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ORIGINAL ARTICLE

Online adaptive MR-guided stereotactic radiotherapy for unresectable
malignancies in the upper abdomen using a 1.5T MR-linac
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Beth A. Ericksonc, William A. Hallc, Hanne D. Heerkensb, Gert J. Meijerb, I. Quintus Molenaara,
Hjalmar C. van Santvoorta, Helena M. Verkooijend and Martijn P. W. Intvenb

aDepartment of Surgery, Regional Academic Cancer Center Utrecht, UMC Utrecht Cancer Center & St. Antonius Hospital Nieuwegein,
Nieuwegein, The Netherlands; bDepartment of Radiation Oncology, UMC Utrecht Cancer Center, Utrecht University, Utrecht, The
Netherlands; cDepartment of Radiation Oncology, Medical College of Wisconsin, Milwaukee, WI, USA; dDivision of Imaging, UMC Utrecht
Cancer Center, Utrecht University, Utrecht, The Netherlands

ABSTRACT
Background: Introduction of online adaptive MR-guided radiotherapy enables stereotactic body radi-
ation therapy (SBRT) of upper abdominal tumors. This study aimed to evaluate the feasibility of MR-
guided SBRT on a 1.5 T MR-linac in patients with unresectable upper abdominal malignancies.
Material and methods: Patients treated at the UMC Utrecht (April 2019 to December 2020) were
identified in the prospective ‘Multi-OutcoMe EvaluatioN of radiation Therapy Using the MR-linac’
(MOMENTUM) study. Feasibility of treatment was arbitrarily defined as an on-table time interval of
�60min for >75% of delivered fractions and completion of >95% of fractions as scheduled, reflecting
patient tolerability. Acute treatment-related toxicity was assessed at 3 months of follow-up and graded
according to the National Cancer Institute Common Terminology Criteria of Adverse Events ver-
sion 5.0.
Results: Twenty-five consecutive patients with a median follow-up time of 8 (range 4–23) months
were treated with 35 Gray (n¼ 4) and 40 Gray (n¼ 21) in five fractions over 2 weeks. For all fractions,
contours were adapted based on the daily anatomy and delivered within 47min/fraction (range
30–74). In 98/117 fractions (84%), adapted treatment was completed within 1 h. All patients received
the scheduled irradiation dose as planned. No acute grade 3 toxicity or higher was reported.
Treatment resulted in pain alleviation in 11/13 patients.
Discussion: Online adaptive MR-guided SBRT on a 1.5 T MR-linac is feasible and well-tolerated in
patients with unresectable upper abdominal malignancies. Dose escalation studies, followed by com-
parative studies, are needed to determine the optimal radiation dose for irradiation of upper abdom-
inal malignancies.

ARTICLE HISTORY
Received 18 June 2021
Accepted 25 November 2021

KEYWORDS
MR-guided radiotherapy;
stereotactic body radiation
therapy; radiation oncology;
upper abdominal
malignancies; MR-linac

Introduction

In the therapeutic framework of malignancies in the upper
abdomen, radiotherapy has played a minor role until recent
years [1–3]. Irradiation of upper abdominal tumors is
restricted by adjacent surrounding organs with limited radi-
ation tolerance, such as the duodenum, small bowel, and
stomach: the organs at risk (OAR) [4]. In addition, abdominal
motion, due to respiration and peristalsis, necessitates the
use of relatively large treatment volumes thereby limiting
the deployment of dose escalation strategies [5]. These fac-
tors have impeded the delivery of sufficient irradiation doses
to control malignancies in the upper abdomen with conven-
tional techniques [6].

The development of fractionated, image-guided stereotac-
tic body radiotherapy (SBRT) has allowed for reduced mar-
gins and an increase in radiation dose to lesions in the

upper abdomen, without increasing the risk of injury to nor-
mal adjacent organs [1,7–10]. More recently, the introduction
of MR-linac systems has further improved the applicability of
SBRT for upper abdominal tumors [11,12]. These systems
combine a linear accelerator and MRI scanner and enable
online adaptive MR-guided radiotherapy. In contrast to con-
ventional CT-guided radiotherapy, MR-guided online adaptive
radiotherapy allows for the daily adaptation of the treatment
plan based on the actual anatomy [13,14]. This enables high-
precision radiotherapy potentially increasing irradiation doses
to target lesions while sparing surrounding healthy tis-
sues [15,16].

The theoretical advantages of MR-guided SBRT consider-
ably impact the role of radiotherapy for malignancies in the
upper abdomen and merit further investigation. The aim of
this study was to evaluate the feasibility of online adaptive
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MR-guided radiotherapy on a 1.5 tesla (T) MR-linac in the
first group of patients with unresectable upper abdominal
malignancies.

Material and methods

This study complied with the R-IDEAL framework for the first
clinical evaluation of MR-guided SBRT using the MR-linac
(stage 1) and optimization of the online adaptive workflow
(stage 2a) in patients with upper abdominal malignan-
cies [17].

Study population

All patients with unresectable, pathology-proven upper
abdominal malignancies in the pancreatic or periampullary
region who were treated with online adaptive MR-guided
radiotherapy on a 1.5 T MR-linac (Elekta Unity, Elekta AB,
Stockholm, Sweden) between April 2019 and December 2020
in the department of radiation oncology at the UMC Utrecht
were included. Indications for MR-guided SBRT were deter-
mined by consensus during a multidisciplinary team meet-
ing. Informed consent for the prospective Multi-OutcoMe
EvaluatioN of radiation Therapy Using the MR-linac
(MOMENTUM) study was provided, which has been approved
by the institutional review board (NCT04075305) [18].

Treatment planning and patient position

A dose of 35 Gray (Gy) was administered in five fractions to
all patients who were treated before June 2019. Hereafter,
the dose regimen was increased to 40Gy in five fractions,
based on initial experiences and national consensus.
Fractions were spread over a period of 2 weeks, with at least
1 day between each fraction. For pretreatment imaging, a
planning CT scan (Philips, Brilliance Big Bore CT) and MR-sim
(1.5 T Philips ingenia MR-RT) of the entire upper abdomen
was performed. The planning-CT protocol consisted of a
four-dimensional (4 D) CT and an intravenous contrast-
enhanced CT with an arterial and a portal venous phase,
with a slice thickness of 3mm and voxel size of
1.37� 1.37� 3mm. For MRI, a 3D T2 weighted (T2w) scan,
dynamic T1 weighted sequential with and without intraven-
ous contrast, and diffusion-weighted imaging (DWI) were
acquired. Patients were positioned on a vacuum mattress
(BlueBAG, Elekta AB, Stockholm, Sweden) in a head-first
supine position with the arms along the body. A custom-
made abdominal plaster corset was used to reduce breath-
ing-induced tumor motion [19]. Patient setup was indexed to
a special table overlay used for CT acquisition [20]. Tattooed
skin marks were placed on the patient for reproducibility of
the desired treatment position during treatment delivery.

Delineation and target coverage

All pretreatment scans were registered to the planning CT
scan based on the anatomy of the target area. The gross
tumor volume (GTV) and OARs were delineated on the mid-

ventilation phase (20%) of the 4D CT with support of the
rigidly co-registered contrast-enhanced CT and MRI sequen-
ces. Delineation was performed by a radiation oncologist
specialized in hepato-pancreato-biliary tumors in accordance
with consensus delineation guidelines [21]. The planning tar-
get volume (PTV) was defined as the GTV expanded with a
3-mm margin. All OARs located up to 3 cm cranially and
3 cm caudally of the PTV were delineated. In the case of
locally recurrent disease after pancreatoduodenectomy, the
different anastomoses were delineated. Dose constraints
were based on consensus guidelines [22]. The reference
intensity-modulated treatment plan used the Monaco treat-
ment planning system (version 5.40.01, Elekta AB, Stockholm,
Sweden) using a static beam configuration of typically 9–14
beams. In case the dose constraints to the OARs were going
to be violated, target coverage was compromised to a min-
imal extent.

Treatment on the MR-linac

All patients were treated using an online adaptive workflow
on the 1.5 T MR-linac (1.5 T MRI combined with 7MV linear
accelerator) [23]. At the start of each fraction, a 3D T2w MRI
treatment planning scan was acquired and fused with the
planning CT scan based on the anatomy of the target area.
The target and OAR delineations of the planning CT were
non-rigidly propagated to this MRI using a deformable regis-
tration tool and manually adapted to comply with the actual
anatomy. A full re-planning was performed and a new IMRT
plan was generated using the same set of objectives and
constraints as in the reference plan. In parallel, a 3D T2w MRI
was acquired for position verification, to monitor anatomical
changes between the end of the planning scan and the start
of irradiation.

The steps of the workflow were timed by a radiotherapy
technologist. The total on-table time per fraction was defined
as the time between the patient leaving the dressing room
until returning to the dressing room after the procedure. To
prevent the formation of radiation-induced duodenum ulcers,
a proton pump inhibitor was prescribed for a period of
6 months.

(Clinical) outcomes

Baseline clinical and tumor characteristics were prospectively
obtained from MOMENTUM, as well as information on acute
treatment-related toxicity and symptom palliation. Baseline
clinical characteristics included sex, age, previous treatment,
and presence of symptoms; tumor characteristics included
tumor site, type of tumor, and tumor size defined as the GTV
measured on pretreatment MRI. The pain was reported using
a pain score between 0 and 10. Feasibility of treatment was
arbitrarily scored as an on-table time interval of �60min for
>75% of delivered fractions and successful completion of
>95% of fractions as scheduled, reflecting patient tolerability
including treatment duration. Acute toxicity was defined as
treatment-related toxicity occurring within 90 days after
radiotherapy, graded according to the National Cancer
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Institute Common Terminology Criteria of Adverse Events
(NCI CTCAE) version 5.0. Symptoms were evaluated at
3 months of follow-up to assess symptom alleviation.

Data analysis

Patient, tumor, and treatment characteristics, clinical symp-
toms and toxicity measurements were scored for each
patient individually. Categorical parameters were counted as
frequencies. Total on-table time per fraction, as well as the
timings of the different steps of the workflow, was recorded
as median (range). Data were analyzed using SPSS Version
25.0 (IBM SPSS Statistics for Windows, Version 25.0. Armonk,
NY: IBM Corp).

Results

Study population

Twenty-five consecutive patients were treated, of whom five
patients were diagnosed with a primary locally advanced
pancreatic cancer, fifteen patients had an isolated local pan-
creatic or periampullary cancer recurrence, one patient had
an isolated local recurrence of an adrenal gland carcinoma,
two patients had a pancreatic metastasis of a renal cell car-
cinoma, one patient had a breast cancer metastasis in the
pancreas, and one patient had a poorly differentiated malig-
nancy in the upper abdomen with unclear origin (Table 1).
The first four patients were irradiated to a dose of 35Gy, and
the other twenty-one patients received a dose of 40Gy.

Treatment delivery

All patients completed treatment as planned, without any treat-
ment breaks. A total of 117 online adapted fractions were deliv-
ered. The median on-table time was 47min/fraction (range
30–74min). In 98/117 fractions (84%), the overall adapted treat-
ment time was less than 60min. On-table time included re-con-
touring time by physician (median 13min [range 3–38min]), re-
planning time (median 5min [range 2–27min]), and dose deliv-
ery time (median 11min [range 1–32min]) (Figure 1). Delivery
of fractions in more than 1 h (n¼ 19) was contributed to a
learning curve regarding the online adaptation of contours
since these 117 fractions were the first delivered on the MR-
linac for abdominal tumors. Other reasons were the occurrence
of time-consuming errors in the first period after implementa-
tion of the MR-linac and movement of a few patients within
the MR-linac, requiring plan correction.

Clinical outcomes

Prior to the start of treatment, thirteen patients experienced
abdominal pain or back pain, with a median pain score of 4
(range 1–9) (Table 1). Fatigue was present in three patients,
and three patients experienced weight loss. During the first
3 months of follow-up after treatment, the patient reported
grade 1–2 toxicity included fatigue (n¼ 11), diarrhea (n¼ 4),
and nausea (n¼ 3). No acute grade 3 toxicity or higher was
reported. Pain alleviation occurred in all but two patients
during the first 3 months of follow-up.

Discussion

The results of this study show that online adaptive MR-
guided SBRT is a feasible treatment option for patients with
unresectable tumors in the upper abdomen. During each
fraction, contours were adapted based on the anatomy of
the day and delivered with a median on-table time of
47min. In 84% of fractions, adapted treatment was com-
pleted within 1 h. All patients received the scheduled radi-
ation dose without reporting serious toxicity.

It is widely recognized that local tumor growth of upper
abdominal malignancies is associated with serious symptoms
and significantly reduced quality of life [24]. As advance-
ments in systemic treatment have improved patient survival,
effective therapies aiming to provide local tumor control and
symptom alleviation are of increasing importance to enable
survival with a good quality of life. To this purpose, the
application of radiotherapy as a minimally invasive, local
ablative therapy has gained interest in the treatment of vari-
ous tumors in the upper abdomen [25].

The potential to visualize tumors and adjacent tissues with
MR-guided workflow techniques allow for a further increase in
irradiation dose. As a result, the current study shows that high
radiation doses can be safely delivered, while serious toxicity
was not reported. Therefore, online adaptive MR-guided radio-
therapy is a meaningful innovation for malignancies in the
upper abdomen. This enables further investigation of the true
value of radiotherapy for these tumor sites.

Table 1. Patient and tumor characteristics of 25 patients with
upper abdominal malignancies treated with MR-guided SBRT on a
1.5 T MR-linac.

Sex, n male (%) 12 (48)
Age in years, median (IQR) 66 (55–73)
Tumor site, n (%)
Pancreas 16 (64)
Periampullary 7 (28)
Adrenal gland 1 (4)
Upper abdomen 1 (4)

Type of tumor, n (%)
Primary 5 (20)
Recurrent 16 (64)
Metastasis 3 (12)
Unclear 1 (4)

Tumor size in mm, median (range) 29 (8–79)
Clinical symptomsa

Abdominal pain 11 (44)
Back pain 2 (8)
Pain score, median (range) 4 (1–9)
Fatigue 3 (12)
Weight loss 3 (12)

Prior treatment, n (%)
Chemotherapy 3 (12)
Chemotherapyþ local ablative therapy 2 (8)

Abbreviations. MR, magnetic resonance; SBRT, stereotactic body
radiation therapy; T, tesla; linac, linear accelerator; mm, millimeter;
IQR, interquartile range.
aPatients could experience more than one symptom.
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One study has been published, evaluating online adaptive
MR-guided radiotherapy in twenty patients with liver and
non-liver abdominal malignancies. In this phase I clinical trial,
Henke et al. found that it was safe to apply 50Gy in five frac-
tions [16]. As compared with other studies on SBRT in upper
abdominal malignancies, a dose over 40Gy is relatively high
in this patient population [3,26–28]. Both in their study and in
the current study, zero acute toxicity rates of grade 3 or
higher occurred. Comparable to our study, in which plan
adaptation was performed in all fractions, they adapted 88%
of all fractions based on OAR constraints. In the study of
Henke et al. this resulted in a median on-table time of 79min/
fraction, with 52% of all fractions being delivered in <80min,
and >75% in <90min [16]. As a result, the main outcome of
feasibility in their study defined as completion of adaptive
treatment <80min for >75% of cases, was not met. Despite
the fact that all fractions were adapted in the current study,
delivery of adaptive treatment �80min was achieved in 100%
of fractions and �60min in 84% of cases, with a median on-
table time of 48min/fraction. Only 19 of 117 fractions had a
duration of longer than 60min. Consequently, this study sup-
ports the conclusion of Henke et al. that online adaptive MRI-
guided SBRT is safe in patients with upper abdominal malig-
nancies, and additionally proves that SBRT is feasible in
these patients.

In conclusion, this study shows encouraging results for
further optimization of online adaptive MR-guided radiother-
apy in patients with unresectable tumors in the upper abdo-
men. Plan adaptation based on the actual anatomy
visualized on daily MRI images is feasible, well-tolerated and
permits dose escalation to improve the efficacy of SBRT in
patients with upper abdominal malignancies.
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