were scanned on a 1.5 T MRI; 16 patients were scanned daily during 
one week of short-course neoadjuvant radiotherapy. The other 16 patients 
were scanned weekly over five weeks of neoadjuvant CRT.  Tumors were 
delineated on each scan and all scans were matched on the bony anatomy of 
the first scan as is standard of care practice in the current standard treatment.  

For the tumor, based on center-of-gravity displacement, systematic and 
random errors were determined from day-to-day and week-to-week data 
separately. These errors were determined in LR, AP and CC direction and PTV 
margin estimates were calculated and evaluated on coverage.  For the day-to-
day analysis, systematic and random errors were found to be in the range of 
1.8 - 4.5 mm and 1.8 – 4.0 mm, respectively. For the week-to-week analysis, 
systematic errors were found to be in the range of 2.3 – 4.8 mm and random 
errors in the range of 1.5 – 3.3 mm. More systematic and less random errors 
were found for the week-to-week data compared to the day-to-day data. The 
PTV-margin estimates were found to give adequate coverage and differed only 
slightly between the two groups, this being in line with the data presented in 
Chapter 7.  

For (MRI-guided) dose escalation on the rectal tumor accurate target definition 
on MRI is required. In Chapter 3, inter-observer delineation variability for 
rectal tumors on MRI was quantified. For this study, 24 consecutive locally 
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advanced rectal cancer patients were scanned on 3T MRI. On these scans, 
three independent observers delineated the tumor on T2 weighted (T2w), 
diffusion weighted (DWI) and on a combination of T2w and DWI. Delineated 
volumes, conformity indices and average mean and maximal distances were 
compared between the observers, for each of the different MRI contrasts. T2w 
scans showed a significant larger delineated volume than DWI or on the 
combination of both. The mean conformity indices were 0.70, 0.71 and 0.69 
respectively, for T2w, DWI and the combination of both. The largest distance 
between the delineations of the tumors was on average 18.6 mm on T2w and 
14.4 on DWI. The mean distance between the delineations was on average 1.8 
mm and 1.5 mm for T2w and DWI, respectively. It was shown that MRI-based 
GTV delineation is possible with good agreement between radiation 
oncologists. Furthermore, delineation on DWI resulted in the smallest GTV 
volumes with similar or higher consistency in delineation between observers. 

To assess the best possible strategy for rectal tumor boosting during 
neoadjuvant CRT the pattern of tumor regression during CRT and prior to 
surgery was studied in Chapter 4. For this prospective study, fifteen patients 
with biopsy proven adenocarcinoma of the rectum were scanned eight times 
during the course of neoadjuvant treatment on a 3T MRI. A scan was made 
before therapy, five scans weekly during the course of CRT, one scan 2 to 4 
weeks after CRT and one scan 7 to 8 weeks after CRT (shortly before surgery). 
The tumor was delineated on each scan independently by two experienced 
radiation oncologist. Subsequently, GTV-PTV margins were added to the 
volume. Volume regression of both GTV and PTV were investigated in time. 
Thereafter, the impact of PTV-volume regression on different boost methods 
was quantified. Already in week 1, a significant GTV volume reduction 
compared to baseline was observed. GTV volumes were on average 46.3 % in 
the fifth week of CRT and 32.4 % at time of surgery, compared to baseline 
volumes. The main tumor regression takes place during CRT, mostly during the 
first half, with the speed of shrinking decreasing over time. In a boost 
treatment, tumor volume regression can result in an average boost volume 
reduction of up to 20 % for a SIB and 39 % for a sequential boost after CRT. 

In Chapter 5 the impact of rectal filling variations on radiotherapy target 
positions was investigated. Therefore, two patient groups were included in this 
study. In the first group patients were scanned daily during one week of short-
course of radiotherapy (N=16). This was done to investigate frequency and 



Summary and General Discussion 

97 

impact of rectal volume variations in clinical practice. In the second group 
patients were scanned twice, once with their rectum artificially filled and once 
without rectal preparation (N=9). This was done to investigate maximal GTV 
displacement and CTV deformations due to variations in rectal filling. As 
measure of displacement of the GTV, the center-of-gravity was taken. For the 
deformation of the CTV and rectum, the difference in AP-diameter was taken. 
Additionally, for the rectum also difference in volume was considered.  
Correlations were determined between the amount of rectal deformation and 
the GTV displacement or CTV deformation. Furthermore, the rectal diameter 
change was evaluated as measure for detecting abnormal rectal filling and 
target positions. Average rectal volume differences of 30 % were found in 
clinical practice. This results into GTV displacements and CTV deformations of 
up to 30 and 20 mm, respectively. Furthermore, significantly less tumor motion 
was observed when rectal diameter or volume differences were below a 
threshold of 7 mm or 10 %. We showed that a reduction in daily fluctuations of 
rectal filling will result in less target variation and that the rectal diameter in AP 
direction is a good and simple measure to detect abnormal rectal fillings and 
target positions. 

In Chapter 6 we investigated whether tumor position uncertainty could be 
reduced by performing a setup on the rectal wall instead of using the bony 
anatomy as in the current standard of care. For sixteen patients, daily setups 
were performed in silico twice; either on the rectal wall or on bony anatomy. 
The setup on the rectal wall was performed using that part of the rectal wall 
that is close to the tumor on planning imaging. Slightly smaller mean (SD) 
setup errors were found after setup on rectal wall compared to bony anatomy, 
respectively 2.2 mm (3.2 mm) and 2.7 mm (3.3 mm). Nevertheless, equal PTV-
margin estimates for the tumor were to compensate for the residual errors in 
both setups. Further investigation showed that, although rectal wall motion 
and tumor motion might be similar, due to the absence of anatomical 
landmarks on the rectal wall, motion along the rectal wall, is not captured on 
current online CBCT imaging.  

To be able to effectively design an adaptive radiotherapy treatment for rectal 
cancer, insight in how motion uncertainty grows in time is needed. Therefore, 
the evolution of motion uncertainty was investigated and the optimal 
adaptation interval determined in Chapter 7. For this study, we daily scanned 
sixteen rectal cancer patients during one week of neoadjuvant short-course 
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radiotherapy on a 1.5 T MRI. During each MRI session multiple scans were 
obtained, amongst which three one-minute cine-MRIs. These cine-MRIs consist 
of a single slice sagittal scan with a temporal resolution of 2 Hz, at the 
beginning, the middle and at the end of each MRI session. GTV and CTV motion 
were determined over time by registering a delineated reference frame to 
time-points later in time. As measure for motion, the 95th percentile of the 
observed motion was taken. In this way we were able to evaluate the 
evolution of motion uncertainty in time, from a time-scale of seconds to days. 
Furthermore, the stability of motion was investigated within each one-minute 
cine-MRI separately. Within a one-minute cine-MRI, motion was found to be 
stable and small, regardless of the time-point within the scan session. Also, 
over a time-interval from 18 minutes to 4 days, motion was found to be 
similar. When reducing time-intervals from 18 minutes to 1 minute, a large 
reduction in motion uncertainty is observed; 71 % and 75 % for the CTV and 
GTV, respectively. Reduction of time-intervals to 15 and 30 seconds yield no 
further reduction in motion uncertainty. Therefore, in adaptive boost 
radiotherapy for rectal cancer, an adaptation interval of 1 minute seems 
optimal and further reduction in adaptation intervals yield no further 
reduction in motion uncertainty. 

General discussion:  
Techniques in radiotherapy for rectal cancer improved in last decades from 2D 
x-ray-based treatments with large radiotherapy fields containing almost the 
whole pelvis to CT-guided treatments containing only the primary tumor, 
mesorectum and lymph node areas at risk for recurrence. The next major 
improvement in the treatment of rectal cancer will be the introduction of MRI-
guided radiotherapy. This potentially will lead to less uncertainty in target 
volume definition and position verification which will lead to smaller treatment 
fields with potentially less toxicity and the possibility for safe dose escalation 
on the rectal tumor.  

Neo-adjuvant radiotherapy 
In locally advanced rectal cancer, neoadjuvant CRT was initially added to 
surgery to increase the number of radical resections by downsizing the tumor 
and to reduce local recurrences. . The downsizing effect of the neoadjuvant 
CRT resulted in 15 % of the patients having a pathological complete response 
(pCR). These complete responder shown to have a better long-term outcome 
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compared to patient without pCR [3]. For patients with a complete response 
on imaging, a watch-and-wait strategy seems to be a safe alternative to 
surgery, when careful patient selection is performed [4,7,117,118]. In a watch-
and-wait procedure, direct surgery is omitted, and patients undergo a strict 
surveillance program. For patient selection of watch-and-wait candidates, 
adequate response assessment is essential. The use of MRI shows to be 
promising for response prediction in rectal cancer [8,25,26,28,119–121]. 

In current clinical practice, all patients receive the same treatment, regardless 
of tumor size, characteristics and their response to treatment. Radiobiology 
dictates that the required radiation dose needed to sterilize a tumor is 
dependent on the (clonogenic) tumor cell density [122]. This contradicts the 
current CRT treatment were tumor bulk, pathological nodes and the area 
suspected to have microscopic tumor invasion i.e. the CTV are all treated with 
the same radiation dose. Dose differentiation, based on (suspected) tumor cell 
density would be a logical improvement of current treatment, from a 
radiobiological point of view. For instance by escalating the dose to the tumor, 
which has been shown to increase the pathological complete response rates 
[9]. This could give more patients the better prognosis that complete 
responders have and make more patients eligible for watch-and-wait 
approaches. Currently, many clinical trials investigate the possibility to increase 
the dose to the tumor to increase this pCR rate. For adequate dose escalation, 
insight in the target mobility is needed. 

In Chapters 2 we substantiated boost PTV margins using MRI. These MRI-based 
GTV-PTV margins are smaller compared to ones used currently in dose 
escalation studies [9]. Together with conformal radiotherapy techniques, these 
reduced GTV-PTV margins allow dose escalation to the tumor with less dose to 
the OAR, compared to previous dose escalation studies. 

In rectal cancer, the main component that leads to CTV and GTV position 
uncertainty is the rectum itself [99]. In Chapter 6 we investigated if the rectal 
wall could be used as tumor position surrogate in CBCT-guided boost 
treatments. Since CBCT only provides contrast from the rectal wall to the 
lumen, and not along the rectal wall, tumor motion along the rectal wall 
cannot be captured fully. Position uncertainties are thereby hardly reduced 
compared to the traditional setup on bony anatomy. Given the increased 
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complexity of a setup on rectal wall, it is not preferred over the standard setup 
on bony anatomy. 

Another way to reduce the impact of geometric uncertainties due to rectal 
motility is by using a library of plans approach, whereby multiple treatment 
plans are created using a population-based CTV shapes model. The patients 
CTV is deformed into smaller and larger CTV-shapes using this model. Each 
day, the treatment plan of the best fitting CTV is chosen. Downside of this 
technique is that due to the stochastic nature of the rectal motility, it is 
difficult to model and quite some systematic and random errors remain, 
resulting in modest average PTV-volumes reduction of about 16 %  [123]. 
However most of this volume reduction was at the upper-anterior site of the 
mesorectum, close to radiosensitive OAR where motion is largest. In Chapter 5 
we presented a different, more practical solution, which we also employ in a 
boost trail at our institution [30]. Hereby, patients that have an abnormal i.e. 
large, rectal filling at online setup imaging or planning CT are asked to 
defecate. Afterwards a new setup is performed. Hereby extreme differences in 
rectal filling are avoided, thereby avoiding under dosage of the target or OARs 
moving into the high dose region. Additionally, when this approach is 
performed, extremes are consistently removed from the population 
distribution. In principle, PTV-margins could then be redefined on this new 
population distribution, which would lead to smaller margins.  

While MRI is now the standard modality for rectal cancer staging, delineation 
for radiotherapy planning is still more often done on CT. Since MRI provides 
contrast for all anatomical structures and tissue borders that make the CTV, 
inter-observer variability for MRI will be lower compared to CT. Therefore, a 
reduction of uncertainty in target definition can be achieved by a wider 
adoption of MRI for delineation in rectal cancer radiotherapy [21]. 
Additionally, the development of MRI-only workflows for the pelvic area could 
eliminate uncertainties due to image registration [124]. 

 

Online Adaptive Radiotherapy 
For rectal cancer radiotherapy, online adaptive radiotherapy (ART) is promising 
due to the fact that the uncertainties in rectal cancer are quite large and 
difficult to model, due to the stochastic nature of rectal motility. In online ART, 
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changes in the patient’s anatomy can be detected by online imaging and be 
accounted for by online adapting the treatment plan to the current anatomy. 
For online ART to become standard clinical practice, still a couple of hurdles 
must be overcome. 

Firstly, most radiotherapy software is not designed with online ART in mind. 
For instance, most ‘record and verify’ software packages will not allow multiple 
treatment plans for a patient, demand for all fractions to be irradiated or 
demand a CT as a reference image instead of a CBCT or MRI. Furthermore, 
calculations in treatment planning software take too long for online ART to be 
practical. Although, big improvements are being made in (automated) 
treatment planning software and calculation times are more and more 
becoming in the practical range for online (re-)planning [125,126].  

Secondly, a big challenge in online ART is acquiring delineations on the current 
anatomy. Delineation of target(s) and OARs is a labor-intensive process. 
Additionally, for rectal cancer online CBCT imaging does not provide tumor 
contrast. There is an important role for artificial intelligence (AI) and 
deformable image-registration (DIR), to (semi-)automatically delineate or 
propagate delineations onto the online images. A lot of progress in being made 
in this field, and especially from the field of deep-learning there is a lot to be 
expected the upcoming years [127].  

And lastly, the radiotherapy treatment process and the role of involved 
personnel has to change for online ART. Where typically decisions are made in 
the delineation and planning process, for online ART some decision have to be 
made during treatment, under time pressure with the patient on the 
treatment couch, similar as in brachytherapy. Thereby, the role of the 
radiation therapist (RTT) will change as well, as decisions have to be made ad 
hoc at the control room. Also, the role of radiation oncologist and medical 
physicists will change and their presence in the control room will be more 
often required. Furthermore, quality assurance (QA) has to be redefined, 
which is typically a big part of the radiotherapy preparation process. As 
treatment plans are being made online, pre-treatment QA in the way it is 
currently performed cannot be performed on an individual patient level 
anymore. 
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MRI-guided radiotherapy 
The recent introduction of MRI-Linacs into clinic is a promising development in 
radiotherapy [23,128]. Whether the introduction of the MR-Linac into 
radiotherapy will lead to an evolution or a revolution in radiation therapy 
depends on the way it is implemented. 

When the MR-Linac or more specific, online MRI-guidance is treated as an 
upgraded version of CBCT with soft tissue contrast, it is more likely to become 
an evolution than a revolution. The therapeutic gain will then largely be in the 
domain of margin reduction. Margins in rectal cancer have come down from 
up to 32 mm to 13 mm at most [30]. Although the biggest steps in margin 
reduction have already been made for rectal cancer, a margin reduction will 
still result in a clinical gain due to the smaller volumes treated. But margin 
reduction alone will not revolutionize the radiotherapy treatment as a whole. 

When the MRI-Linac is implemented to its fullest potential, it will have a 
revolutionary impact on radiotherapy in the upcoming years. The full potential 
of the MRI-Linac lies in the possibility to deliver a radiotherapy treatment 
based on actual anatomy instead of a pretreatment plan. To visualize the 
actual anatomy for target definition and verification, the full diagnostic 
possibilities of the MRI in the MRI-linac could be used. This MRI-linac has the 
ability to perform continuous imaging, image multiple types of contrasts and 
image biological processes like perfusion [129]. All those imaging could be 
acquired before as well as during delivery of the radiotherapy treatment. 
Further, the MRI-Linac has the capabilities to perform imaging with a high 
temporal resolution or spatial resolution with slice orientation in any desired 
plane [130]. And it allows to perform tracked dose delivery and meanwhile 
accumulate the dose that is delivered [131,132]. Thus by using the MRI-Linac, 
you not only see what you treat, but also know what dose is truly delivered. 

Besides the MRI-Linac, a lot of improvements have been made in de last 
decennium in the field of MRI acquisition, some especially for radiotherapy 
purposes. Improvements were made to speed up image acquisition, by novel 
image reconstruction technique  allowing to streamline the pre-beam on 
imaging [133]. Also, methods have been developed to convert MRI images to 
Hounsfield units for radiotherapy planning purposes, thereby allowing to 
perform dose calculation directly on MR images, removing systematic errors 
due to image registration from the treatment process [124,134–136]. 
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MRI-guided rectal boost radiotherapy  
Dose escalation for rectal cancer is ideally done under MRI-guidance, since MRI 
is the only online imaging modality that provides direct contrast for rectal 
tumors whereby accurate tumor definition is possible, as shown in Chapter 3. 
Thereby motion uncertainties can be reduced to the utmost. Under MRI-
guidance, the position of the tumor can be constantly verified, since no 
ionizing radiation is used for imaging. Depending on how often positions are 
verified, optimally every minute, treatment uncertainties will reduce as shown 
in Chapter 7. 

Preferred delivery method for a boost in rectal cancer is sequentially after CRT. 
Thereby, patient selection can be done, and patients that have or will have a 
complete response on imaging can be excluded from the boost treatment, 
avoiding over-treating the complete responders. Furthermore, for patients 
that have responded, but not with a complete response, the tumor volume to 
be boosted is on average almost 40 % smaller, as described in Chapter 4. This 
smaller volume allows boosting to higher doses without increase in dose to the 
OAR. 

Since the dose can be delivered very precisely under MRI-guidance [137], 
boost treatments might be delivered using a hypo-fractioned or stereo-tactic 
body radiotherapy (SBRT) scheme. When such high doses are given, it is 
essential to spare the OAR as good as possible. One option to have more OAR 
sparing is to increase the distance between OAR and GTV. For rectal cancer 
patients, this can be done by inserting a gel into the rectal lumen, as shown in 
Chapter 5. Hereby the OAR can be pushed away from the GTV and high dose 
area, thereby creating space for the radiation dose to fall off to a safer level. 
An explorative example of such ‘interventional technique’, where dose to OAR 
is reduced drastically, is presented in Figure 28 [138].  
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Figure 28: Example of boost treatment plans overlaid on MRIs of the same patient. On the left, 
the standard situation is shown and on the right, the situation where the rectum is filled with gel. 
Delineated volumes are; tumor in red, PTV in orange, rectum in blue, bladder in cyan, 
gynecological organs in green and small bowel in purple. Note the difference in OAR proximity to 
the PTV and the resulting OAR dose. 

Online MRI-guided boost delivery will allow such procedure, since the tumor 
can be imaged and treatment planning can be done while the patient is on the 
treatment table. Having the patient in the same anatomical state is then not a 
necessity anymore. The feasibility of performing such an interventional boost 
on a favorably created anatomy seems dosimetrically promising which 
warrants further investigation.  

Closing remarks 
MRI-guided radiotherapy can create a revolution in radiotherapy the upcoming 
years, provided that it is being used with all its capabilities. Once we start 
seeing what we treat in radiotherapy, changes in the way we perform 
radiotherapy have to be made. Once you see that you miss the target for an 
individual patient, giving 90 % of the population the right dose is not an 
argument anymore. Population based treatments will therefore be replaced 
for personalized ones. When tailored to the patient’s treatment response, 
dose escalation can play an important in personalized rectal cancer treatments 
in the future, maximizing the chance for a complete response for each 
individual patient. This can ultimately be done hypo-fractionated under MRI-
guidance in an interventional fashion, whereby organs at risk can be optimally 
spared at the highest chance for pathological complete response. 
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Samenvatting 
Dit proefschrift richt zich op het opvullen van kennishiaten voor een effectieve 
introductie van een MRI-gestuurde boost radiotherapie voor 
endeldarmkanker. Daarnaast is bestaande kennis uitgediept en 
geherdefinieerd, middels het superieure zachte weefsel contrast dat MRI 
biedt, waardoor tevens de standaard radiotherapie behandeling van 
endeldarmkanker verbeterd kan worden. 

In dit proefschrift worden de voorbereidende stappen besproken voor een 
effectieve introductie van MRI-gestuurde boost voor endeldarmkanker. Deze 
stappen omvatten het evalueren van de beperkingen die de huidige standaard 
CT-gestuurde behandeling heeft evenals het vaststellen waar MRI-gestuurde 
radiotherapie deze beperking kan omzeilen middels het gebruik van het 
superieure zachte weefsel contrast van de MRI. 

In hoofdstuk 2 wordt de mobiliteit van endeldarmtumoren onderzocht. 
Hiervoor zijn 32 patiënt afgebeeld middels een 1.5 T MRI. 16 patiënten zijn 
dagelijks afgebeeld gedurende een week, ten tijden van hun 5 dagen durende 
neo-adjunvante radiotherapie behandeling. De andere 16 patiënten zijn 
wekelijks afgebeeld gedurende hun 5 weken durende neo-adjuvante 
chemoradiatie behandeling. Deze tumoren zijn op alle MRI scans ingetekend 
en vervolgens voor alle patienten met de eerste scan gefuseerd. Op alle MRI 
scans werden de tumoren ingetekend en vervolgens zijn voor alle patiënten de 
scans met de eerste scan gefuseerd. Deze beeldfusie is gedaan op basis van de 
botstructuren, overeenkomstig met de klinisch gebruikte beeldfusie methode. 

Voor de tumoren zijn, op basis van verplaatsing van het massamiddelpunt, de 
systematische en willekeurige fouten bepaald, apart voor de dagelijks en 
wekelijks afgebeelde patiëntgroepen. Deze fouten zijn bepaald voor 
verschillende richtingen; link-rechts, anterieur-posterieur en craniaal-caudaal. 
Voor de van dag tot dag analyse liggen de systematische fouten tussen 1,8 en 
4,5 mm en de willekeurige fouten tussen 1,8 en 4,0 mm. Voor de van week tot 
week analyse liggen deze fouten tussen 2,3 en 4,8 mm voor de systematische 
fouten en tussen 1,5 en 3,3 mm voor de willekeurige fouten. Grotere 
systematische en kleinere willekeurige fouten zijn gevonden voor de van week 
tot week analyse, vergeleken met de van dag tot dag analyse. Desondanks 
verschillen de PTV-marge benaderingen nauwelijks van elkaar, wat in lijn is 
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met het geen dat in hoofdstuk 7 besproken wordt. Tevens is aangetoond dat 
deze marges afdoende dekking van het doelgebied bieden. 

Een accurate bepaling van het doelgebied is een vereiste voor (MRI-gestuurde) 
dosisescalatie van endeldarmtumoren. In hoofdstuk 3 is de variatie in bepaling 
van het doelgebied op MRI tussen verschillende waarnemers bepaald. Voor dit 
onderzoek zijn opeenvolgende 24 patiënten met lokaal gevorderde 
endeldarmkanker afgebeeld op een 3 T MRI. Op deze scans is de tumor 
ingetekend door 3 onafhankelijke waarnemers (radiotherapeuten). Dit is 
gedaan op zowel het T2-gewogen (T2w) MRI beeld, het diffusie gewogen (DWI) 
MRI beeld als een combinatie van het T2w en DWI MRI beeld. Voor deze 
tumorintekeningen zijn vervolgens de volumes, mate van overeenstemming 
(conformiteitsindex), gemiddelde en maximale afstanden tussen de 
tumorintekeningen van verschillende waarnemers paren bepaald en 
vergeleken. Dit is gedaan voor beide MRI contrasten evenals de combinatie 
van de beide contrasten. Uit de analyse blijkt dat de ingetekende volumes op 
de T2w beelden significant groter zijn dan de volumes op de DWI beelden of 
op de combinatie van T2w en DWI beelden. De gemiddelde conformiteitsindex 
is 0,70 voor het T2w beeld, 0,71 voor het DWI beeld en 0,69 voor de 
combinatie van het T2w en DWI beeld. De grootste afstand tussen de 
tumorintekeningen is gemiddeld 18,6 mm voor het T2w beeld en 14,4 mm 
voor het DWI beeld. De gemiddelde afstand tussen de tumor intekeningen is 
gemiddeld 1,8 mm en 1,5 mm voor respectievelijk het T2w en DWI beeld. Er is 
aangetoond dat er met MRI gebaseerde tumorintekeningen een goede 
overeenstemming te bereiken valt tussen verschillende waarnemers. 
Daarnaast is aangetoond dat een op het DWI beeld gebaseerde intekening 
resulteert in het kleinste ingetekende volume bij een gelijke of hogere 
overeenstemming tussen de waarnemers.  

In hoofdstuk 4 zijn tumor regressie patronen van endeldarmtumoren 
bestudeerd gedurende neoadjuvante chemo-radiotherapie om vast te stellen 
wat de best mogelijke strategie is voor dosis escalatie in combinatie met deze 
neoadjuvante chemo-radiotherapie. Voor deze prospectieve studie zijn 15 
patiënten met bewezen adenocarcinoma van het rectum acht maal gescand op 
een 3 T MRI, gedurende hun neoadjuvante chemo-radiotherapie (CRT) 
behandeling. Eén scan is gemaakt voor de start van de behandeling, vijf scans 
wekelijks gedurende de behandeling, één scan 2 tot 4 weken na de 
behandeling en één scan 7 tot 8 weken na de behandeling (kort voor 
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chirurgie). Op elke scan is de tumor (GTV) onafhankelijk ingetekend door twee 
ervaren radiotherapeuten en op de ingetekende volumes een GTV-PTV marge 
toegevoegd. Vervolgens is van zowel het GTV als het PTV de volume regressie 
in de tijd onderzocht. Daarna is de invloed van deze volume regressie op 
verschillende boost strategieën gekwantificeerd. Al in de eerste week van 
behandeling is een significante GTV volume reductie gezien ten opzichte met 
het volume voor de behandeling. Vergeleken met het volume voor 
behandeling zijn GTV volumes in de 5de week van behandeling geslonken naar 
gemiddeld 46,3 % en ten tijde van de chirurgie naar gemiddeld 32,4 %. De 
voornaamste tumor regressie vindt plaats gedurende de CRT, met name in de 
eerste helft van de behandeling, waarbij de snelheid van volume reductie 
afneemt over de tijd. In een boost behandeling kan de volume regressie van de 
tumor leiden tot een reductie in boost volume van tot wel 20 % voor een 
geïntegreerde boost en 39 % voor een sequentiële boost na de standaard CRT 
behandeling. 

In hoofdstuk 5 wordt de invloed van de variatie van vulling van de endeldarm 
op de de posities van de doelgebieden in radiotherapie onderzocht. Voor 
Hiervoor zijn twee patienten groepen geïncludeerd in deze studie. De eerste 
groep van 16 patiënten is dagelijks gescand gedurende 1 week radiotherapie 
(kort schema). In deze groep wordt de frequentie en invloed van variaties in 
endeldarm vulling in de klinische praktijk te bepaald. De tweede groep, 
bestaande uit 9 patiënten, is tweemaal gescand. Eenmaal waarbij de 
endeldarm artificieel is gevuld en eenmaal zonder voorbereiding van de 
endeldarm. In deze patiëntengroep wordt de maximale GTV verplaatsing en 
CTV deformatie onderzocht als gevolg van variatie van het endeldarmvolume. 
Als maat voor verplaatsing van het GTV is de verplaatsing van het 
massamiddelpunt genomen. Als maat voor deformatie van het CTV en de 
endeldarm is het verschil in diameter in anterior-posterior richting genomen. 
Daarnaast is voor de endeldarm ook nog het verschil in volume meegenomen. 
Vervolgens is de correlatie bepaald tussen de mate van deformatie van de 
endeldarm enerzijds en de GTV verplaatsing of CTV deformatie anderzijds. 
Daarnaast is de bruikbaarheid van een verandering in endeldarm diameter 
geëvalueerd als maat voor het detecteren van afwijkende endeldarm vulling en 
voor afwijkende posities van de doelgebieden. In de klinische praktijk zijn 
verschillen in endeldarm volume van gemiddeld 30 % geobserveerd. Dit 
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resulteert in GTV verplaatsingen en CTV deformaties tot 30 mm en 20 mm 
respectievelijk. Daarnaast is significant minder tumor verplaatsing 
geobserveerd als het verschil in endeldarm diameter kleiner is dan 7 mm of het 
verschil van endeldarm volume kleiner is dan 10 %. Dit laat zien dat een 
reductie van de variaties in endeldarm vulling leidt tot minder variatie in de 
positie van de doelgebieden. Daarnaast toont dit hoofdstuk aan dat de 
diameter van de endeldarm in de anterior-posterior richting een goede en 
simpele maat is om een afwijkende vulling van de endeldarm en afwijkende 
posities van de doelgebieden op te sporen.  

In hoofdstuk 6 wordt onderzocht of de onzekerheden in tumor positie kunnen 
worden verkleind middels een setup op de endeldarmwand in plaats van een 
setup op de omliggende botstructuren, zoals gebruikelijk in de klinische 
praktijk. Voor 16 patiënten was de dagelijkse setup tweemaal uitgevoerd in 
silico, eenmaal op de botstructuren zoals in de klinische praktijk en eenmaal op 
basis van de endeldarmwand. De setup op basis van de endeldarmwand was 
uitgevoerd op het stuk endeldarm dat dicht bij de tumor lag ten tijde van de 
planningsscan. Een setup op de endeldarmwand leidt slechts in beperkte mate 
tot kleinere gemiddelde setup fouten dan een setup op omliggende 
botstructuren; 2,2 mm (SD = 3,2 mm) voor de setup op endeldarmwand tegen 
2,7 mm (SD = 3,3 mm) voor de setup op omliggende botstructuren. Ondanks 
het verschil zijn er gelijke PTV marges nodig voor beide setup methodes om de 
overgebleven setup fouten te corrigeren. Verder onderzoek laat zien dat, 
ondanks dat de beweging van de endeldarmtumor en de endeldarmwand 
gelijk kunnen zijn, dit niet zal worden opgemerkt. Dit omdat, vanwege de 
afwezigheid van anatomische herkenningspunten langs de endeldarmwand, 
bewegingen langs de endeldarm wand niet worden gedetecteerd op huidige 
online CBCT beeldvorming 

Om een effectieve adaptieve radiotherapie behandeling voor 
endeldarmkanker te ontwikkelen, is er inzicht nodig in hoe 
bewegingsonzekerheden groeien in de tijd. Hiervoor is in hoofdstuk 7 de 
evolutie van bewegingsonzekerheden onderzocht en het optimale adaptatie 
interval bepaald. Voor dit onderzoek zijn 16 patiënten dagelijks gedurende hun 
neoadjuvante radiotherapie behandeling afgebeeld middels een 1.5 T MRI. 
Tijdens elke MRI sessie zijn meerdere scans verricht, waaronder 3 maal een 1 
minuut durende cine-MRI. Deze cine-MRI’s bestonden uit 1 enkele sagittale 
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coupe met een temporele resolutie van 2 Hz, één aan het begin, één in het 
midden en één aan het einde van elke MRI sessie. De beweging van het GTV en 
CTV over de tijd is bepaald middels het registreren van een ingetekend 
referentie beeld aan beelden later in de tijd. Als maat voor beweging is het 
95ste percentiel van de geobserveerde beweging genomen. Zodoende kon de 
evolutie van bewegingsonzekerheid geëvalueerd worden over een tijdschaal 
van minuten tot dagen. Daarnaast is ook de stabiliteit van beweging binnen de 
1 minuut durende cine-MRI’s apart onderzocht. Binnen een 1 minuut durende 
cine-MRI is de beweging stabiel en klein, onafhankelijk van het tijdstip binnen 
de MRI sessie. Ook over een tijdsinterval van 18 minuten tot 4 dagen werd een 
soortgelijke mate van beweging geobserveerd. Als het tijdsinterval van 18 
minuten tot 1 minuut wordt gereduceerd wordt een grote reductie in 
bewegingsonzekerheid geobserveerd; reducties van 71 % en 75 % voor 
respectievelijk het CTV en GTV. Het verder reduceren van het tijdsinterval naar 
30 en 15 seconden levert geen verdere reductie in bewegingsonzekerheid op. 
Hiermee is bepaald dat voor adaptieve boost radiotherapie voor 
endeldarmkanker een adaptatie interval van 1 minuut optimaal is. Een verdere 
reductie van het adaptatie interval levert geen verdere reductie in 
bewegingsonzekerheid op.  
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