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Purpose: To compare treatment plans of two different rectal boost strategies: up-front versus adaptive
boost at the 1.5 T MR-Linac.
Methods: Patients with locally advanced rectal cancer (LARC) underwent standard neoadjuvant
radiochemotherapy with 50.4 Gy in 28 fractions. T2-weighted MRI prior and after the treatment session
were acquired to contour gross tumor volumes (GTVs) and organs at risk (OARs). The datasets were used
to simulate four different boost strategies (all with 15 Gy/5 fractions in addition to 50.4 Gy): up-front
boost (5 daily fractions in the first week of treatment) and an adaptive boost (one boost fraction per
week). Both strategies were planned using standard and reduced PTV margins. Intra-fraction motion
was assessed by pre- and post-treatment MRI-based contours.
Results: Five patients were included and a total of 44 MRI sets were evaluated. The median PTV volumes
of the adaptive boost were significantly smaller than for the up-front boost (81.4 cm3 vs 44.4 cm3 for PTV
with standard margins; 31.2 cm3 vs 15 cm3 for PTV with reduced margins; p = 0.031). With reduced mar-
gins the rectum was significantly better spared with an adaptive boost rather than with an up-front
boost: V60Gy and V65Gy were 41.2% and 24.8% compared with 59% and 29.9%, respectively
(p = 0.031). Median GTV intra-fractional motion was 2 mm (range 0–8 mm).
Conclusions: The data suggest that the adaptive boost strategy exploiting tumor-shrinkage and reduced
margin might result in better sparing of rectum and anal canal. Individual margin assessment, motion
management and real-time adaptive radiotherapy appear attractive applications of the 1.5 T MR-Linac
for further testing of individualized and safe dose escalation in patients with rectal cancer.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of European Society for Radiotherapy and
Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Current standard-of-care for locally advanced rectal cancer
(LARC) includes neoadjuvant chemo-radiotherapy (CRT) followed
by total mesorectal excision (TME) [1]. Pathological complete
response (pCR) after neoadjuvant CRT represents a favorable prog-
nostic factor for loco-regional control, distant metastasis-free sur-
vival and overall survival [2–6]. Furthermore, a growing body of
evidence suggests that patients without residual tumor (cCR, clin-
ical complete response) after CRT might be safely managed with
watch-and-wait and, in case of local regrowth, with salvage sur-
gery [7]. This organ-preservation approach may allow sparing peri-
operative and long-term morbidity as well as improve quality of
life (QoL) [8–11]. However, with standard CRT protocols only about
15% of the patients achieve a pCR at the time of surgery, i.e.
approximately eight weeks after completion of CRT.

Various strategies to increase cCR and pCR have been studied
such as the prolongation of the interval between CRT and surgery,
intensification of concomitant systemic treatment, the application
of deep regional hyperthermia and the use of consolidative
chemotherapy [12]. In addition, ameta-analysis demonstrated that
radiotherapy (RT) dose escalation may also be a viable strategy to
increase the pCR rate [13]. Relatively high radiation doses, e.g.
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above 60 Gy normalized to 2 Gy per fraction seem to be necessary
to achieve a clinically relevant gain in pCR [14,15]. However, this
leads to several challenges for precise dose escalation to the pri-
mary tumor as increased toxicity is of particular concern: firstly,
the anatomy of the rectum, the tumor and surrounding normal tis-
sues might show relevant day-to-day variation in position. Sec-
ondly, tumors might shrink considerably during treatment
[16,17]. Thirdly, the optimal timing for a primary tumor boost
has not been established yet. In addition, intra-fractional motion
of the tumor needs to be accounted for by adding a safety margin
to ensure adequate target coverage but on the other hand this
increases the irradiated volume and thereby the risk of toxicity.
Hybrid devices combining a linear accelerator with magnetic reso-
nance imaging (MR-Linac) have been recently introduced in clini-
cal practice, providing a promising solution for these challenges
[18,19]. Of particular interest is the capacity of the MR-linac to
generate images with high soft-tissue contrast in the treatment
workflow for real-time adaptive boost simulation and delivery,
also taking anatomical and functional treatment response into
account [20]. In the present planning study, we hypothesized that
an adaptive MR-guided boost to the primary rectal tumor with
reduced margins results in better sparing of organs at risk (OARs)
than an up-front boost due to shrinkage of the gross tumor volume
(GTV) throughout the course of treatment.
2. Methods

2.1. Patient and treatment characteristics

Inclusion criteria include histologically confirmed, locally
advanced adenocarcinoma of the middle- or lower rectum (stage
II-III according to AJCC/TNM 8th ed. [21]) with an indication for
preoperative CRT. Exclusion criteria were any contraindications
for MRI (such as claustrophobia or electronic devices including
defibrillators, cochlear implants, pacemakers, etc.) and clinical con-
ditions precluding the administration of standard treatment. Prior
to treatment, all patients underwent a diagnostic pelvic MRI with
gadolinium enhancement, contrast-enhanced thorax and abdomen
computed tomography CT, endoscopy (with biopsy) and clinical
examination. CT simulation (Brilliance Big Bore, Philips, Eindhoven,
The Netherlands) and MR simulation (1.5 T Unity MR-Linac, Elekta,
AB, Stockholm, Sweden) were performed on the same day in
supine position. Patients were instructed to drink approximately
400 cc of water 30 min prior to the simulation and to empty the
bowels before the simulation. According to our institutional stan-
dard, RT was given to a total dose of 50.4 Gy in 28 fractions. Simul-
taneous chemotherapy consisted of continuous intravenous
infusion of 5-fluorouracil 1000 mg/m2 per day over 120 h during
weeks one and five. TME as deep anterior resection or
abdominoperineal resection was scheduled approximately 8 weeks
after the end of RT. All patients were treated within a phase 2 MR-
Linac feasibility trial (NCT04172753) which has been approved by
the IRB of the Medical Faculty Tübingen (659/2017BO1).
2.2. Imaging, boost strategies, OAR and target volume definition,
planning

The Elekta Unity� (Elekta AB, Stockholm, Sweden) hybrid sys-
tem combines a 1.5 Tesla (T) MR with a 7 MV flattening filter free
accelerator mounted on a rotating gantry system that provides
real-time, ‘‘on-board’’ MRI in the treatment room to guide IMRT
planning and delivery based on daily anatomy changes [22–24].
For each treatment fraction, T2-weighted scans were performed
before and after radiation delivery (pre-treatment and post-
treatment T2w-2 min). Based on the daily pre-treatment T2w-
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2 min images, the daily plan was adapted using a virtual couch
shift by the so called ‘‘adapt to position” (ATP) workflow with seg-
ment weight optimization [23]. The daily post-treatment T2w-
2 min images were acquired for quality assurance and research
purposes. At the end of the first 5 fractions and then once a week,
all patients underwent the following additional MRI sequences (cf.
supplement for sequence details): T2-weighted 3D pseudo steady-
state (pss) (T2w-6 min) and T2-weighted 3D fat suppression SPAIR
(T2w-SPAIR).

To address to hypothesis of our planning study, four different
boost strategies were compared (Fig. 1):

1) up-front boost with standard margin: A boost of 15 Gy to the
GTV in 5 fractions during the first week of treatment with an
anisotropic 7–10 mm PTV margin (7 mm laterally and
10 mm in all other directions) followed by the standard
treatment (50.4 Gy in 28 fractions)

2) up-front boost with reduced margin: A boost of 15 Gy to the
GTV in 5 fractions during the first week of treatment with an
isotropic 3 mm PTV margin followed by the standard
treatment

3) Adaptive boost with standard margin: A boost of 15 Gy to
the GTV in 5 fractions with one boost fraction per week
and with an anisotropic 7–10 mm PTV margin (7 mm later-
ally and 10 mm in all other directions), the boost is inte-
grated in the standard treatment (50.4 Gy in 28 fractions)

4) Adaptive boost with reduced margin: A boost of 15 Gy to the
GTV in 5 fractions with one boost fraction per week and with
an isotropic 3 mm PTV margin, the boost is integrated in the
standard treatment.

The linear-quadratic iso-effect model with a/b value of 10 Gy
for tumor was applied to calculate biologically equivalent total
doses (TD) normalized to 2 Gy/fraction (EQD2). For all boost strate-
gies, the total EQD2 to the GTV was 66.25 Gy. For OARs an a/b
value of 3 Gy was applied.

OARs were contoured (according to the Radiation Therapy
Oncology Group contouring guidelines [25]) in T2w-6 min images.
For GTV definition T2w-SPAIR images were registered to the
respective T2w-6 min images and used to additionally inform
GTV definition. The anal-sphincter was defined as the muscle layer
around the anal canal [26,27]. Other OARs and respective dose
parameters include: rectum (Dmean, V60, V65), bladder (Dmean,
V40), anal canal (Dmean), penile bulb (Dmean).

A CT-based treatment plan with 50.4 Gy prescribed to the PTV
and the MR-based plans (MR of the day) with adapted target vol-
umes were retrospectively simulated for each patient. A total of
20 MR-based plans with adapted target volumes were calculated
for each patient, i.e. five plans for each of the four boost strategies
described above. All treatment plans consisted of step-and-shoot
IMRT created in the treatment planning system (TPS) Monaco�

5.4 (Elekta AB, Stockholm, Sweden). Simulated dose distributions
on the MRI of the day were planned based on the MR-Linac
adapt-to-shape workflow [23] using a synthetic CT with mean den-
sities of the primary CT assigned to femur, pelvis, sacrum, rectum,
bladder and not further defined soft tissue. All treatment plans
were optimized based on the same planning template with nine
beam angles, 3 mm dose grid, 1% calculation uncertainty and clin-
ically used sequencing parameters. During the optimization for all
treatment plans, the iso-effects on the OARs were tightened with
the following priority: rectum, sigmoid, bladder and conformality
until the PTV coverage was D98 = 14.25 Gy (95% of the prescribed
Dose) ± 0.1 Gy. To enable direct comparison, we normalized the
plans for all boost strategies to the same PTV coverage level D
(98%) of 14.25 Gy, i.e. 98% target covered by 95% of the prescribed
dose.



Fig. 1. Study design with time points for imaging and boost planning (arrows for additional T2w-6 min and T2w-SPAIR) for a) UpFront and b) Adaptive boost.
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2.3. Assessment of intrafraction motion

GTVs were contoured on the T2w-6 min images acquired after
the radiation delivery and were propagated on the pre-treatment
T2w-2 min scan where the GTV contours were adapted to the
pre-treatment anatomy (e.g. editing the target because of changes
in rectum air filling). The time elapsed between pre and post imag-
ing was recorded. The open-source DICOM toolkit (DCMTK) was
used to create masks of the GTV contours identifying voxels occu-
pied by GTV in the pre and post treatment scan on a MRI voxel grid
of 0.83 � 0.83 � 1 mm3. For every voxel of the post-treatment GTV,
a minimal Euclidean distance to a voxel occupied by the GTV in the
pre-treatment scan was calculated in Matlab (Version 2020). For
this voxel-based minimal distance, the percentage GTV coverage
for isotropic margins from zero to 20 mm was calculated.

2.4. Statistical analysis

Statistical analysis was performed using IBM Statistical Package
for Social Sciences (SPSS, version 26, Inc., Chicago, IL). The non-
parametric Wilcoxon signed-rank test was used to evaluate the dif-
ferences between pairwise comparisons. A one-tailed p-value was
calculated and p � 0.05 was considered statistically significant.

3. Results

Table 1 shows the patient and tumor characteristics of the five
patients enrolled in the present planning study. All patients com-
pleted neoadjuvant CRT with 50.4 Gy and 5-fluorouracil as pre-
scribed. A total of 44 MRI datasets obtained at the 1.5 T MR-
Linac were available. For logistic reasons during the COVID-19 pan-
demic, one patient received the first week of treatment at the 1.5 T
MR-Linac and continued then at a conventional linac (6 MV VMAT,
IGRT with cone-beam CT). For the purpose of this study, he was
scanned weekly at the 1.5 T Unity MR-Linac and MR-images were
acquired for the calculation of boost plans. For another patient it
was not possible to image after completion of a treatment session
Table 1
Patient and tumour characteristics.

Patient Age(years) Gender Stage Pr

Le

1 54 female T3N1M0 4
2 52 female T2N1M0 2.
3 65 male T3N1M0 6
4 55 male T3N1M0 3
5 73 female T3N1M0 6.

*Measured on baseline diagnostic MRI (the distance from sphincter was measured on sa
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in week three at the MR-Linac. Thus, for this patient only four
boost plans were available. For the analysis, the missing dataset
was replaced by the mean of the four adaptive boost plans. During
the first week of treatment and over the entire RT course the med-
ian primary GTV shrinkage was 10.1 cm3 (1.7–11.5 cm3) and
15.7 cm3 (6.2–35.5 cm3), respectively (Fig. 2). The difference
between shrinkage during week one and the entire treatment
course was statistically significant (Z = -2.023; p = 0.043). The data
for the respective PTVs are summarized in Table 2 showing that
adaptive boost with reduced margins revealed the smallest PTV
(Z = -2.023, p = 0.031). Fig. 3 shows an example of the imaging
and dose distribution. In all plans acceptable PTV coverage with
D98 of 95% of the prescribed dose was achieved. Dosimetric
parameters for OARs are shown in Table 3. For the two male
patients the dose to the penile bulb was kept below the constraint
of Dmean < 50 Gy. Applying the QUANTEC recommendations for
rectal bleeding (rectum V65 � 25% for grade � 2 risk < 15% and
grade � 3 risk < 10% [28,29]) three out of five patients would have
been eligible for a boost irradiation if the adaptive planning strat-
egy with reduced margin was used. In contrast, none of patients
would have been eligible with the up-front boost strategy irrespec-
tive of the margin and only one patient receiving the adaptive
boost with standard margin. Similar results were found for rectum
V60. The dosimetric differences for urinary bladder and anal canal
between the different boost strategies were small.

For assessment of intra-fractional tumor motion, a total of 41
fractions with pre- and post-treatment images were analyzed with
a median time of 13 min (range 9–32 min) between the start of the
pre-treatment and the end of the post-treatment imaging. Fig. 4
shows that an isotropic expansion of 3 mm would lead to a 95%
coverage of the GTV during the treatment session.

4. Discussion

In the present planning study we hypothesized that tumor
shrinkage and margin reduction based on the assessment of
intra-fraction motion results in better sparing of OAR allowing
imary tumour size* Distance from anal verge (cm)*

ngth (cm) Volume (cm3)

7.5 9
8 22.6 7

52.5 2
10.4 6

2 19.4 9

gittal plane. TNM AJCC 8th ed.



Fig. 2. Primary tumour volume (GTV) during the course of fractionated radiotherapy.

Table 2
Median PTV boost volumes with interquartile range for all five patients with standard
and reduced margins for upfront versus adaptive boost.

PTV UpFront Boost (cm3)* Adaptive Boost (cm3)* p
value**

Standard margins 81.4 (43.2–181.3) 44.4 (15–173.5) 0.031
Reduced margins 31.2 (14.6–93.1) 15 (3–89.2) 0.031

*UpFront Boost: median of the PTV boost volumes of the first five days of treatment;
Adaptive Boost: median of the weekly PTV boost volumes. **Wilcoxon signed-rank
test between median values of UpFront and Adaptive boost for all five patients.
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dose escalation to primary rectal cancer using real-timeMR-guided
radiotherapy. To the best of our knowledge of the authors this kind
of such an analysis has not been published before. Although lim-
ited by the small number of patients, our findings suggest that both
elements, i.e. adaptive boost spread out over five weeks to exploit
tumor shrinkage and margin reduction, resulted in the most effec-
tive sparing of the rectum. In our dataset, only this planning strat-
egy would allow that the majority of patients would qualify based
on rectal sparing for a real-time MR-guided adaptive boost trial
using 15 Gy in five fractions to the primary tumor. Despite of con-
siderably tumor shrinkage, the GTV was visible in all patients
including week four and five (no complete remission) in the pre-
sent study. It appears possible that in patients with very sensitive
Fig. 3. Sagittal views (T2w-6 min images) of target volume (red lines) and dose distributio
5 during week 1; b) Adaptive boost with reduced margins once per week during week 1 t
28 fractions to the pelvis.

89
tumors a complete or near-complete remission already occurs dur-
ing long-course CRT. However, these patients would not be candi-
dates for further dose-escalation and potential toxicity could be
spared. This individualization, i.e. boost only if the tumor is suffi-
ciently visible, appears to be another potential benefit of the adap-
tive versus up-front boost. As dosimetric results from planning
studies might not necessarily translate in actual clinical effects,
these findings are hypothesis-generating and need to be validated
in clinical trials using escalated radiation doses. The present plan-
ning study used a long-course CRT as a backbone for dose escala-
tion. Thus, our results do not apply to the emerging new
standard of care of short-course radiotherapy and total neoadju-
vant therapy as tested in the RAPIDO trial [30,31]. Integration of
real-time MR-guided dose escalation in the short-course backbone
will be challenged by the fact that shrinkage might not occur sim-
ilar to the up-front scenario described in the present study and
other approaches such as functional imaging and dose-painting
may have to be explored. Our data suggest that just margin reduc-
tion may be not sufficient to allow safe dose escalation to the pri-
mary rectal tumor.

In the framework of a clinical trial various strategies for RT dose
escalation for rectal cancer have been studied or have been
adopted in on-going clinical trials [32–35]. The WW3 trial of the
Danish group [34] and the APHRODITE trial of the Leeds group
[35] investigate a dose-escalation up to 62 Gy in rectal cancer
patients using a simultaneous integrated boost (SIB) technique.
n in the boost plans of patient 4. a) UpFront boost with reduced margins on day 1 to
o 5. Only the dose distribution of the boost is shown. All patients received 50.4 Gy in



Table 3
Dosimetric parameters to the rectum, bladder and anal canal.

Reduced Margins Standard Margins
UpFront Boost Adaptive Boost UpFront Boost Adaptive Boost

Parameter Median IQR Median IQR p value* Median IQR Median IQR p value*

Rectum
Dmean§ 59.5 58.6–61 56.8 56.1–58.8 0.031 60.8 60.3–63.3 58.6 58.5–61.1 0.031
V60y 59 49.5–66.7 41.2 32–55.2 0.031 69.1 66.9–83.2 55.5 49.8–68.1 0.031
V65y 29.9 27.5–37.4 24.8 17.1–29.4 0.031 32.8 25.7–43.4 29 23.8–36 0.031

Urinary bladder
Dmean§ 34.3 31.7–36 34.3 31.6–35.7 0.125 34.7 32.4–36.9 34.4 32.1–36.1 0.063
V40y 25.9 20.7–39.1 26 20.7–38.8 0.063 26.5 22.1–39.8 26.1 22.4–39.2 0.063

Anal Canal
Dmean§ 45.2 41.1–65.1 45 40.7–63.4 0.031 45.3 42.1–65.8 45.2 41.2–64.5 0.031

IQR, interquartile range, *Wilcoxon signed-rank test, § Values are reported in Gy, y Values are reported in % (percentage of volume of the OAR considered).

Fig. 4. Isotropic expansion of the GTV and relative GTV coverage during the
treatment session.
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In the RECTAL-BOOST phase II randomized trial, patients with LARC
were treated with an external-beam up-front boost of 15 Gy in five
fractions to the primary rectal tumor followed by standard neoad-
juvant CRT. No statistical significant improvement in pCR-rate or
2-year clinical complete response was observed in the boost arm
compared with the standard arm. The latter showed an unexpected
high rate of pCR beyond 30%. However, in comparison to the stan-
dard arm, a higher rate of TRG 1–2 and of sphincter preservation
were observed in the dose escalation group without excess in
grade � 3 toxicity one year after treatment. In addition, due to pre-
set planning constraints compromises in target coverage in the
boost arm were necessary. Thus, not all patients received dose
escalation as defined per protocol. The high pCR rate in the control
group underlines the need of precise identification of patients who
might benefit from further dose escalation. Adequate patient selec-
tion is also key for the design of future trials. An interesting
approach for patient stratification might include imaging biomark-
ers for early response assessment such as DWI [16]. A major chal-
lenge with cone-beam CT workflows results from the poor
visualization of primary target in the based workflow and the sub-
sequent safety margins to assure appropriate volume coverage. As
a consequence rather large volumes had to be treated with an
increased risk of toxicity. Conceptually, the 1.5 T MR-Linac hybrid
device offers superior soft tissue contrast for image guidance, func-
tional imaging including DWI, real-time adaptive dose planning
and motion monitoring during delivery. The latter is of particular
importance as anatomical shifts might occur during the session
and might jeopardize margin reduction. Here we show that an
average margin of three millimeters would ensure 95% coverage
of the tumor in all five patients. More data is needed to validate
this margin concept for future trials taking also into account that
for an adaptive MR-guided boost an adapt-to-shape (ATS)
90
workflow might be necessary which might take longer time and
therefore more probability of intrafraction motion. Potential inter-
ventions and optimizations for further margin reduction in this
scenario of low and middle rectum tumors include rectal filling,
parasymphaticolytic drugs, patient instruction and more personal-
ized margin recipes.

As a criterion for eligibility, in the present planning study we
used dose-volume constraints to the rectum with the endpoint of
bleeding which were obtained in patients treated for prostate can-
cer [28,29]. Whether this represents a relevant parameter in the
context of organ preservation in rectal cancer needs to be
addressed in future investigations. Interestingly, rectal bleeding
was one of the dominant late toxicities in a prospective study on
dose escalated radiotherapy using a brachytherapy boost to a total
dose of 65 Gy [36]. Regarding anal sphincter function, in a retro-
spective study of patients with LARC [37] a series of dosimetric
parameters was correlated with loss of sphincter function. In our
study the reduction of the anal sphincter dose was small which
was also due to the tumor location in the lower rectum in two
patients. Thus, the expected benefit of the proposed adaptive boost
strategy on sphincter function will also depend on the tumor
localisation.

In conclusion, the data suggest that the adaptive boost strategy
exploiting tumor-shrinkage and reduced margin during long-
course CRT might result in better sparing of the rectum. Individual
margin assessment, motion management and real-time adaptive
radiotherapy appear attractive applications of the 1.5 T MR-Linac
for further testing of individualized and safe dose escalation in
patients with rectal cancer.
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