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Abstract 

Background Mesorectal motion (MM) is a source of uncertainty during neoadjuvant chemoradiotherapy (nCRT) 
delivery for locally advanced rectal cancer (LARC). Previously published experiences using cone-beam computed 
tomography imaging have already described significant movement. Aim of this analysis is to assess inter-fraction MM 
using the higher tissue contrast provided by hybrid magnetic resonance imaging (MRI) in LARC patients (pts) treated 
with MRI guided radiation therapy (MRgRT).

Methods The total mesorectum, its superior (Msup), middle (Mmid) and lower (Mlow) regions were contoured on 
the positioning MRIs acquired on simulation day and on each treatment day. Six PTVs were obtained adding 0.5, 0.7, 
1, 1.3, 1.5 and 2 cm margin to the whole mesorectum, starting from the simulation MRI. Margins including 95% of the 
mesorectal structures during whole treatment in 95% of patients (pts) were considered adequate.

Results A total number of 312 fractions of 12 consecutive pts was retrospectively analyzed. The different mesorec-
tum regions show specific motion variability. In particular, Msup shows larger variability in left, right and anterior 
directions, while the Mlow in caudal and posterior ones. The anterior margin is significantly larger in the Msup than in 
the other regions.

Conclusion Different mesorectal regions move differently throughout the radiotherapy treatment, with the largest 
MM in the Msup anterior direction. Asymmetrical margins are recommended.

Keywords Magnetic resonance guided radiation therapy, Rectal cancer, Mesorectal motion, Treatment 
personalization

Background
Radiotherapy (RT) techniques for locally advanced rectal 
cancer (LARC) treatment have evolved in recent years. 
The transition from 3D conformational RT (3D-CRT) 
to intensity modulated radiation therapy (IMRT) and 
volumetric arc therapy (VMAT) has led to more pre-
cise dose conformation and consequent more efficient 
organs at risk (OARs) sparing. With the use of the mod-
ern technologies implementing image guided radiother-
apy (IGRT) is now possible to reduce the dose to OARs 
by creating steep dose gradients between tumor and 
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surrounding healthy tissues [1]. In this perspective, it is 
possible to implement dose escalation protocols, as dose 
intensification to the tumor has been shown to increase 
the probability of pathological complete response (pCR) 
in an organ preserving strategy [2].

The aim of IGRT is to reduce the delivery uncertain-
ties related to patient positioning and anatomy variation, 
considering the possible anatomical changes during RT 
treatment. These uncertainties can be mitigated using 
bowel and bladder preparation protocols, appropriate 
immobilization devices and IGRT solutions. The modern 
IGRT methods include electronic portal imaging devices 
(EPIDs), cone beam computed tomography (CBCT), kil-
ovoltage or megavoltage CT scans, tracking of fiducials. 
However, radiological imaging approaches present criti-
cal issues in visualising soft-tissues, limiting the evalu-
ations on patients’ set-up exclusively on the bony and 
making critical the correct delineations of the therapy 
volumes anatomy [3].

In case of patients affected by LARC, the mesorectum 
is part of the Clinical Target Volume (CTV), although its 
identification results to be challenging due to the poor 
visualisation with traditional IGRT on-board solutions 
[4].

Furthermore, the mesorectum is a very mobile struc-
ture, as described in previous reports, especially along 
the antero-posterior axis of its antero-superior sections 
[5–7].

Mesorectum motion (MM) has already been analyzed 
in several reports, investigating the appropriate margins 
to be added from CTV to planning target volume (PTV) 
which currently range from 1 to 1.5 cm [8–11], however 
most of these reports used CT or CBCT-based imag-
ing and with limited observations during the treatment, 
especially in the long course treatment.

The MM and anatomical modifications may therefore 
cause dose delivery uncertainties that may play a sig-
nificant role not only in terms of dose intensification, 
especially in the perspective of a conservative surgical 
approach [12].

In recent years, more conservative approaches such as 
local excision or watch and wait have been adopted for 
patients with favourable prognosis who have achieved a 
complete or major clinical response (CR) after neoadju-
vant chemoradiotherapy (nCRT) [13, 14]. Although such 
approaches do not represent the standard of treatment, 
in this perspective a clear modelling of the MM is even 
more important in order to apply adequate margins to 
treatment volumes.

The recent introduction of hybrid systems coupling 
on-board Magnetic Resonance (MR) scanner and lin-
ear accelerator has led to the clinical introduction of 

Magnetic Resonance guided Radiotherapy (MRgRT) and 
the availability of 3D daily MR image for contouring and 
patients positioning [15].

Aim of this study was to analyze the MM on differ-
ent LARC patients, starting from the 3D MR images 
acquired each day of therapy, with the aim of verify-
ing the validity of the PTV margins proposed in the 
previous studies and to suggest customised treatment 
margins.

Methods
Patient data and treatment details
We retrospectively analysed data from consecutive LARC 
patients undergoing nCRT and treated on 0.35T MRgRT 
unit (MRIdian, ViewRay Inc, Mountain View, CA, USA) 
from March 2017 to April 2018. All patients underwent 
medical examination, staging with pelvic MR, chest 
and abdomen CT scan and endoscopic procedure with 
biopsies. The indication for nCRT treatment was agreed 
in the context of multidisciplinary institutional tumor 
board, consisting of radiation oncologists, medical oncol-
ogists, radiologists, pathologists and surgeons.

Patients aged higher than 18 years, ECOG 0–1, with-
out contraindications to perform MR examinations were 
included. Specific informed consent for MRgRT was also 
obtained. Neoadjuvant CRT treatment was prescribed 
according to a Simultaneous Integrated Boost 2 (SIB2) 
delivery protocol, according to our institutional guide-
lines. In particular, 5500 cGy in fractions of 220 cGy were 
prescribed to CTV 1, consisting of the site of primary 
disease (gross tumor volume - GTV) plus the corre-
sponding mesorectum with 5 mm isotropic margin, while 
4500  cGy in fractions of 180  cGy, consisting of meso-
rectum in toto and selected lymphatic drainage stations 
according to disease stage with 5  mm isotropic margin, 
to PTV2 [4]. In the case of extramesorectal lymph nodes 
involvement, a boost on GTV_N was performed [16].

Concomitant chemotherapy with chronomodulate 
Capecitabine (1650 mg/mq)/5-Fluorouracil (5-FU) c.i. or 
an intensification schedule with Capecitabine (1300 mg/
mq) plus Oxaliplatin (60 mg/mq) was prescribed, in rela-
tion to clinical stage and general conditions of the single 
patient [17].

Patients were immobilised in the supine position, using 
the Fluxboard device (Fluxboard™, MacroMedics, The 
Netherlands) in an appropriate, personalised, and com-
fortable configuration [18]. All patients performed blad-
der preparation by drinking 500  cc of water before the 
simulation and before each therapy session; no rectal or 
bowel preparation was performed.

At the time of the simulation, a 175-seconds MR true 
fast imaging (TRUFI) was acquired with subsequent T2*/
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T1 image contrast in free breathing (FB) mode. After 
approximately 20 min, a simulation CT was acquired in 
the same treatment position to acquire electron densities 
for planning purposes.

Furthermore, a 175-seconds positioning MR scan was 
acquired prior to all the 25 therapy fractions [18].

Delineation details
A radiation oncologist retrospectively contoured meso-
rectum, bladder, rectum and bowel bag of all the treat-
ment fractions for all the analysed patients, including 
simulation MRI. This resulted in the different CTVs, 
named CTV_sim, CTV_Fx1, CTV_Fx2…CTV_Fx25, 
as well as for bladder, rectum, and bowel bag, following 
the same nomenclature, for each patient.

Furthermore, GTVs at the time of simulation, and 
at fractions 5, 10, 15, 20 and 25 (GTV_sim, GTV_Fx5, 
GTV_Fx10, GTV_Fx15, GTV_Fx20, GTV_Fx25) were 
delineated for all the patients, to assess whether GTV 
variations in terms of location and volume may have an 
impact on MM.

Contouring was performed on the high resolution 
175-s TRUFI MR scan according to the international 
guidelines using the MRIdian workstation [4].

In particular, the mesorectum was delineated from 
the bifurcation of the inferior mesenteric artery (IMA) 
into sacral artery (SA) and superior rectal artery (SRA) 
and down to the insertion of the elevator ani muscle 
into the external sphincter muscles, when the mesorec-
tal fat around the rectum disappears.

The mesorectum is surrounded by the mesorectal 
fascia, which is delimited posteriorly by the anterior 
surface of the sacrum and in the mid-lower pelvis ante-
riorly by the posterior border of the anterior pelvic 
organs (prostate, seminal vesicles, bladder and penis 
bulb in men and vagina and uterus in women [4]. The 
total mesorectum, the superior mesorectum (Msup), 
the middle mesorectum (Mmid) and the lower meso-
rectum (Mlow) were considered for this analysis.

The Msup, Mmid and Mlow were obtained by defin-
ing two axial planes as reported in Fig. 1.

Msup is extended from the cranial limit of the meso-
rectum (bifurcation of the IMA into SA and superior 
rectal artery SRA) until a plane passing through the sig-
moid-rectal junction, when the mesorectal fascia ante-
riorly is most visible.

Mmid is defined, cranially, from the caudal limit of 
the upper mesorectum, to a plane passing through the 
recto-uterine pouch for female and the recto-vesical 
pouch for male.

Finally, Mlow is defined as the section below the 
recto-uterine pouch for female and the recto-vescical 

pouch for male up to the most caudal limit when the fat 
disappears.

All segmentations were then reviewed by a second 
radiation oncologist with large experience in rectal can-
cer for quality assurance purposes.

Motion analysis
Organ motion was considered for both mesorectum 
and OARs. All 175-s TRUFI MR scans with all contour 
sets were transferred to  MIM® software (MIM Maestro, 
version 7.1.2, Maastricht, Belgium) to perform motion 
analyses. The simulation MR scan and its contours were 
considered as reference image.

For each patient, all the daily MR images were rigidly 
registered to the reference image, basing on bony anat-
omy. The contour sets of each fraction, from 1 to 25, 
including the CTV and the corresponding OARs, were 
then transferred to the reference simulation MR.

For each patient, 6 PTV volumes were obtained 
by adding 0.5  cm, 0.7  cm, 1  cm, 1.3  cm, 1.5  cm, and 
2  cm margins to the CTV_sim respectively. These 

Fig. 1 Sagittal scan of the mesorectum subdivision into three 
sections obtained through two axial planes. The superior 
mesorectum (yellow) is separated from the middle mesorectum (red) 
by the axial plane passing through the sigmoid-rectal junction (blue). 
The latter is then divided from the lower mesorectum (light blue) by 
a plane passing through the recto-uterine pouch for female and the 
recto-vesical pouch for male patients (green)
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volumes were named progressively PTV_sim, PTV_0.7, 
PTV_1…, PTV_2.

The overlap of the CTV of all fractions and each of 
the 6 PTV volumes obtained as described above was 
evaluated for all patients.

The inter-fractional MM was studied counting the 
number of fractions where the whole mesorectum was 
included in the different PTVs margins.

Such analysis was performed separately for the Msup, 
Mmid and Mlow, to investigate if different mesorectum 
parts would show motion variability.

The minimum margins that included 95% of the 
mesorectal structures during the whole treatment in 
at least the 90% of patients were considered adequate 
for MRgRT treatments. Considering that the study was 
conducted on 12 patients treated with 25 fractions, the 
optimal margins were those able to cover 24/25 frac-
tions (96%) in 11/12 patients (91.6%).

Correlation analysis
The correlation between mesorectum and surround-
ing OARs (i.e. bladder, bowel and rectum) was studied 
patient-by-patient, with the aim of identifying the pos-
sible causes of inter-fraction variability of mesorectum.

Variations in mesorectal geometric center during RT 
treatment were correlated with the change in GTV vol-
ume using Pearson Correlation Coefficient (PCC).

Parameters showing PCC higher than 0.7 were con-
sidered as highly correlated.

For each couple, the percentage of patients showing 
high correlation was calculated, in order to investi-
gate if some correlation was common among different 
patients.

Results
A total number of 312 0.35T MR sequences obtained 
during the simulation and during the nCRT treatment 
for LARC of 12 consecutive patients, treated from March 
2017 to April 2018, were included in our analysis.

Patient clinical characteristics are shown in Table 1.

Table 1 Patients’ clinical characteristics

Characteristics N %

Median age (range) 70 (41–87)

Gender

Male 10 83.3

Female 2 16.7

T stage

T3 7 58.3

T4a 3 25

T4b 2 16.7

N stage

N+ 11 91.7

N0 1 8.3

Distance from the anal margin (cm) 
[19]

0–5 5 41.7

5–10 4 33.3

> 10 3 25

Fig. 2 Optimal PTV margins for the different mesorectal sections
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The Fig. 2 summarizes the optimal margins obtained 
for the three mesorectum regions based on the analysis 
performed on the 12 patients.

Figure  2 shows that different mesorectum regions 
have different motion variability: Msup shows larger 
variability in left, right and anterior directions, while 
the Mlow shows larger variability in caudal and poste-
rior ones. The anterior margin is significantly larger in 
the Msup (2  cm) than in the Mmid and Mlow, where 
1.5 and 1.2 cm are recommended, respectively.

The ideal PTV margins, taking into account the motion 
of the total and the three mesorectum sections, are sum-
marised in Table 2.

Figure  3 shows the planning MR scans in the three 
axial, sagittal and coronal plans of a patient and the mes-
orectal segmentations obtained throughout the treat-
ment course. Following the results obtained in our study, 
asymmetrical margins (more specifically: 0.5  cm in the 
cranial direction, 1  cm caudal, 1.3  cm posteriorly, 2  cm 
anteriorly and 1.5  cm in both anterior and posterior 
directions) were applied from the mesorectal planning 
structure to obtain the PTV that takes into account inter-
fraction MM.

The results in terms of PCC for the correlation analy-
sis between the volumetric variation of Msup, Mmid and 
Mlow and the volumetric variations of bladder, rectum 
and bowel are reported in Table  3. The only significant 
correlation was observed between bladder and Mmid 
volume, observed in 4/12 patients.

No correlation was found between MM and mesorectal 
volume in the majority of patients, except for the ante-
rior MM, that was correlated with the mesorectal volume 
reduction during treatment.

Furthermore, no significant correlation was observed 
between MM and GTV volume variation.

Discussion
The present study provides information on inter-frac-
tion MM using daily MR-Linac data obtained dur-
ing long course nCRT for LARC. Both the rectum and 

Table 2 Suggested PTV margins (in cm) for the total 
mesorectum and for the 3 mesorectum sections

Msup, superior mesorectum; Mmid, middle mesorectum; Mlow, lower 
mesorectum

Total mesorectum Msup Mmid Mlow

Left 1.5 1.5 1 1

Right 1.5 1.5 1 1

Anterior 2 2 1.5 1.2

Posterior 1.3 0.7 1 1.3

Up 0.5 0.5 0.5 0.5

Down 1 0.5 0.5 1

Fig. 3 MR scans in the axial (a), sagittal (b) and coronal (c) plans of the mesorectal structures of each treatment fraction rigidly co-registered 
on the planning fraction (all in brown). The PTV obtained taking into account the inter-fraction motion by applying asymmetric margins to the 
mesorectum in planning fraction is shown in red
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mesorectum are anatomically mobile structures, char-
acterised by positional and volume changes due to peri-
stalsis or organ filling. Guidelines and previous studies 
suggested large and variable margins to be considered in 
contouring accurately to account for MM [11, 20]. Some-
times, to avoid the risk of geographic missing resulting 
in potential local recurrence, wide margins are suggested 
which may include the posterior bladder wall and bowel 
loops, potentially resulting in increased urinary and 
bowel toxicity.

Adequate total mesorectal excision (TME) leads to 
a reduction in local recurrence and thus an increase 
in overall survival. It has to be considered that not all 
TMEs are adequate, especially for the lower mesorectal 
sections [21–23].

Previous studies conducted on cone beam CT of 
patients treated in both prone and supine positions 
have shown increased mesorectum displacement in the 
cranio-caudal and antero-posterior directions, suggest-
ing the possible application of lower CTV-PTV mar-
gins in the latero-lateral direction [5, 24, 25]. Chong 
et  al. [9] analysed the motion of rectum during nCRT 
and found larger variations in both rectal diameter and 
anterior- ateral wall movement of the mid and upper 
rectum compared to the low rectum. Nuyttens et  al. 
[11] reported similar findings, analysing the rectal 
motion during adjuvant long course RT using weekly 
CT scans. Although the authors also showed greater 
rectal wall mobility in the mid and upper rectum, the 

results are not directly comparable for the post-opera-
tive anatomical setting.

Accordingly, we conducted a sub-analysis consider-
ing the different mesorectal sections and the required 
CTV-PTV margins appropriate for each one of them. 
Our results confirmed those reported by previous stud-
ies, showing a significantly larger anterior margin mobil-
ity in the superior mesorectal section (2 cm) compared to 
the middle and lower, where 1.5 cm and 1.2 cm margins 
are required, respectively. As concluded also in previous 
studies, we recommend the use of an anisotropic margin.

Among the potential factors that could influence the 
mobility of the different mesorectal sections, the vol-
ume variation of bladder, bowel and rectum itself were 
evaluated.

This variation appears to have no impact on MM, as 
also observed by other authors [6, 9]. In our case, it could 
be due to the daily bladder preparation and nutritional 
advices given to patients to avoid faecal stasis and the 
occurrence of gas in the rectum and colon.

Differently from previous studies, which supposed a 
possible impact of tumor location and stage on tumor 
motion itself, we found no correlation between these fac-
tors and MM, relying on the better morphological detail 
provided by MR images [26–28]. Considering these and 
other differences in the methodology applied in the pre-
vious studies, our results are not directly comparable 
with others.

Our study aimed to assess the factors influencing MM 
from an MR-based perspective, rather than defining the 

Table 3 PCC results for the correlation analysis between the volumetric change in the superior, middle and lower mesorectum and 
the volumetric changes in the bladder, rectum and bowel

Significant values are shown in bold

Pt, patient; Msup, superior mesorectum; Mmid, middle mesorectum; Mlow, lower mesorectum. The last row of Table 3 reports the number of cases where a significant 
correlation was observed: the only significant correlation was observed between bladder and medium mesorectum volume (4/12 patients)

Msup Mmid Mlow

Pt Bowel Rectum Bladder Bowel Rectum Bladder Bowel Rectum Bladder

1 0.30 0.27 0.53 0.19 − 0.40 − 0.01 0.14 0.16 0.42

2 0.02 − 0.14 − 0.10 − 0.09 − 0.43 0.45 0.10 − 0.32 0.36

3 0.11 0.52 0.37 0.37 − 0.19 0.78 0.00 − 0.53 0.39

4 − 0.23 0.79 0.46 0.11 − 0.14 0.81 − 0.06 − 0.25 0.18

5 − 0.17 0.52 0.28 0.07 0.00 0.76 − 0.05 − 0.05 0.45

6 0.42 0.38 0.57 − 0.27 0.09 0.41 − 0.31 − 0.22 0.06

7 0.00 0.14 0.03 − 0.03 0.07 0.33 − 0.11 − 0.39 0.33

8 − 0.24 0.55 0.33 0.13 0.09 0.28 0.02 − 0.29 − 0.30

9 − 0.01 0.31 0.00 − 0.07 0.13 − 0.17 0.05 − 0.25 0.19

10 0.27 − 0.15 0.09 0.07 − 0.77 0.20 0.31 − 0.49 0.32

11 0.62 0.77 0.71 0.45 0.51 0.73 − 0.38 − 0.38 − 0.15

12 − 0.64 0.32 0.45 − 0.51 0.30 0.00 0.17 0.48 − 0.14

Significant correlation 
frequency

0 2 1 0 1 4 0 0 0
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inter- and intra-fraction movement of GTV during RT 
treatment. This is a topic of great interest in radiotherapy, 
especially concerning personalized medicine, dose esca-
lation and organ preservation protocols.

MRgRT is currently considered as one of the best strat-
egies to carry out dose escalation protocols in LARC, in 
particular with the application of online adaptive (OA) 
MRgRT protocols, in order to increase the dose-depend-
ent therapeutic efficacy [28–30].

OA MRgRT allows for the re-optimisation of the treat-
ment plan based on the patient’s daily anatomy, improv-
ing the precision of treatment delivery in terms of target 
coverage and OARs sparing, in order to reduce toxicity 
and maximise treatment opportunities [31, 32].

Furthermore, the application of active gating solutions, 
which has been shown to be feasible in MRgRT treat-
ment, may allow effective management of intra-fraction 
movement during nCRT, further reducing the risk of tar-
get missing and toxiciy [18].

Our study proposes CTV-PTV margins that can be 
applied to the mesorectum, basing on a total of 312 MR 
scans acquired throughout the nCRT treatment of 12 
patients, thus reflecting possible treatment induced and 
other real world modifications in a considerable sample.

Furthermore, the subdivision of the mesorectum into 3 
parts allows to apply anisotropic margins to the different 
sections. Our results suggest that special attention should 
be paid to the superior and middle sections of the meso-
rectum, where the anterior portion is characterized by 
greater mobility.

A limitation of this study is represented by an unequal 
gender distribution of the patients (male 83.3%, female 
16.7%) and thus the differences related to pelvic anatomy 
(presence of uterus/prostate), the amount and disposi-
tion of fat, which were not taken into account in the anal-
ysis [33].

In particular, the change in position and shape of the 
uterus can be very extensive and unpredictable from day 
to day, therefore affecting the CTV-PTV margins [24].

An interesting possible development of this study is 
the analysis of the inter- and intra-fraction motion of the 
GTV, not doable using standard CBCT images, which 
may be a factor of great interest in the perspective of dose 
escalation protocols and investigation of OA applications.

Conclusion
Our MRI study shows that the margins suggested to take 
into account the overall MM are 1.5 cm in the right-left 
direction, 1.3 cm posteriorly, 1 cm caudally, 0.5 cm cra-
nially, and that the widest displacement occurs in the 
anterior direction, whereby 2  cm of margin should be 
considered.

We have also reported the differences in the MM in its 
three sections, superior, middle and lower, along with the 
margins to be considered for each section in the perspec-
tive of a reduction of treatment margins.
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