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Simple Summary: Improving clinical complete response (cCR) rates after neo-adjuvant (chemo)
radiotherapy may facilitate organ sparing in intermediate-risk and locally advanced rectal cancer.
Increasing the radiotherapy dose will possibly increase response rates. The potential of dose escalation
in rectal cancer is limited by substantial PTV margins to accommodate inter- and intrafraction
anatomical variation. Online adaptive MRI-guided radiotherapy offers good soft tissue contrast
and the possibility to adapt the treatment to the daily anatomy. This approach has the potential to
make dose escalation to multiple targets in rectal cancer feasible. With online adaptive MRI-guided
radiotherapy, daily plan adaptation can be performed through the use of two different strategies.
The purpose of this study was to characterize the motion and define the required treatment margins
of the pathological mesorectal lymph nodes and the primary tumor for these two strategies and to
study the effect of the anatomical location of the lymph nodes on the strategies.

Abstract: The purpose of this study was to characterize the motion and define the required treatment
margins of the pathological mesorectal lymph nodes (GTVln) for two online adaptive MRI-guided
strategies for sequential boosting. Secondly, we determine the margins required for the primary gross
tumor volume (GTVprim). Twenty-eight patients treated on a 1.5T MR-Linac were included in the
study. On T2-weighted images for adaptation (MRIadapt) before and verification after irradiation
(MRIpost) of five treatment fractions per patient, the GTVln and GTVprim were delineated. With
online adaptive MRI-guided radiotherapy, daily plan adaptation can be performed through the
use of two different strategies. In an adapt-to-shape (ATS) workflow the interfraction motion is
effectively corrected by redelineation and the only relevant motion is intrafraction motion, while in an
adapt-to-position (ATP) workflow the margin (for GTVln) is dominated by interfraction motion. The
margin required for GTVprim will be identical to the ATS workflow, assuming each fraction would
be perfectly matched on GTVprim. The intrafraction motion was calculated between MRIadapt and
MRIpost for the GTVln and GTVprim separately. The interfraction motion of the GTVln was calculated
with respect to the position of GTVprim, assuming each fraction would be perfectly matched on
GTVprim. PTV margins were calculated for each strategy using the Van Herk recipe. For GTVln

we randomly sampled the original dataset 20 times, with each subset containing a single randomly
selected lymph node for each patient. The resulting margins for ATS ranged between 3 and 4 mm
(LR), 3 and 5 mm (CC) and 5 and 6 mm (AP) based on the 20 randomly sampled datasets for GTVln.
For ATP, the margins for GTVln were 10–12 mm in LR and AP and 16–19 mm in CC. The margins
for ATS for GTVprim were 1.7 mm (LR), 4.7 mm (CC) and 3.2 mm anterior and 5.6 mm posterior.
Daily delineation using ATS of both target volumes results in the smallest margins and is therefore
recommended for safe dose escalation to the primary tumor and lymph nodes.

Keywords: rectal cancer; online adaptive radiotherapy; MRI-guided radiotherapy; intrafraction
motion; interfraction motion; PTV margin; mesorectal lymph nodes
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1. Introduction

Neo-adjuvant (chemo)radiotherapy reduces the risk of local recurrence and down-
stages the tumor in patients with intermediate-risk and locally advanced rectal cancer
(LARC) [1]. Studies by Habr-Gama et al. [2–4] showed the feasibility of active surveillance
instead of surgery for patients with a clinical complete response (cCR) after neo-adjuvant
chemoradiotherapy. Organ preservation as part of the standard clinical management for
rectal cancer patients has since been validated in several international cohorts [4–9].

Unfortunately, only a limited number of patients qualify for organ preservation since
only 10% of patients reach a pathological complete response (pCR) after short-course radio-
therapy with delayed surgery [10,11], while 16% reach a pCR after long-course radiotherapy
(LCRT) [12]. Since the tumor response to radiotherapy appears to be dose-dependent [13],
dose escalation to the tumor is expected to lead to increased cCR and organ preservation
rates [14,15]. Previous studies on dose escalation of LARC, summarized in a meta-analysis
by Burbach et al. [14], show favorable tumor regression and pCR rates. The studies de-
scribed had a boost dose of ≥ 60 Gy on the primary tumor. A more recent study, the
RECTAL BOOST study [15], found that for a boost dose of 65 Gy to the primary tumor in
LARC, near-complete or complete tumor regression was more common in the intervention
group (69.4%) than in the control group (45.3%). However, they also found that the boost
did not increase the pCR or sustained cCR rates. In the RECTAL BOOST study the majority
of patients had a nodal stage of N1 or N2, which may explain why no pCR was achieved.
This is underlined by other studies with node-positive patient cohorts that did not show
sustained pCR or cCR rates [16,17]. We hypothesize based on these studies that, apart from
increasing the boost dose, it is probably necessary to boost positive lymph nodes in order
to achieve sustained cCR rates.

To this end we need a safe and efficient technique to increase the dose to the positive
lymph nodes and the tumor. Escalation of the dose currently given to the full mesorectum
will likely achieve this, but because of the large target volume, toxicity is also expected to
increase. The other option is to separately boost the GTVs for the primary tumor and the
suspected lymph nodes. Due to inter- and intrafraction anatomical variation, accurate dose
coverage in this approach can only be achieved using adequate PTV margins. This limits
the potential for dose escalation in rectal cancer. Moreover, when boosting both the primary
tumor and lymph nodes within a single treatment plan, their relative motion might require
larger treatment margins. Online adaptive MRI-guided radiotherapy offers good soft tissue
contrast and the possibility to adapt the treatment to the daily anatomy. This approach has
the potential to make dose escalation to multiple targets in rectal cancer feasible.

With online adaptive MRI-guided radiotherapy, daily plan adaptation can be per-
formed through the use of two different strategies. One strategy, known as “adapt to
shape” (ATS) [18], adapts the treatment plan every fraction using online re-delineation of
all structures on the adaptation MRI (MRIadapt). The plan is then reoptimized, based on
the adjusted contours. The other strategy, known as “adapt to position” (ATP), adapts the
reference treatment plan based on a rigid translation.

In previous studies, the intrafraction motion and corresponding planning target vol-
ume (PTV) margins were determined for the primary tumor GTV [19–22]. These studies
found margins between 6 mm and 12 mm. Mesorectal lymph node motion relative to the
tumor, however, has not been studied before. The primary aim of this study, therefore, is
to determine the margins required for GTVln. The influence of the inter- and intrafraction
motion on the treatment margin is different for the two adaptation methods. With ATS,
GTVprim and GTVln are redelineated separately on the daily MRIadapt and the interfraction
motion is effectively corrected by this redelineation. Here the only relevant motion is the
intrafraction motion. For ATP, we performed a rigid registration of GTVprim, leaving an
uncertainty in the position of GTVln. With ATP, the interfraction motion of GTVln with
respect to GTVprim becomes relevant and is assumed to dominate the intrafraction motion.

The purpose of this study was to characterize the motion and define the required
treatment margins of pathological mesorectal lymph nodes for two online adaptation
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strategies for sequential boosting. In addition, we determine the margins required for
GTVprim and study the effect of the anatomical location of GTVln on the margins.

2. Materials and Methods
2.1. Patients and MR-Linac Protocol

Data from 28 patients with intermediate-risk or locally advanced rectal cancer with
one or more pathological mesorectal lymph nodes treated on a 1.5T MR-Linac (Unity, Elekta
AB, Stockholm, Sweden) between October 2018 and May 2022 were analyzed. Patients
were included in the Momentum registration study (NCT04075305) [23] and gave written
informed consent for the use of their data. Patients received short-term radiotherapy (SCRT
|5 fractions of 5 Gy) without dose escalation. An online adaptive workflow as previously
described [22] was used using ATS. In short, pre-treatment a simulation CT and MRI
were acquired on which the target volumes for elective treatment were delineated for plan
optimization. Patients were advised to drink 250 mL water 30 min prior to simulation and
the radiotherapy session on the MR-Linac to conform to the local bladder-filling protocol.
On the day of treatment, four 3D T2-weighted MRI images were acquired: one for plan
adaptation and three for verification prior to, during and post-treatment, respectively. The
images acquired for adaptation (MRIadapt) and post-treatment verification (MRIpost) from 5
fractions per patient were used in this study. Images of 5 daily fractions were used. The 3D
T2-weighted MRI had a field of view (FOV) of 400 × 448 × 249 mm3, repetition time (TR)
of 1300 ms, and echo time (TE) of 128 ms. MRIadapt had a voxel size of 1.2 × 1.2 × 1.2 mm3

and acquisition time of 6 min, while MRIpost used 1.2 × 1.2 × 2.4 mm3 acquired in 3 min.
On the MR images, the primary gross tumor volume (GTVprim) and all suspected

mesorectal lymph nodes (GTVln) were delineated retrospectively using the contouring
toolbox in Monaco v5.40.01 (Elekta, Stockholm, Sweden).

Mesorectal lymph nodes on MRI were classified as pathological based on the following
criteria [24,25]: 1. A lymph node with a short-axis diameter ranging between 5 and 9 mm,
combined with at least 2 of the following malignant morphological characteristics: a. a
spiculated or indistinct border, b. heterogeneous texture, c. round shape; 2. a lymph
node with a short-axis diameter <5 mm, combined with all three malignant morphological
characteristics and 3. A lymph node with a short-axis diameter ≥ 9 mm.

Delineations on MRIadapt were copied to the MRIpost, and manually adjusted for each
fraction. The anal verge was delineated on MRIadapt of the first fraction. All scans of one
patient were delineated by the same RTT and verified by a radiation oncologist with over
10 years’ experience.

2.2. Inter- and Intrafraction Displacement
2.2.1. ATS: Intrafraction Displacement of GTVln and GTVprim

With the ATS strategy, both GTVln and GTVprim are redelineated independently on
daily MRIadapt followed by plan reoptimization. This strategy corrects for the interfraction
motion of both GTVln and GTVprim independently, leaving the intrafraction motion of
both structures between MRIadapt and MRIpost as the primary remaining uncertainty. To
determine the intrafraction displacement, the center of gravity (COG) of GTVln and GTVprim
were determined by uniformly sampling each volume with points and determining the
average position of these points. For practical purposes this point can be interpreted as
the center of the volume. Displacement of the GTVprim and GTVln on MRIpost relative to
MRIadapt was characterized as the difference between the COGs and determined for each
fraction in the left–right (LR), anterior–posterior (AP) and cranial–caudal (CC) direction.
The effective intrafraction displacement during treatment was then estimated at 3

4 of the
total displacement, based on the approach in [26].
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2.2.2. ATP: Interfraction Displacement of GTVln with respect to GTVprim

With the ATP strategy, translations of a target are corrected each fraction through
an isocenter shift on the pre-treatment CT. For this study, we assume a perfect match of
GTVprim, thereby correcting all interfraction motion of GTVprim.

Due to the relative motion of GTVln with respect to GTVprim, this potentially results in
a discrepancy between the planned position and actual position of GTVln at the start of the
treatment fraction. For this study, GTVln delineations were not available on the planning
CT due to a lack of soft tissue contrast, influencing the accuracy of both GTV delineations.
Therefore, we used the delineations on MRIadapt of fraction 1 as a representative reference.
We determined the COG of GTVln with respect to GTVprim on MRIadapt of fraction 1 for all
patients. For subsequent fractions we assumed the COG of GTVprim to be perfectly matched
and determined the residual displacement of GTVln on these fractions with respect to its
position on the reference fraction 1. As a result, interfraction motion was calculated on 4
fractions instead of 5.

2.3. Margin Calculation

We determined the margins for a hypothetical treatment where GTVln and GTVprim
and are boosted sequentially, directly following a homogeneous, elective irradiation of the
mesorectum and lateral lymph node area. Given a group mean (GM), systematic error
(Σ) and random error (σ), the PTV margin MPTV was calculated using the Van Herk et al.
margin recipe [27]:

MPTV = 2.5 Σ+ 1.64
(√

σ2 + σp2 − σp

)
+ GM

As we assume the boost to be given sequentially, σp = 3.2 mm is used to describe
the penumbra width in the pelvic area. A t-test was conducted to determine whether the
GM significantly differed from zero (α = 0.05) and needed to be added to MPTV to obtain
asymmetrical margins.

For the ATS strategy, we determined GM, Σ, σ and MPTV in the LR, AP and CC
directions independently for GTVprim.

If a patient has multiple lymph nodes, their individual motion patterns might not be
independent and their motion with respect to GTVprim is almost certainly correlated due
to the movement of GTVprim itself. Since the number of lymph nodes varied per patient
from 1 to 4, this risks biasing the results due to clustering of the data. To avoid this, we
resampled the original dataset 20 times, with each subset containing a single randomly
selected lymph node for each patient. For each dataset we calculated the GM, Σ, σ and
MPTV for the LR, AP and CC directions independently. We then calculated the mean and
standard deviation of the MPTV, GM, Σ and σ over all 20 resamplings. We did the same for
the ATP strategy.

2.4. Relationship between Lymph Node Motion and Other Factors

Earlier studies on mesorectum shape variation [28,29] and tumor motion [20] suggest
that the motion might be larger for target volumes in the upper anterior part of the mesorec-
tum. Therefore, we also study the relationship between the magnitude of lymph node
motion, the location in the mesorectum and the position relative to GTVprim to determine
whether location-specific treatment margins may be needed.

To study this, we determined (similar to [30]) for each lymph node on MRIadapt of
the first fraction: 1. the longitudinal COG-distance to GTVprim, 2. the longitudinal COG-
distance to the anal verge and 3. the location within the mesorectum with respect to
the mid-coronal plane of the mesorectum on each slide (anterior/posterior). Next, two
mixed-effect linear regression models were employed (RStudio 2022.02.1 build 461) for the
intrafraction motion of GTVln when using ATS and the interfraction motion of GTVln with
respect to GTVprim when using ATP with patient number and lymph node number as nested
random effects and fractionation as a repeated measures variable. The dependent variable
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was the magnitude of the intrafraction motion of the lymph nodes and the magnitude of
the interfraction motion of the lymph nodes with respect to GTV, respectively, calculated
as the Euclidean distance of the directional displacements. Lymph node distance with
respect to the anal verge, lymph node distance with respect to GTVprim and lymph node
location were set as covariates. The model was built including the fixed effects for the
covariates, with an interaction effect between the repeated measures variable fraction and
all covariates respectively and between distance to the anal verge and lymph node location
with respect to the mesorectal coronal midline. The latter is based on the expectation that
the effect of the distance to the anal verge on the magnitude of the displacement of the
lymph node might also be influenced by its location in the axial plane, e.g., upper anterior
lymph nodes might have a higher magnitude of displacement.

3. Results
3.1. Patient Characteristics

Patient and tumor characteristics are summarized in Table 1. For four out of 28 patients,
one or more MRIpost were not available, resulting in a total of 135 fractions available for
analysis. Of the 28 patients, eight had one suspected lymph node, 14 had two to three
suspected lymph nodes and six had at least four suspected lymph nodes. The majority
(61%) of primary tumors was located in the lower rectum, within 5 cm of the anal verge. A
total of 84 pathological mesorectal lymph nodes were available for analysis with a median
of three lymph nodes per patient. Most lymph nodes (74%) were located above the tumor
and in the mid rectum, between 5 and 10 cm from the anal verge (62%).

Table 1. Patient characteristics. Data are displayed as numbers (%) unless indicated otherwise.

Patient Characteristics n = 28 (%)

Age in years, median (range) 60 (52–67)
Sex

Male 18 (64)
Female 10 (36)

Tumor stage
cT2 4 (14)
cT3 21 (75)
cT4 3 (11)

Nodal stage
cN1 23 (82)
cN2 5 (18)

Tumor location (distance with respect to anal
verge)

Lower rectum (0 to ≤5 cm) 17 (61)
Mid rectum (>5 to ≤10 cm) 11 (39)

Upper rectum (>10 cm) -
Number of lymph nodes 84 (100)

Number of nodes per patient, median (range) 3 (1–4)
Lymph node location with respect to tumor

Proximal 62 (74)
Peritumoral (at the same level of the tumor) 22 (26)

Lymph node location with respect to
mesorectum coronal midline

Anterior 38 (45)
Posterior 46 (55)

Lymph node location with respect to anal
verge

Lower rectum (0 to ≤5 cm) 9 (11)
Mid rectum (>5 to ≤10 cm) 52 (62)

Upper rectum (>10 cm) 23 (27)
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3.2. Inter- and Intrafraction Displacement

The GM, Σ and σ of COG-displacement of GTVln and GTVprim for intra- and inter-
fraction displacement are shown in Table 2. Since we assumed GTVprim to be perfectly
matched every fraction no interfraction displacement of GTVprim is reported.

Table 2. Summary information for GTVln (n = 30) and GTVprim (n = 30) inter- and intrafraction
motion calculated using van Herk PTV margin recipe. Translations are shown in left–right (LR), anterior–
posterior (AP) and cranial–caudal (CC) directions. Positive values indicate motion in right, cranial, and
posterior directions. GM = mean of patient motion, Σ = systematic error, σ = random error.

Target Volume LR (mm) CC (mm) AP (mm)

Intrafraction
displacement

GTVln
(n = 28) **

GM −0.2 (−0.3–−0.1) 0.7 (0.7–0.8) * −0.3 (−0.4–−0.3) *
Σ 1.2 (1.1–1.3) 1.2 (1.01–1.3) 1.9 (1.8–1.9)
σ 1.4 (1.34–1.5) 1.9 (1.8–2.0) 1.7 (1.6–1.8)

MPTV (ATS) 3.5 (3.3–3.7) 3.1 (2.9–3.3|caudal)
4.5 (4.3–4.7 |cranial)

5.1 (5.0–5.3 |anterior)
5.7 (5.6–5.9 |posterior)

GTVprim
(n = 28)

GM 0.0 0.2 −1.2 *
Σ 0.6 1.7 1.6
σ 1.0 1.4 1.3

MPTV (ATS) 1.7 4.7 3.2. (anterior)
5.6 (posterior)

Interfraction
displacement

with respect to
GTVprim

GTVln
(n = 28) **

GM 0.5 (0.4–0.6) 0.8 (0.6–0.9) −0.2 (−0.4–0.0)
Σ 3.4 (3.3–3.5) 6.3 (6.0–6.6) 3.4 (3.1–3.6)
σ 3.3 (3.2–3.4) 3.5 (3.4–3.6) 3.9 (3.8–4.0)

MPTV (ATP) 10.8 (10.6–11.0) 18.1 (17.5–18.7) 11.6 (11.1–12.1)

* p < 0.001; ** Mean (95% CI) are reported based on 20 resampled datasets.

3.2.1. ATS: Intrafraction Displacement of GTVln and GTVprim

The group mean of the intrafraction COG-displacement of GTVln was significant
(p < 0.05) in the cranial and posterior directions. This results in asymmetrical margins in
the AP and CC directions. Σ and σ were similar in all directions.

For GTVprim, the GM of AP was −1.2 mm and differed significantly from zero (p < 0.05).
The smallest Σ was found in the LR direction, while σ was similar in all directions. Upon
further examination of the MRI images, we observed a substantial intrafraction increase in
bladder filling (Figure 1) for the majority of patients, which may explain the relatively large
group mean displacement of GTVprim, whereas in other fractions the bladder remained
stable during treatment. Since the majority of GTVln were located in the upper mesorectum
proximal from GTVprim, bladder filling resulted in a relatively large group mean displace-
ment of GTVln in the cranial direction. In a small number of patients, a decrease in the
rectal gas volume resulted in movement of GTVprim and GTVln in the posterior direction.

The resulting margins for ATS were 3.5 mm (95% CI 3.3–3.7) LR, 4.5 mm (95% CI 4.3–
4.7) cranial, 3.1 mm (95% CI 2.9–3.3) caudal, 5.1 mm (95% CI 5.0–5.3) anterior and 5.7 mm
(95% CI 5.6–5.9) posterior for GTVln and 1.7 mm (LR), 4.7 mm (CC), 3.2 mm anterior and
5.6 mm posterior (AP) for GTVprim.

3.2.2. ATP: Interfraction Displacement of GTVln with respect to GTVprim

The GM of interfraction displacement of GTVln with respect to GTVprim was <1.0 mm
in the LR and AP directions. The GM and Σ were largest in the CC direction and σ was
similar in all directions. The estimated margins for ATP were 10.8 mm (95% CI 10.6–11.0)
in the LR direction, 18.1 mm (95% CI 17.5–18.7) in the CC direction and 11.6 mm (95% CI
11.1–12.1) in AP.
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on MRIpost show the magnitude of the intrafraction shift. In fraction 1, as a result of increasing 
bladder filling, relatively large intrafraction motion is seen. In fraction 2, the bladder remains stable 
during treatment. 
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(95% CI 5.6–5.9) posterior for GTVln and 1.7 mm (LR), 4.7 mm (CC), 3.2 mm anterior and 
5.6 mm posterior (AP) for GTVprim. 
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Figure 1. Magnitude of the intrafraction shift of GTVprim (green contour) and GTVln (yellow contour)
during two fractions as a result of bladder filling (blue contour) and consequent mesorectal shape
variation (red contour). The white dots denote the COG of the structures on MRIadapt, and the arrows
on MRIpost show the magnitude of the intrafraction shift. In fraction 1, as a result of increasing
bladder filling, relatively large intrafraction motion is seen. In fraction 2, the bladder remains stable
during treatment.

3.3. Relationship between Lymph Node Motion and Other Factors

Using mixed-effect linear regression modeling, we found a significant but weak effect
for distance from the anal verge and lymph node location on the intrafraction motion
when corrected for repeated measures (shown in Table S1 in Supplementary Materials). In
addition, after adjusting for the fixed effects, the estimates of variation in intercepts across
lymph nodes and across patients were all significant (Table S2 in Supplementary Materials).

For interfraction motion with respect to GTVprim, no significant effects were found.

4. Discussion

The aim of this study was to characterize the motion and define the required treatment
margins of the pathological mesorectal lymph nodes (GTVln) and primary tumor (GTVprim)
for two online MRI-guided adaptation strategies for sequential boosting of the GTVs.

The margins found for GTVprim in this study are in line with earlier studies on in-
trafraction motion [20–22], except for Kleijnen et al. [19]. Kleijnen et al. [19] studied the
motion as a function of time using repeated cine-MRI data and found a margin of 12 mm
for the intrafraction motion, which is twice as large as the margins in the current study. The
difference is possibly due to the difference in methodology: in their study margin calcula-
tion was based on a distance metric where 95% of the investigated time point voxels were
required to fit within the margin in 90% of all fractions. This approach is more sensitive
to individual outliers per fraction and therefore gives an overestimation of the margin in
comparison with the van Herk approach, where coverage is evaluated for 90% of patients.
Van den Ende et al. [20] reported PTV margins of 3.0 mm in the LR direction, 4.7 mm in
the AP direction and 5.5 mm in the CC direction for intrafraction displacement of GTVprim.
In Eijkelenkamp et al. [21] and Kensen et al. [22], isotropic margins 6.0 mm and 5.0 mm,
respectively, were found. Based on the results of these studies and our study, a margin for
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GTVprim of 5.0–6.0 mm isotropically appears adequate. In the case of anisotropic margins,
the margins in the LR direction can be smaller (2.0–3.0 mm).

To date, the inter- or intrafraction motion of mesorectal lymph nodes and correspond-
ing treatment margins has not been studied. Due to the different position of GTVln in the
mesorectum, the margins differ compared to GTVprim. In this study we found that the
group mean of the intrafraction motion of the GTVln was statistically significant in the
cranial and posterior direction while this was the case in the posterior direction for GTVprim.
The difference in group means is possibly due to increasing bladder filling and rectal filling
during treatment. The majority (61%) of GTVprim was located in the lower rectum and 89%
of GTVln in the upper-mid rectum, cranial to the tumor. Increasing bladder filling during
treatment caused the mesorectum to be pushed inwards at that level and consequently
GTVprim to be pushed towards the posterior side of the mesorectum, while GTVln were
pushed towards the cranial and posterior directions. This is consistent with the findings of
Van den Ende et al. [20], where most tumors were located in the upper- and mid-rectum
and a group mean in the cranial direction was similar to GTVln in this study.

In this study, we compared two commonly used online adaptive MRI-guided strategies
to determine which is suitable for dose-escalation purposes for GTVln and GTVprim. We
showed that the smallest margins are found when performing daily redelineation and plan
adaptation for each structure independently using an ATS strategy. With daily redelineation
of each structure, only intrafractional differences in position need to be accounted for.
Furthermore, we showed that the ATP strategy, using a match on GTVprim, results in a
substantial uncertainty in lymph node position, requiring relatively large treatment margins.
The reason for this is that the motion of GTVln and GTVprim are largely independent. Based
on this study, margins for GTVln of 3–4 mm (LR), 3–5 mm (CC) and 5–6 mm (AP) appear
adequate. The smaller treatment margins make ATS the preferred strategy for irradiation
of multiple structures with independent motion. ATP may be used for dose escalation to a
single structure where only correcting translations is relevant.

We also built a linear mixed-effect model to assess whether the magnitude of lymph
node motion correlates with factors such as the location in the mesorectum and the position
relative to GTVprim and the anal verge to determine whether location-specific treatment
margins may be needed. We found a significant but weak effect of location-relation for both
the intrafraction motion of GTVln and interfraction motion with respect to GTVprim. This
is not in line with previous studies on motion patterns of GTVprim [20] and mesorectum
shape variation [28] that suggest location-relation. The weak effects found in this study
might be explained by the fact that, despite their location, GTVln show similar motion.

A limitation of this study was that for the interfraction motion, MRIadapt of fraction
1 was used a reference instead of the planning CT. Since the soft tissue contrast of CT is
inferior to MRI, delineations of GTVprim on the planning CT are not accurate and might
have relatively large observer variability [31]. To avoid the bias of interobserver variability
on our results, we therefore selected delineations on MRI adapt of fraction 1. Calculating the
interfraction motion over four fractions instead of five might result in a slight overestimation
of the systematic error and a slight underestimation of the random error, with a marginal
effect on the final margin.

The factor of 2.5 in the margin recipe follows from the requirement that 90% of the
targets be covered despite a systematic error. If this recipe is applied for multiple targets
independently, this might imply that <90% of patients have both targets covered using this
recipe, depending on the correlation in motion [32].

The treatment margins found in this study primarily account for uncertainties due to
intra- and interfraction motion of the GTVs. In the total PTV used in clinical practice, other
uncertainties such as delineation uncertainty, uncertainties in gantry positioning, MLC
motion and image alignment should be included based on institutional practice. These
uncertainties are, however, typically relatively small [33,34] and will have a marginal effect
on the margins obtained.
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This study only evaluated patients treated with SCRT with a hypothetical sequential
boost. The motion and margins found here may not be appropriate for sequential boosting
of long-course RT (LCRT) patients since the motion possibly differs during the last week of
treatment. Previous studies showed a negative time trend in rectal volume in LCRT [35,36]
as well as the incidence of diarrhea and bladder infections, which might result in smaller
intrafraction motion. The outcomes of this study are therefore representative for SCRT
patients.

5. Conclusions

Our study shows that ATP with a primary match on GTVprim requires large PTV
margins for the mesorectal lymph nodes. ATS results in the smallest margins and is
therefore preferred for this purpose. With dose escalation of both primary tumor and
involved lymph nodes, higher cCR rates may be achieved, resulting in increased organ
preservation rates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15041009/s1, Table S1: Linear mixed-effect model effect
size estimates for the fixed effects on dependent variables intrafraction displacement of GTVln and
interfraction displacement of GTVln with respect to GTVprim, Table S2: Variance attributed to the
between-clusters and between-patients random effects.

Author Contributions: Conceptualization, T.M.J. and U.A.v.d.H.; methodology, T.M.J., U.A.v.d.H.
and C.A.M.M.; validation, T.M.J. and M.T.K.; formal analysis, C.M.K.; investigation, C.M.K.; resources,
F.P.P. and C.A.M.M.; data curation, A.B., L.W., F.P.P., C.A.M.M. and C.M.K.; writing—original draft
preparation, C.M.K., T.M.J. and U.A.v.d.H.; writing—review and editing, C.M.K., T.M.J., U.A.v.d.H.,
C.A.M.M., A.B., L.W., M.T.K. and F.P.P.; visualization, C.M.K.; supervision, T.M.J. and U.A.v.d.H.;
project administration, C.M.K. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Medical Ethics Committee of the Netherlands Cancer Institute.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
not publicly available due to protection of individual patient privacy and the use of an in-house
software but are available from the corresponding author on reasonable request.

Conflicts of Interest: U.A.v.d.H reports grants from the Dutch Cancer Society and Elekta AB and
support for attending meetings and/or travel by Elekta AB. The remaining authors have no compet-
ing interests.

References
1. van Gijn, W.; Marijnen, C.A.; Nagtegaal, I.D.; Kranenbarg, E.M.; Putter, H.; Wiggers, T.; Rutten, H.J.; Pahlman, L.; Glimelius, B.;

van de Velde, C.J.; et al. Preoperative radiotherapy combined with total mesorectal excision for resectable rectal cancer: 12-year
follow-up of the multicentre, randomised controlled TME trial. Lancet Oncol. 2011, 12, 575–582. [CrossRef]

2. Habr-Gama, A.; Perez, R.O.; Nadalin, W.; Sabbaga, J.; Ribeiro, U., Jr.; e Sousa, A.H.S., Jr.; Campos, F.G.; Kiss, D.R.; Gama-Rodrigues,
J. Operative versus nonoperative treatment for stage 0 distal rectal cancer following chemoradiation therapy: Long-term results.
Ann. Surg. 2004, 240, 711. [CrossRef]

3. Habr-Gama, A.; Sabbaga, J.; Gama-Rodrigues, J.; São Julião, G.P.; Proscurshim, I.; Aguilar, P.B.; Nadalin, W.; Perez, R.O. Watch
and wait approach following extended neoadjuvant chemoradiation for distal rectal cancer: Are we getting closer to anal cancer
management? Dis. Colon Rectum 2013, 56, 1109–1117. [CrossRef] [PubMed]

4. Habr-Gama, A.; Gama-Rodrigues, J.; São Julião, G.P.; Proscurshim, I.; Sabbagh, C.; Lynn, P.B.; Perez, R.O. Local recurrence after
complete clinical response and watch and wait in rectal cancer after neoadjuvant chemoradiation: Impact of salvage therapy on
local disease control. Int. J. Radiat. Oncol. Biol. Phys. 2014, 88, 822–828. [CrossRef] [PubMed]

5. Renehan, A.G.; Malcomson, L.; Emsley, R.; Gollins, S.; Maw, A.; Myint, A.S.; Rooney, P.S.; Susnerwala, S.; Blower, A.; Saunders,
M.P. Watch-and-wait approach versus surgical resection after chemoradiotherapy for patients with rectal cancer (the OnCoRe
project): A propensity-score matched cohort analysis. Lancet Oncol. 2016, 17, 174–183. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers15041009/s1
https://www.mdpi.com/article/10.3390/cancers15041009/s1
http://doi.org/10.1016/S1470-2045(11)70097-3
http://doi.org/10.1097/01.sla.0000141194.27992.32
http://doi.org/10.1097/DCR.0b013e3182a25c4e
http://www.ncbi.nlm.nih.gov/pubmed/24022527
http://doi.org/10.1016/j.ijrobp.2013.12.012
http://www.ncbi.nlm.nih.gov/pubmed/24495589
http://doi.org/10.1016/S1470-2045(15)00467-2


Cancers 2023, 15, 1009 10 of 11

6. Appelt, A.L.; Pløen, J.; Harling, H.; Jensen, F.S.; Jensen, L.H.; Jørgensen, J.C.; Lindebjerg, J.; Rafaelsen, S.R.; Jakobsen, A. High-dose
chemoradiotherapy and watchful waiting for distal rectal cancer: A prospective observational study. Lancet Oncol. 2015, 16,
919–927. [CrossRef] [PubMed]

7. Rullier, E.; Rouanet, P.; Tuech, J.-J.; Valverde, A.; Lelong, B.; Rivoire, M.; Faucheron, J.-L.; Jafari, M.; Portier, G.; Meunier, B. Organ
preservation for rectal cancer (GRECCAR 2): A prospective, randomised, open-label, multicentre, phase 3 trial. Lancet 2017, 390,
469–479. [CrossRef]

8. Bach, S.P.; Gilbert, A.; Brock, K.; Korsgen, S.; Geh, I.; Hill, J.; Gill, T.; Hainsworth, P.; Tutton, M.G.; Khan, J. Radical surgery versus
organ preservation via short-course radiotherapy followed by transanal endoscopic microsurgery for early-stage rectal cancer
(TREC): A randomised, open-label feasibility study. Lancet Gastroenterol. Hepatol. 2021, 6, 92–105. [CrossRef]

9. Beets-Tan, R.G.H.; Leijtens, J.; Beets, G.L. Wait-and-see policy for clinical complete responders after chemoradiation for rectal
cancer. J. Clin. Oncol. 2011, 29, 4633–4640.

10. Bujko, K.; Partycki, M.; Pietrzak, L. Neoadjuvant radiotherapy (5 × 5 Gy): Immediate versus delayed surgery. Early Gastrointest.
Cancers II Rectal Cancer 2014, 203, 171–187.

11. Erlandsson, J.; Lörinc, E.; Ahlberg, M.; Pettersson, D.; Holm, T.; Glimelius, B.; Martling, A. Tumour regression after radiotherapy
for rectal cancer–Results from the randomised Stockholm III trial. Radiother. Oncol. 2019, 135, 178–186. [CrossRef]

12. Hoendervangers, S.; Couwenberg, A.M.; Intven, M.P.; van Grevenstein, W.M.; Verkooijen, H.M. Comparison of pathological
complete response rates after neoadjuvant short-course radiotherapy or chemoradiation followed by delayed surgery in locally
advanced rectal cancer. Eur. J. Surg. Oncol. 2018, 44, 1013–1017. [CrossRef]

13. Appelt, A.L.; Pløen, J.; Vogelius, I.R.; Bentzen, S.M.; Jakobsen, A. Radiation dose-response model for locally advanced rectal
cancer after preoperative chemoradiation therapy. Int. J. Radiat. Oncol. Biol. Phys. 2013, 85, 74–80. [CrossRef] [PubMed]

14. Burbach, J.P.M.; den Harder, A.M.; Intven, M.; van Vulpen, M.; Verkooijen, H.M.; Reerink, O. Impact of radiotherapy boost on
pathological complete response in patients with locally advanced rectal cancer: A systematic review and meta-analysis. Radiother.
Oncol. 2014, 113, 1–9. [CrossRef] [PubMed]

15. Couwenberg, A.M.; Burbach, J.P.; Berbee, M.; Lacle, M.M.; Arensman, R.; Raicu, M.G.; Wessels, F.J.; Verdult, J.; Roodhart, J.;
Reerink, O. Efficacy of dose-escalated chemoradiation on complete tumor response in patients with locally advanced rectal cancer
(RECTAL-BOOST): A phase 2 randomized controlled trial. Int. J. Radiat. Oncol. Biol. Phys. 2020, 108, 1008–1018. [CrossRef]
[PubMed]

16. Movsas, B.; Diratzouian, H.; Hanlon, A.; Cooper, H.; Freedman, G.; Konski, A.; Sigurdson, E.; Hoffman, J.; Meropol, N.J.; Weiner,
L.M. Phase II trial of preoperative chemoradiation with a hyperfractionated radiation boost in locally advanced rectal cancer. Am.
J. Clin. Oncol. 2006, 29, 435–441. [CrossRef]

17. Meade, P.G.; Blatchford, G.J.; Thorson, A.G.; Christensen, M.A.; Tement, C.A. Preoperative chemoradiation downstages locally
advanced ultrasound-staged rectal cancer. Am. J. Surg. 1995, 170, 609–613. [CrossRef]

18. Winkel, D.; Bol, G.H.; Kroon, P.S.; van Asselen, B.; Hackett, S.S.; Werensteijn-Honingh, A.M.; Intven, M.P.W.; Eppinga, W.S.C.;
Tijssen, R.H.N.; Kerkmeijer, L.G.W.; et al. Adaptive radiotherapy: The Elekta Unity MR-linac concept. Clin Transl Radiat Oncol
2019, 18, 54–59. [CrossRef]

19. Kleijnen, J.-P.J.; Van Asselen, B.; Burbach, J.P.; Intven, M.; Philippens, M.E.; Reerink, O.; Lagendijk, J.J.; Raaymakers, B.W.
Evolution of motion uncertainty in rectal cancer: Implications for adaptive radiotherapy. Phys. Med. Biol. 2015, 61, 1. [CrossRef]

20. van den Ende, R.P.; Kerkhof, E.M.; Rigter, L.S.; van Leerdam, M.E.; Peters, F.P.; van Triest, B.; Staring, M.; Marijnen, C.A.; van der
Heide, U.A. Feasibility of Gold Fiducial Markers as a Surrogate for Gross Tumor Volume Position in Image-Guided Radiation
Therapy of Rectal Cancer. Int. J. Radiat. Oncol. Biol. Phys. 2019, 105, 1151–1159. [CrossRef]

21. Eijkelenkamp, H.; Boekhoff, M.R.; Verweij, M.E.; Peters, F.P.; Meijer, G.J.; Intven, M.P. Planning target volume margin assessment
for online adaptive MR-guided dose-escalation in rectal cancer on a 1.5 T MR-Linac. Radiother. Oncol. 2021, 162, 150–155.
[CrossRef]

22. Kensen, C.M.; Janssen, T.M.; Betgen, A.; Wiersema, L.; Peters, F.P.; Remeijer, P.; Marijnen, C.A.; van der Heide, U.A. Effect of
intrafraction adaptation on PTV margins for MRI guided online adaptive radiotherapy for rectal cancer. Radiat. Oncol. 2022, 17,
110. [CrossRef] [PubMed]

23. de Mol van Otterloo, S.R.; Christodouleas, J.P.; Blezer, E.L.; Akhiat, H.; Brown, K.; Choudhury, A.; Eggert, D.; Erickson, B.A.;
Faivre-Finn, C.; Fuller, C.D. The MOMENTUM study: An international registry for the evidence-based introduction of MR-guided
adaptive therapy. Front. Oncol. 2020, 10, 1328. [CrossRef] [PubMed]

24. Kim, J.H.; Beets, G.L.; Kim, M.-J.; Kessels, A.G.; Beets-Tan, R.G. High-resolution MR imaging for nodal staging in rectal cancer:
Are there any criteria in addition to the size? Eur. J. Radiol. 2004, 52, 78–83. [CrossRef]

25. Wang, C.; Zhou, Z.; Wang, Z.; Zheng, Y.; Zhao, G.; Yu, Y.; Cheng, Z.; Chen, D.; Liu, W. Patterns of neoplastic foci and lymph node
micrometastasis within the mesorectum. Langenbeck’s Arch. Surg. 2005, 390, 312–318. [CrossRef] [PubMed]

26. Janssen, T.; van der Heide, U.; Remeijer, P.; Sonke, J.; van der Bijl, E. SP-0702 A theoretical framework for treatment margins for
online adaptive radiotherapy. Radiother. Oncol. 2022, 170, S618–S619. [CrossRef]

27. Van Herk, M.; Remeijer, P.; Rasch, C.; Lebesque, J.V. The probability of correct target dosage: Dose-population histograms for
deriving treatment margins in radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 2000, 47, 1121–1135. [CrossRef] [PubMed]

28. Nijkamp, J.; de Jong, R.; Sonke, J.-J.; Remeijer, P.; van Vliet, C.; Marijnen, C. Target volume shape variation during hypo-
fractionated preoperative irradiation of rectal cancer patients. Radiother. Oncol. 2009, 92, 202–209. [CrossRef]

http://doi.org/10.1016/S1470-2045(15)00120-5
http://www.ncbi.nlm.nih.gov/pubmed/26156652
http://doi.org/10.1016/S0140-6736(17)31056-5
http://doi.org/10.1016/S2468-1253(20)30333-2
http://doi.org/10.1016/j.radonc.2019.03.016
http://doi.org/10.1016/j.ejso.2018.03.014
http://doi.org/10.1016/j.ijrobp.2012.05.017
http://www.ncbi.nlm.nih.gov/pubmed/22763027
http://doi.org/10.1016/j.radonc.2014.08.035
http://www.ncbi.nlm.nih.gov/pubmed/25281582
http://doi.org/10.1016/j.ijrobp.2020.06.013
http://www.ncbi.nlm.nih.gov/pubmed/32565319
http://doi.org/10.1097/01.coc.0000227480.41414.f2
http://doi.org/10.1016/S0002-9610(99)80026-9
http://doi.org/10.1016/j.ctro.2019.04.001
http://doi.org/10.1088/0031-9155/61/1/1
http://doi.org/10.1016/j.ijrobp.2019.08.052
http://doi.org/10.1016/j.radonc.2021.07.011
http://doi.org/10.1186/s13014-022-02079-2
http://www.ncbi.nlm.nih.gov/pubmed/35729587
http://doi.org/10.3389/fonc.2020.01328
http://www.ncbi.nlm.nih.gov/pubmed/33014774
http://doi.org/10.1016/j.ejrad.2003.12.005
http://doi.org/10.1007/s00423-005-0562-7
http://www.ncbi.nlm.nih.gov/pubmed/16049726
http://doi.org/10.1016/S0167-8140(22)04023-3
http://doi.org/10.1016/S0360-3016(00)00518-6
http://www.ncbi.nlm.nih.gov/pubmed/10863086
http://doi.org/10.1016/j.radonc.2009.04.022


Cancers 2023, 15, 1009 11 of 11

29. Boldrini, L.; Chiloiro, G.; Cusumano, D.; Romano, A.; Placidi, L.; Turco, G.; Antonelli, M.V.; Nardini, M.; Galetto, M.; Indovina, L.
Mesorectal motion evaluation in rectal cancer MR-guided radiotherapy: An exploratory study to quantify treatment margins.
Radiat. Oncol. 2023, 18, 1–8. [CrossRef]

30. Heijnen, L.A.; Lambregts, D.M.; Lahaye, M.J.; Martens, M.H.; van Nijnatten, T.J.; Rao, S.-X.; Riedl, R.G.; Buijsen, J.; Maas, M.;
Beets, G.L. Good and complete responding locally advanced rectal tumors after chemoradiotherapy: Where are the residual
positive nodes located on restaging MRI? Abdom. Radiol. 2016, 41, 1245–1252. [CrossRef]

31. White, I.; Hunt, A.; Bird, T.; Settatree, S.; Soliman, H.; Mcquaid, D.; Dearnaley, D.; Lalondrelle, S.; Bhide, S. Interobserver
variability in target volume delineation for CT/MRI simulation and MRI-guided adaptive radiotherapy in rectal cancer. Br. J.
Radiol. 2021, 94, 20210350. [CrossRef]

32. van Kranen, S.; Van Herk, M.; Sonke, J. Margin Design for Deforming and Differential Doving Target Volumes. In Radiotherapy
and Oncology; Elsevier House: Clare, Ireland, 2008; Volume 88, p. S154.

33. Raaymakers, B.W.; Jürgenliemk-Schulz, I.; Bol, G.; Glitzner, M.; Kotte, A.; Van Asselen, B.; De Boer, J.; Bluemink, J.; Hackett, S.;
Moerland, M. First patients treated with a 1.5 T MRI-Linac: Clinical proof of concept of a high-precision, high-field MRI guided
radiotherapy treatment. Phys. Med. Biol. 2017, 62, L41. [CrossRef] [PubMed]

34. Tijssen, R.H.; Philippens, M.E.; Paulson, E.S.; Glitzner, M.; Chugh, B.; Wetscherek, A.; Dubec, M.; Wang, J.; van der Heide, U.A.
MRI commissioning of 1.5 T MR-linac systems–a multi-institutional study. Radiother. Oncol. 2019, 132, 114–120. [CrossRef]

35. Nijkamp, J.; Swellengrebel, M.; Hollmann, B.; de Jong, R.; Marijnen, C.; van Vliet-Vroegindeweij, C.; van Triest, B.; van Herk,
M.; Sonke, J.-J. Repeat CT assessed CTV variation and PTV margins for short-and long-course pre-operative RT of rectal cancer.
Radiother. Oncol. 2012, 102, 399–405. [CrossRef] [PubMed]

36. Van den Begin, R.; Kleijnen, J.-P.; Engels, B.; Philippens, M.; van Asselen, B.; Raaymakers, B.; Reerink, O.; De Ridder, M.; Intven,
M. Tumor volume regression during preoperative chemoradiotherapy for rectal cancer: A prospective observational study with
weekly MRI. Acta Oncol. 2018, 57, 723–727. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1186/s13014-022-02193-1
http://doi.org/10.1007/s00261-016-0640-z
http://doi.org/10.1259/bjr.20210350
http://doi.org/10.1088/1361-6560/aa9517
http://www.ncbi.nlm.nih.gov/pubmed/29135471
http://doi.org/10.1016/j.radonc.2018.12.011
http://doi.org/10.1016/j.radonc.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22239865
http://doi.org/10.1080/0284186X.2017.1400689
http://www.ncbi.nlm.nih.gov/pubmed/29157069

	Introduction 
	Materials and Methods 
	Patients and MR-Linac Protocol 
	Inter- and Intrafraction Displacement 
	ATS: Intrafraction Displacement of GTVln and GTVprim 
	ATP: Interfraction Displacement of GTVln with respect to GTVprim 

	Margin Calculation 
	Relationship between Lymph Node Motion and Other Factors 

	Results 
	Patient Characteristics 
	Inter- and Intrafraction Displacement 
	ATS: Intrafraction Displacement of GTVln and GTVprim 
	ATP: Interfraction Displacement of GTVln with respect to GTVprim 

	Relationship between Lymph Node Motion and Other Factors 

	Discussion 
	Conclusions 
	References

