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Abstract

Background Magnetic resonance-guided adaptive radiotherapy (MRgART) at MR-Linac allows for plan optimisation
on the MR-based synthetic CT (sCT) images, adjusting the target and organs at risk according to the patient’s daily
anatomy. Conversely, conventional linac image-guided radiotherapy (IGRT) involves rigid realignment of regions

of interest to the daily anatomy, followed by the delivery of the reference computed tomography (CT) plan. This
study aims to evaluate the effectiveness of MRgART versus IGRT for rectal cancer patients undergoing short-

course radiotherapy, while also assessing the dose accumulation process to support the findings and determine its
usefulness in enhancing treatment accuracy.

Methods Nineteen rectal cancer patients treated with a 1.5 Tesla MR-Linac with a prescription dose of 25 Gy (5 Gy
x 5) and undergoing daily adapted radiotherapy by plan optimization based on online MR-based sCT images, were
included in this retrospective study. For each adapted plan (TPadap), a second plan (TPigrr) was generated by
recalculating the reference CT plan on the daily MR-based sCT images after rigid registration with the reference CT
images to simulate the IGRT workflow. Dosimetry of TPaqap and TPigrTWas compared for each fraction. Cumulative
doses on the first and last fractions were evaluated for both workflows. The dosimetry per single fraction and the
cumulative doses were compared using dose-volume histogram parameters.

Results Ninety-five fractions delivered with MRgART were compared to corresponding simulated IGRT fractions.

All MRgART fractions fulfilled the target clinical requirements. IGRT treatments did not meet the expected target
coverage for 63 out of 94 fractions (67.0%), with 13 fractions showing a V95 median point percentage decrease of
2.78% (range, 1.65-4.16%), and 55 fractions exceeding the V107% threshold with a median value of 15.4 cc (range, 6.0-
43.8 cq). For the bladder, the median Dys.. values were 18.18 Gy for the adaptive fractions and 19.60 Gy for the IGRT
fractions. Similarly the median D, values for the small bowel were 23.40 Gy and 25.69 Gy, respectively. No statistically
significant differences were observed in the doses accumulated on the first or last fraction for the adaptive workflow,
with results consistent with the single adaptive fractions. In contrast, accumulated doses in the IGRT workflow
showed significant variations mitigating the high dose constraint, nevertheless, more than half of the patients still did
not meet clinical requirements.

*Correspondence:
BinTang
jackytang86@163.com

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13014-024-02508-4&domain=pdf&date_stamp=2024-8-29

Xin et al. Radiation Oncology (2024) 19:114

Page 2 of 8

Conclusions MRgART for short-course rectal cancer treatments ensures that the dose delivered matches each
fraction of the planned dose and the results are confirmed by the dose accumulation process, which therefore seems
redundant. In contrast, IGRT may lead to target dose discrepancies and non-compliance with organs at risk constraints
and dose accumulation can still highlight notable dosimetric differences.
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Background

The estimated incidence of new cases of colon rectal can-
cer (CRC) in the USA in 2024 is 152,810, according to
the American Cancer Society Radiotherapy, with 46,220
of these cases being rectal cancer [1]; CRC is the second
leading cause of all cancer-related deaths in the United
States and between the top five leading causes of cancers
death in China, which recorded 240 000 deaths in 2022
[2].

Radiotherapy is a successful treatment option for indi-
viduals with rectal cancer [3]; when combined with che-
motherapy, neoadjuvant radiotherapy, which involves
prescribing around 50 Gy in fractions of 1.8-2.0 Gy
(referred to as long-course radiotherapy), is widely
accepted as the standard treatment for locally advanced
rectal cancers. For non-locally advanced stage III rectal
cancer, short-course radiotherapy (SCRT), consisting
of neoadjuvant therapy (5.0 Gy x 5 fractions)) is a valid
option. Both these approaches are typically followed by
total mesorectal excision (TME) surgery [4—6].

For radiotherapy treatment planning, the superior soft-
tissue contrast in magnetic resonance imaging (MRI)
compared to computed tomography (CT) images [7]
provides excellent visualization of both the tumor target
and organs at risk, improving the simulation and treat-
ment technique [8, 9]. This enables the safer delivery of
higher doses to the target and better sparing of organs at
risk (OARs), namely the rectum and bladder. However,
the modifications or displacements of target volumes and
OARs, relative to the radiation beam frequently occur
because of patient positioning and different filling and
pressure effects from OARs [10]; these can result in sig-
nificant dosimetric changes because of the sharp dose
gradients between the target and normal tissue. Unfortu-
nately, such anatomical modifications may cause under-
dosing of target organs and/or over-dosing of OARs.

Image-guided radiotherapy (IGRT) is commonly used
to reduce setup errors in patient positioning and in the
inter-fraction organ motion [11]. Typically, the correc-
tion parameter involves moving the treatment table to
re-position the shifted target point to the isocenter of the
treatment device. Target-point correction is a commonly
used approach in IGRT and has shown to be particularly
effective for treating tumor sites with minimal deforma-
tions. Despite its benefits, this method does not address
anatomical changes like volume fluctuations in OARs
or variations in the planning target volume (PTV) that

may occur throughout treatment. Previous researches
have discussed the potential of adaptive radiotherapy
in addressing inter-fraction motion and has suggested
offline strategies that rely on geometric and dosimetric
feedback [12].

Recently, adaptive radiotherapy has benefited from
magnetic resonance linear accelerators (MR-Linacs),
which integrate an MRI scanner [13]. Adaptive radio-
therapy guided by MRI images is more effective for
treatments where soft tissue visualisation is crucial and
allows online adaptation of dose distribution to daily
anatomy [14]. This dual advantage — superior soft tis-
sue imaging compared to cone beam CT and real-time
anatomical contour adaptation- makes this technology
unique, explaining the significant interest and ongo-
ing researches. Consequently, daily online adaptation
in magnetic resonance-guided adaptive radiotherapy
(MRgART) effectively handles interfraction anatomical
variations, previously considered major approximations
[15].

Dose accumulation may be used to better estimate the
total dose delivered to the patient at some time points of
the treatment; advanced accumulation strategies to sum
the doses from individual plans may account for the ana-
tomical changes; typically they involve deformable image
registration between planning images, or deformable
dose mapping, and voxel-wise dose summation [16, 17].

We investigated how inter-fractional variations in
patient anatomy affected the difference between planned
and delivered doses in rectal cancer patients undergo-
ing an IGRT or MRgART treatment. A detailed analysis
was performed among the single fractions. Moreover, the
dose cumulated at the end of the SCRT treatment was
evaluated for each patient, on the first and last fraction,
and for both MRgART and IGRT workflows.

Methods
Patient selection and MRgART workflow
Nineteen patients with rectal cancer undergoing a short
course (25 Gy, 5 Gy x 5) with MRgART at 1.5 Tesla
Unity MR-Linac (Unity, Elekta AB, Stockholm Sweden)
were included in this retrospective study. The study
was approved by the Ethics Committee of our Hospital
(SCCHEC-02-2022-003).

CT simulation images were acquired with patients in
the supine position using indexed positioning aids and
KneeSTEP and FeetSTEP supports (IT-V, Innsbruck,
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Table 1 Organs at risk constraints and planning target volume
(PTV) goals for a short course of radiotherapy (25 gy, 5 gy x 5
fractions) for rectal treatment

Organ Dose (Gy) Volume
PTV 23.75 (95% DpreAN) >99%
2675 (107% Dpre/\/\) <2ccN<5ce
2750 (110% DpreAn) <05cc
Bladder wall <183 15 cc
<30 <0.015cc
Small Bowel <25 5c¢c; *10 cc
Femoral Head <30 10 cc

Afor the online adaptive plan; *optimal value; Aprescription dose

Austria). T2-weighted magnetic resonance (MR) images
were acquired in the same position, immediately after
the CT scan; a Brilliance big bore scanner (Philips,
Eindhoven, The Netherlands) and the Unity MR-Linac
scanner were used for the CT and MR simulation,
respectively. A bladder catheter was used both at simu-
lations and at each treatment fraction to ensure consis-
tent filling [10]. CT and MR images were exported into
commercial software (MIM Software Inc, Cleveland
Ohio, USA); after rigid registration of the simulation CT
and MR images, experienced radiation oncologists delin-
eated the target and OARs. The gross target volume, the
mesorectal and the elective lymph nodes region’s clinical
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Fig. 1 Dose accumulation workflow, on the first (a) and last (b) fraction
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target volumes, and the OARs were delineated follow-
ing international guidelines [18]. PTV margins were cre-
ated for the mesorectum with 5 mm in all directions. The
treatment plans were performed in Monaco V-5.4 TPS,
using ten to twelve individual beam angles and a 2 mm
dose grid for the calculation; plans were optimised to
achieve the clinical goals, particularly to encompass at
least 99% the PTV with a dose of 23.75 Gy (correspond-
ing to 95% of the dose prescribed) and limiting as much
as possible doses to OARs following international guide-
lines and consensus [14, 19-22]. The details of the target
dosimetric criteria and OAR constraints used for plan
optimisation are reported in Table 1.

During the online session, MRI images were acquired
and, after a rigid registration with the reference images,
the contours were modified to match the patient’s daily
anatomy using a deformable registration. They were then
manually adjusted and approved by the radiation oncolo-
gist. The daily adapted plan (TPagap) was then optimised
to meet the target goal and OARs constraints. The refer-
ence CT plan contains all the density bulk assignment
information to be used on the online adaptive step where
the adaptive plan calculation is performed using the
MRI-based synthetic CT (sCT) [23, 24]. The information
includes for each contour, its average electronic density
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Table 2 Dosimetric parameters for the target and organs at
risk over 95 investigated fractions from TPudap and TPigrT
plans. Median values are shown, with the range in parenthesis.
Significant differences ( p <0.05) are indicated in bold

TP spap TPigrr p
PTV Vg 75 %) 9950 (98.88-99.85) 99.23 <0.001
(95.28-100.00)
PTV Vg 75 () 171(000-595)  7.9(004-43.80) <0.001
Bladder Dysee (Gy)  1818(13.07-2332)  19.60 <0.001
(15.07-24.37)
Small Bowel Dse 2340 (1388-2480) 2569 <0.001
Gy) (14.05-26.43)

(ED), and ED assignment priority in the case of overlap-
ping contours.

Treatment plan of the simulated IGRT workflow

In IGRT treatments, reference CT images used for the
reference plan are rigidly registered to the daily acquired
images. Following this alignment, the patient’s isocenter
is moved to the registered position for treatment delivery.
To assess the dose delivered during the IGRT workflow,
a second treatment plan (TPigrr) was created for each
adaptive session. This process entails recalculating the
CT reference treatment plan on synthetic sCT images,
which are derived from the daily online MRI after the
daily registration; the original planning parameters
remain unchanged during this recalculation.

Dose accumulation

To assess the accumulated dose at the end of the SCRT,
for each fraction the daily MRI images, the updated
structures matching the daily anatomy and the dose dis-
tribution were transferred into MIM workstation for pro-
cessing. The dose delivered at each fraction with TPadap
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and the dose recalculated at each fraction with TPigrr
were accumulated on both the first and last fractions to
estimate a potential range within which the actual dose
might lie. In each dose accumulation process, transfor-
mation matrices were obtained by first performing rigid
registration followed by deformable image registration
(DIR) between the reference image (MRI-1st or MRI-5th
) and the sequential daily online MRIs [25]. These trans-
formation matrices were then applied to the dose distri-
butions on each daily MRI to generate the deformed dose
map. Finally, the deformed dose maps from the five frac-
tions were summed up to yield the final cumulative dose.
The workflow used in the accumulation process is shown
in Fig. 1.

IGRT and MRgART workflow comparison

For each fraction, the dose delivered with TPiqrr and
TPadap was compared. Target and OARs DVH dosimet-
ric differences were assessed. Particularly for the target
the volume receiving the prescribed dose (Vppre), and the
maximum volume receiving 107% and 110% of the Vppre
(Vag.75 and Vo750, respectively); while for the OARs the
dose received by 0.015, 5, 10, and 15 cc ( (Dg.o15, Dsces
D1oces Disees respectively) were considered.

Results

A total of 95 fractions delivered with TP.qap on the
daily MRI images were compared to the correspond-
ing fractions recalculated with the TPigrr plan. Signifi-
cant differences (p<0.01) were observed for the target
Vo375 and Vog 75, bladder D5, and small bowel Ds.. as
reported in Table 2. Specifically, for 63 out of 95 fractions
(66.3%), calculated with TPigrr, 55 fractions had Vg7
values exceeding the constraints, with a median value
of 14.57 cc (range, 6.03-43.79 cc). For 13 fractions, the

Table 3 Dose accumulated on the first and last fraction for MRgART and IGRT workflows; the results for representative DVH dosimetric
parameters are reported as median values and range in parenthesis. /A in bold significant differences (p <0.05)

2Acc fr PMRgART IGRT p

PTV V375 (%) First 99.16 (93.33-99.84) 99.33 (98.05-99.69) 0.285
Last 99.20 (98.68-99.67) 98.87 (97.07-99.31) 0.000
p 0976 0.000

PTV V6,75 (c0) First 0.0 (0.0-0.0) 2.70 (0.00-36.91) 0.183
Last 0.0 (0.0-0.0) 031 (1.42-7.48) 0.022
p 0.163 0.028

Bladder D15cc (Gy) First 18.92(15.31-23.05) 19.54 (16.61-23.85 0.034
Last 1724 (1337-22.18) 18,59 (13.28-22.94) 0.009
p 0.155 0.009

Small Bowel Ds.. (Gy) First 23.05 (13.88-26.25) 23.34 (14.05-26.46) 0.010
Last 2598 (22.36-26.03) 25.56 (22.45-26.06) 0.003
p 0342 0.009

2 Fraction on which the dose has been accumulated

b.¢ Indicate the workflow followed: Magnetic Resonance Guided Radiotherapy and Image-guided radiotherapy, respectively

94 Planning Target Volume
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Fig. 2 Dose-volume histograms (DVHs) and isodoses distributions following dose accumulation on the first and last MRI images for a representative
patient in IGRT and MRgART workflows. Image (a) and d) show the DVHs from the dose accumulation on the first and last fractions, respectively. Images
(b) and e) show the dose distributions for the MRgART workflow, and images (c) and f) for the IGRT workflow, all resulting from dose accumulation on

the first and last MR, respectively

average decrease in V375 was 2.78% (range, 1.65-4.16%),
with 5 of these also having V75 exceeding values. For
the OARs, bladder Dis. values obtained with TPaqap
are very close to the threshold, with a median value of
18.18 Gy and 56 fractions out of 95 below the limit of
18.30 Gy. In comparison, the IGRT plan showed poorer
results, with only 34 fractions below the limit and a
median value of 19.60 Gy (range 15.07-24.37 Gy). For
the small bowel in the adapted workflow, the constraints

were respected for each adaptive fraction, while for the
IGRT workflow, 21% of the fractions exceeded the limits.

The results from the dose accumulation process on the
MRI imaging of both the initial and final fractions for
the adaptive and IGRT workflows are shown in Table 3.
The dose accumulation in the first and last fraction does
not present statistical differences (p>0.05) in the adap-
tive workflow, whereas significant differences were found
in the IGRT workflow. The dose accumulation in the
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adaptive workflow confirms the results obtained with
the single fractions, confirming the compliance between
planned and delivered doses. In the IGRT workflow,
with the dose accumulation process, target coverage is
improved compared to the single fractions results, and
the doses to the small bowel and bladder are lower. How-
ever, despite these improvements, the target coverage
and OARs constraints were still not met for 10 out of 19
patients, for the accumulation on the first fraction and 12
out of 19 patients in the last fraction. Figure 2 shows for a
representative patient the DVH of the doses accumulated
on the first and last fraction for the IGRT and MRgART
workflows.

Discussion

This study aimed to evaluate the effectiveness of
MRgART versus conventional image-guided radiother-
apy (IGRT) for rectal cancer patients undergoing a SCRT
comparing the dosimetry of the single fractions and of
the whole treatment by dose accumulation. Our results
indicate significant differences in dosimetric outcomes
between the single fractions delivered with MRgART
and IGRT, with MRgART demonstrating the capability
to maintain planned dose distribution and respect OARs
constraints. Previous studies have highlighted the advan-
tages of MRgART for other tumor sites in improving
target coverage and reducing OAR exposure [26, 27] by
providing superior soft tissue contrast and enabling daily
plan adjustments; our findings specific for rectum SCRT
treatments align with these studies, while the assess-
ment on corresponding simulated IGRT plans on the
single fractions showed its use cannot ensure dosimetric
reliability.

The advantages of an MRgART workflow [7, 8, 14] and
uncertainties in the dose accumulation process [16, 17,
28, 29] have been deeply investigated, nevertheless, no
specific studies regarding the rectum SCRT treatment
were found. Dose accumulation was conducted using
both MRgART and IGRT workflows and the accumula-
tion process was carried out by projecting the dose back
onto the anatomy of the first fraction and forward onto
the anatomy of the last fraction, allowing a comprehen-
sive comparison. This approach confirmed the accuracy
of the adaptive workflow in satisfying all clinical criteria
for the whole patient cohort, even reducing the target
volume receiving 26.75 Gy. The accumulation process
yielded improved results for the patients in the IGRT
workflow, decreasing dosimetric discrepancies in tar-
get coverage. Particularly it improves adherence to the
high-dose constraint (V26.75<15 cc) by dispersing small
dose hot spots which were randomly located in the single
fractions, thereby mitigating overdosage. Despite these
improvements, more than half of the patients still did
not meet the clinical requirements. Doses accumulated
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post-radiotherapy serve to determine whether the goals
of the treatment were met, for individual dose assess-
ment, but may also support the analysis of side effects
and treatment response by reliable dosimetry.

This research presents inherent limitations. The ret-
rospective nature of the study and the relatively small
sample size of 19 patients may limit the generalizability
of the findings. Variability in the quality of MR images
obtained during treatment, due to differences in MRI
protocols can affect image readability and consequently
reduce the accuracy of adapted plans. Regarding the dose
accumulation, the DIR may lead to large uncertainties in
the registration and mapped dose, particularly in regions
where high dose gradients are present [29]; in the case
of our study at the edge between the bladder and target.
Additionally, the study focused on a specific treatment
regimen (25 Gy in 5 fractions) for rectal cancer. While
this regimen is standard for SCRT, the findings may not
be directly applicable to other dose schedules or tumors
sites.

Despite these limitations, future researches may pri-
oritize larger, prospective studies to validate these find-
ings and investigate the broader applicability of MRgART
across various cancer types and treatment protocols.
Emphasis should be placed on the targeted use of dose
accumulation for specific workflows, treatment proto-
cols, and treatment sites. Additionally, the use of biologi-
cally corrected doses for dose accumulation could offer
valuable insights into the true correlation between deliv-
ered doses and treatment outcomes.

Conclusion

MRgART for rectal cancer treatments in a short course
of radiotherapy ensures that the delivered dose accu-
rately matches the planned dose for each fraction. In
contrast, IGRT may result in target coverage discrepan-
cies and non-compliance with bladder and small bowel
constraints. While the dose accumulation procedure did
not highlight significant differences from the single frac-
tions in the MRgART workflow, it may be considered if
the IGRT workflow is followed.

Abbreviations

CRC Colon rectal cancer

TME Total mesorectal excision
SCRT A short course of radiotherapy
MRI Magnetic resonance imaging
cT Computed tomography

OARs Organs at risk

IGRT Image-guided radiotherapy
PTV Planning target volume

MR-Linacs ~ Magnetic resonance linear accelerators

MRgART Magnetic resonance-guided adaptive radiotherapy
DVH Dose-volume histogram

sCT Synthetic CT

ED Electron density.

TPigrT  Treatment plan of the IGRT workflow

Tpadap Treatment plan of the adaptive workflow
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