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Purpose: At our department, MR-guided stereotactic body radiation therapy (SBRT) using the 1.5T MR-
linac system (Unity, Elekta AB, Stockholm, Sweden) has been initiated for patients with lymph node
oligometastases. Superior soft tissue contrast and the possibility for online plan adaptation on the
Unity may allow for hypofractionated treatment. The purpose of this study was to investigate the dosi-
metric feasibility and compare the plan quality of different hypofractionated schemes.
Methods and materials: Data was used from 12 patients with single lymph node oligometastases (10 pel-
vic, 2 para-aortic), which were all treated on the Unity with a prescribed dose of 5x7 Gy to 95% of the PTV.
Hypofractionation was investigated for 3x10 Gy and 1x20 Gy schemes (all 60 Gy BED «/B = 10). The pre-
treatment plans were evaluated based on dose criteria and plan quality. If all criteria were met, the num-
MRI-guided radiotherapy ber of online adapted plans which also met all dose criteria was investigated. For pre-treatment plans
Hypofractionation meeting the criteria for all three fractionation schemes, the plan quality after online adaptation was com-
SBRT pared using the four parameters described in the NRG-BR0OO1 phase 1 trial.
Results: Pre-treatment plans met all clinical criteria for the three different fractionation schemes in 10, 9
and 6 cases. 50/50, 45/45 17/30 of the corresponding online adapted plans met all criteria, respectively.
Violations were primarily caused by surrounding organs at risk overlapping or adjacent to the PTV. The
1x20 Gy treatment plans were, in general, of lesser quality than the 5x7 Gy and 3x10 Gy plans.
Conclusion: Hypofractionated radiotherapy for lymph node oligometastases on the 1.5T MR-linac is fea-
sible based on dose criteria and plan quality metrics. The location of the target relative to critical struc-
tures should be considered in choosing the most suitable fractionation scheme. Especially for single
fraction treatment, meeting all dose criteria in the pre-treatment situation does not guarantee that this
also applies during online treatment.
© 2020 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 154 (2021) 243-248 This is
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Stereotactic body radiation therapy (SBRT) is a non-invasive
treatment option which is often considered for focal ablation of oli-
gometastatic disease or primary tumours which are not suitable
for surgical resection [1-3]. In SBRT a relatively high irradiation
dose is delivered in a limited number of fractions to the target in
a highly conformal manner with steep dose gradients to achieve
good sparing of the organs at risk (OARs) [4,5]. Many different frac-
tionation schemes are currently being used in clinical practice.
Most commonly dose is delivered in 3 fractions of 8-12 Gy or 5
fractions of 5-10 Gy using the Cyberknife or a regular cone-beam
computed tomography (CBCT)-linac [6]. In particular cases the
whole dose is delivered in one fraction of 12-24 Gy [7-10].
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These hypofractionated treatments are given to increase patient
comfort by reducing the number of fractions and deliver a higher
biological equivalent dose (BED), which is often associated with
improved and durable local tumour control [11,12]. Ramlov et al.
reported that there seems to be no indication of a general benefit
of delivering a total lymph node dose beyond 60 Gy EQD2ys-10
[13]. However, several other studies have linked SBRT fractionation
schedules with higher BED with better outcomes. Ost et al. showed
a prolonged progression-free interval for oligometastatic prostate
cancer recurrence after SBRT treatment with a BEDy -3 > 100 Gy
[14]. Park et al. showed that SBRT with a dose of
BEDy,p-10 > 90 Gy for recurrent or oligometastatic cervical cancer
resulted in excellent local control, especially with a long disease-
free interval [5]. The amount of dose that can be given to the target
is however often limited by dose constraints for OARs, especially
with OARs in the vicinity of the planning target volume (PTV). De
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Bleser et al. reported that elective nodal radiotherapy, as an alter-
native to SBRT, can be associated with fewer nodal recurrences, but
with higher toxicity [15].

Single fraction SBRT yields further potential advantages com-
pared to fractionated SBRT. The main advantages may be found
in greater convenience for the patient by reducing the treatment
to a single fraction and logistics as the slots on the treatment
machines and costs could be reduced [16]. Additionally with single
fraction treatment, delivered dose can be evaluated more accu-
rately and advanced intra-fraction adaptation strategies can be
more easily implemented [17]. Evidence also indicates that SBRT
with doses >10 Gy per fraction cause tumor vessel damage causing
secondary and additional tumor cell death and may produce
enhanced antitumor immunity [18,19].

Most treatments are currently performed with CBCT-based
position verification. Relatively poor soft tissue contrast on CBCT-
linacs can make it difficult to accurately identify the tumor and
surrounding OARs. This makes it more challenging to incorporate
daily patient anatomy and to correct for inter-fraction variations
using adaptive treatment planning approaches. While most studies
report no incorporation of daily anatomy, recent studies showed a
dosimetric benefit when doing so [20-22].

Several magnetic resonance imaging (MRI) guided radiotherapy
treatment systems are in clinical use [23-25]. The 1.5T MR-Linac
(Unity, Elekta AB, Stockholm, Sweden) [26] provides diagnostic
quality imaging which gives better soft tissue contrast compared
to CBCT imaging used on conventional linacs and allows for the
use of MR-guided online adaptive workflows [27-29]. The
increased soft tissue contrast can provide improved visualization
of the target and surrounding OARs [30]. Better visibility of lymph
nodes may allow for reduction of the planning target volume (PTV)
margins around the tumor [31]. Reducing the PTV can result in bet-
ter sparing of the surrounding tissues and reduce potential toxicity.

Hypofractionated MR-guided SBRT treatment of lymph node
oligometastases allows for single fraction treatment. It is however
uncertain to which extent these fractionation schemes can actually
be given, without being limited by OAR constraints. The aim of this
R-IDEAL [32] stage O study is to investigate the feasibility of
hypofractionated schemes for treatment on the 1.5T MR-linac.

Methods and materials

Patient data characteristics

For this planning study, patient data was used from 12 patients
with single lymph node oligometastases (10 pelvic, 2 para-aortic)
with a median volume of 3.4 cm? [range, 1.1-15.2 cm?], which
were all treated on the 1.5T MR-linac (Unity, Elekta AB, Stockholm,
Sweden) with a prescribed dose of 5x7 Gy to 95% of the PTV (3 mm

Table 1

GTV-PTV margin). The exact lymph node locations are representa-
tive for lymph node oligometastases as treated in our clinic
(Supplementary material: Fig. S1). All patients gave written
informed consent for the use of their data as part of an
IRB-approved observational cohort study. Each dataset contained
a pre-treatment CT and contours, as well as a daily MRI and a daily
contour set for each of the five fractions.

Plan generation

Hypofractionation was investigated in an isotoxic manner
based on the pre-treatment data; pre-treatment plans were ini-
tially made for a 5x7 Gy fractionation scheme, as used in the online
MR-guided clinical treatment for these patients. If all planning con-
straints (Table 1) were met, a 3x10 Gy pre-treatment plan was cre-
ated. If this plan also met all constraints, a 1x20 Gy pre-treatment
plan was created (all 60 Gy BEDgp-10). All pre-treatment plans
were made using IMRT technique with 7 or 9 beams for lateral
and medial targets, respectively. The pre-treatment plans were
generated using Monaco version 5.4 by Elekta AB (Stockholm, Swe-
den) with the 7MV FFF MR-Linac beam model and a 1.5T magnetic
field in superior-inferior patient direction. As long as OAR con-
straints were not violated, PTV coverage was kept at Vigoy > 95%
and OAR dose was lowered as much as possible. The statistical
uncertainty for the Monte Carlo dose calculations was 3% per con-
trol point. The maximum amount of segments per plan was 45
with a minimum area of 1.5 cm? and width of 0.5 cm. For the
patients in which the pre-treatment plans met all clinical dose cri-
teria, the plan was adapted to the daily patient anatomy and con-
tours. Since clinical data from a 5x7 Gy treatment is used, also the
single fraction 1x20 Gy plans were evaluated on 5 data sets to eval-
uate the dosimetric feasibility on different daily anatomies.

Dosimetric and plan quality evaluation

All pre-treatment plans were evaluated based on clinical dose
criteria for the target and OARs to determine whether the plans

Table 2
Plan quality metrics as described in the NRG-BR0O01 phase 1 trial [34].
Parameter Definition Criteria
PD* Actual prescription dose: Dgsy
of PTV
HI PD* as a percentage of Dpax >60% and < 90%
Rio0x Vpp+/Vprv <1.2, acceptable till 1.5
Rso% Vo.sxpp+/Verv <5.5-7.5 depending on PTV
volume
Dacm max dose at 2 cm from PTV as % <57%-94% depending on PTV
of PD* volume

Clinical dose criteria for SBRT lymph node oligometastases plans as used in the evaluation of the treatment plans based on the UK SABR consortium guidelines 20167, Grimm

et al.” [43], in-house constraints® and Maenhout et al.% [44].

Structure 5x7 Gy 3x10 Gy 1x20 Gy
PTV Visgy > 95% Vaocy > 95% Vaocy > 95%
Do.1cm: < 47.25 Gy Do.1cm: < 40.5 Gy Do.1cm3 < 27.0 Gy
Aorta Vs3gy < 0.5cm?> @ Vascy < 0.5cm? @ Vascy < 0.5cm? ©
Bladder Vazcy < 0.5cm? © Vi3gy < 0.5cm? © Vaacy < 0.5¢cm? ©
Bowel bag + Colon Vaagy < 0.5cm> © Vas26y < 0.5cm? ? Visgy < 0.1cm® ©
Duodenum Vsgy < 0.5cm? @ Vaz26y < 0.5cm? 2 Viacy < 0.1cm?® ©
Esophagus V34cy < 0.5cm? 2 Vasa6y < 0.5cm? 2 Viagy < 0.1cm® ©
Nerve root + Sacral plexus Viagy < 0.1cm?® € Vaagy < 0.1cm?® € Visgy < 0.1cm® *€
Rectum Vaocy < 0.5cm> © Vagacy < 0.5cm? 2 Viecy < 0.1cm?® ©
Sigmoid V326 < 0.5cm? © Vas26y < 0.5cm? 2 Visgy < 0.1cm® ®
Spinal cord Vasgy < 0.1cm> ® Vaagy < 0.1cm® © Vizgy < 0.1cm® ©
Stomach Vssgy < 0.5cm> @ V2220y < 0.5cm? @ Visgy < 0.1cm? ©
Ureter Vaagy < 0.5cm? © Vaogy < 0.5cm> 2 Vi776y < 0.1cm? 4
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Table 3

Guidelines for the ratio of the 50% prescription isodose volume (Rsox) and the
maximum dose at 2 cm from the PTV (D,.,) as a percentage of the actual prescription
dose (PD* = Dgsy of PTV) from the NRG-BROO1 phase 1trial [34]. The 50% isodose
volume may be elongated to avoid OARs. Linear interpolation between table entries is
required for volumes not specified. This table only reports the values for PTV volumes
observed in this study.

PTV [cm?] Rsox [-] Dacm [%]
1.8 <7.5 <57
3.8 <6.5 <57
7.4 <6.0 <58
13.2 <5.8 <58

met all requirements (Table 1). Additionally, the pre-treatment
plan quality was quantified using the plan quality metrics
described in the NRG-BROO1 phase 1 trial [33,34] (Table 2). The
Rsoy and the Dy (Dmax at 2 cm from the PTV as % of PD*) were
compared with benchmarks depending on the size of the PTV
(Table 3).

Then, for all cases in which a pre-treatment plan could be made
that met all criteria, we evaluated the dosimetric feasibility of the
online adapted plans by determining how many met all clinical
dose criteria. Also, we compared the plan quality of these online
adapted plans according to the described quality metrics, for the
cases in which the criteria were met for all fractionation schemes.
Significance was determined using the Wilcoxon matched-pairs
signed rank test. A p < 0.05 was considered significant.

Results

Fig. 1 shows how many patients pass or fail the dose criteria for
the different fractionation schemes in the pre-treatment situation.
For 10 of the 12 (83%) plans with a prescribed dose of 5x7 Gy all
dose criteria were met. Both pre-treatment plans that did not meet
the criteria did not have sufficient target coverage with a V3s¢y of
90.5% and 93.9% because of limiting OAR constraints of a nerve root
and the sacral plexus, respectively. For the 10 patients that were
eligible for 5x7 Gy, 9/10 plans (90%) met all dose criteria for the
prescribed dose of 3x10 Gy. One plan failed with a violation of
the duodenum Vs, 56y dose constraint with 1.5 cm’. Finally, for
the 9 patients that were eligible for both 5x7 Gy and 3x10 Gy,
6/9 plans (66%) met all dose criteria for a single fraction of
20 Gy. Two pre-treatment plans that did not meet the criteria
did not have sufficient target coverage with a V,o¢, of 80.3% and

Dose criteria based evaluation

=3 Passed
B Failed

Number

Fig. 1. Number of pre-treatment plans that passed or failed all dose criteria with a
prescribed dose of Vigox > 95% to the PTV for 12 patients evaluated in this study
which were treated with SBRT of lymph node oligometastases using IMRT on the
1.5T MR-linac.
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88.4%, respectively. One plan violated the ureter V;7 g, dose con-
straint with 0.2 cm®. In almost all cases with violations, the PTV
overlapped with, or was adjacent to, an OAR.

Based on the pre-treatment plans, six patients were eligible for
treatment with a single fraction of 20 Gy, based on the clinical dose
criteria. However, when assessing the dosimetric feasibility of
daily adaption by looking at the online adapted fractions (for these
6 patients, based on 5 fractions from 5x7), 13/30 (43%) would
result in violations of the dose criteria. These violations occurred
in the simulated adapted online fractions for three patients. For
two of these three patients we were able to create a single online
adapted plan that met all dose criteria, however the dose criteria
were barely met.

From the remaining six patients, not eligible for single-fraction
treatment, three (50%) would be eligible for a 3x10 Gy fractionated
treatment, based on the pre-treatment plan. Out of the remaining
three patients, in our dataset, for one patient it would be possible
to create a 5X7 Gy pre-treatment plan that met all clinical dose
constraints. For all cases in which a 3x10 Gy and a 5x7 Gy pre-
treatment plan could be made that met all dose criteria, all
(45/45 and 50/50, respectively) adapted online fractions would
also meet all criteria. For the remaining two patients (67%) individ-
ual isotoxic dose de-escalation would have to be applied.

Retrospective analysis of the plan quality was performed for the
6 patients for whom pre-treatment plans could be made that
met all criteria for all three fractionation schemes. Of these 30
adapted online plans, the NRG-BR0OO1 SBRT plan quality criteria
were investigated. For the 5x7 Gy plans, the HI benchmark was
met for all cases with a median HI of 81% [range, 79-87%]. The
Ri00x benchmark was also met for all cases with a median value
of 1.0 [range, 1.0-1.2]. The Rsgy benchmark was only met in
15/30 online fractions (50%) with a median value of 7.1 [range,
5.4-9.3]. The benchmark for the D,., was met in 30 (100%) of
the online plans with a median value of 50% [range, 44-56%].

For the 3x10 Gy plans, the HI criteria were also met for all cases
with a median value of 81% [range, 78-84%]. The Rygg%x benchmark
was met for all cases with a median value of 1.0 [range, 1.0-1.2].
The Rsoyx benchmark was met for 23/30 online plans (77%) with a
median value of 6.7 [range, 5.6-7.7]. The Dy, was met in 26/30
(87%) of all plans with a median value of 48% [range, 42-58%].

The 1x20 Gy plans, all online adapted plans also met the HI
benchmark with a median value of 79% [63-87%]. The benchmark
for the Ryggx was met for 26/30 cases (87%) with a median value of
1.0 [1.0-2.1]. The Rspx benchmark was only met for 3/30 online
plans (10%) with a median value of 7.7 [6.4-21.4]. The Dy, bench-
mark was met in 15/30 (50%) of all plans a median value of 58%
[43-88%]. The resulting 5x7 Gy and 3x10 Gy treatment plans were
not significantly different (Wilcoxon matched-pairs signed rank
test, p > 0.05). The 1x20 Gy treatment plans resulted into a signif-
icantly (Wilcoxon matched-pairs signed rank test, p < 0.05) lower
HI, but higher Rygog, Rsox and D,cm. An overview of the previously
described benchmark values are shown in Fig. 2. All pre-treatment
plans which met the clinical dose criteria, also met the plan quality
criteria.

Discussion

In this study we showed that it is possible to deliver hypofrac-
tionated SBRT for lymph node oligometastases on the 1.5T MR-
linac, meeting the clinical dose criteria for online adaptive treat-
ment in the majority of cases. For cases in which the clinical dose
criteria were not met, the limiting factor was often the presence of
OARs in the vicinity of the target. With an OAR nearby it is difficult
to reach sufficient PTV coverage, especially for single fraction SBRT
treatment, without violating OAR constraints. The vicinity of OARs



Hypofractionated MR-guided SBRT of Lymph Node Oligometastases

1001 2.5
90 2.0
= 80 = = £ 1.5
e, o
— o
I 70- ¥ 1.0{ == =
60+ 0.5-
50‘—1*—1— 00_
e & O N
NGRS S RO
<°+ °.)+ ’\*‘} °D+ n_;{"\ r\"ﬂ/
Fractionation scheme Fractionation scheme
254 100+
204
_ 80
= 154 £
o
£
2 4o ~ 604
5= = é
%] 40+
0_
& & O o @ o
A7 A Q7
°3+ '5\:\ »;3’ <°+ ’b+\ '\Q/

Fractionation scheme Fractionation scheme

Fig. 2. Boxplot of 1.5T MR-linac IMRT SBRT plan quality metrics for online adapted
plans from the different fractionation schemes for the 6 patients (30 fractions,
based on online MRI of 5x7 Gy single lymph node treated on the 1.5T MR-linac) for
whom it was possible to create a pre-treatment plan that met all clinical dose
constraints. The quality of the different plans was evaluated using four parameters:
heterogeneity index HI (=PD* the actual prescription dose defined as Dgysy of the PTV
as a % of Dpax), conformity index Ripox (=Vep*/Vrrv), Rsox (=Vosxep+/Vprv) and Dacm
(=Dmax at 2 cm from PTV as % of PD*). The bars show the upper and lower quartiles.
The whiskers show the minimum and maximum values. Green indicates preferred
values, yellow indicates acceptable values and red indicates values outside of these
ranges. The 1x20 Gy treatment plans resulted into a significantly (Wilcoxon
matched-pairs signed rank test, p < 0.05) lower HI, but higher Ryoox, Rsox and Dycp.

relative to the target can become more critical when simply apply-
ing the treatment plan for each fraction, not accounting for inter-
fraction anatomical variation such as changes in size and shape
of the target and OARs [35]. To mitigate the risk of unplanned vio-
lations of the dose constraints and insufficient target coverage, it is
helpful to incorporate daily replanning [20-22,36].

In our results we also showed that delivering single fraction
treatment is challenging in some cases, for in this limited explo-
ration, already 50% of the patients did not meet the planning
aims in pre-treatment planning. Reduction of the PTV margin
could perhaps make it possible to deliver sufficient target cover-
age, without violating constraints of the OARs for a single frac-
tion of 20 Gy or higher more often. Some studies already
reported the use of reduced PTV margins of 1 or 2 mm on the
CyberKnife system, but this would often require the use of
implanted fiducial markers [7,37,38], which is invasive for the
patient and not always feasible. MR-guided online adaptive
radiotherapy allows to correct for inter-fraction motion of the
PTV without implanted fiducial markers. Further methods should
be investigated to reduce or compensate for intra-fraction
motion, to deal with longer delivery times in hypofractionated
schedules, such as the use of patient immobilization techniques
[39,40]. Further technical developments of the MR-linac could
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allow for intra-fraction plan adaptation [17] and adequate tissue
tracking which could aid in compensating for intra-fraction
motion, especially given the longer treatment session times on
an MR-linac. Real-time dose accumulation and reconstruction
can also be used as an input for further inter and-intra fraction
plan adaptation [17,41].

The plan quality metric benchmark values [33,34], which were
analyzed for this study, were not always met. For a large amount of
cases it was particularly difficult to meet the criteria for the Rsgy or
the D,.,, when moving towards further hypo-fractionation. The
guidelines however state that for very small tumors the Rjggy
benchmark is difficult to meet. A more conformal dose distribution
with steeper dose gradients could potentially be achieved by intro-
ducing more beam angles or when volumetric modulated arc ther-
apy (VMAT) becomes available on the MR-linac. Although
improved plan conformity is expected, also with using VMAT a
large differences in plan conformity and dose falloff can be
observed [42]. Additionally, plan quality could be improved by
incorporating such quality metrics as a standard in the treatment
planning and evaluation process.

For the 1x20 Gy fractionation scheme, the online adapted plans
violated the dose criteria in 13/30 (43%) cases. These violations
occurred in three patients. In the first patient, the target was
located close to the sigmoid. In the second patient, the target
was located very close to the ureter (Fig. 3) and in the third patient,
the target was located close to both the sigmoid and ureter. This
caused violations for the 1x20 Gy fractionation scheme, as the
OAR constraints for single-fraction treatment are more limiting
compared to more fractionated treatment schemes. For these three
patients, treatment planning towards a pre-treatment plan that
met all dose criteria, was also difficult and dose objectives were
barely met. For the three patients in which the online adapted
plans did meet all dose criteria, no OARs were present in the near
vicinity of the target. This indicates that the pre-treatment plan
alone is not an optimal indicator for the success of meeting all dose
criteria in online plan adaptation. The location of the target relative
to critical structures and expected inter-fraction geometric defor-
mations should be considered in choosing the most suitable
fractionation scheme.

Online adaptive SBRT of lymph node oligometastases is a fur-
ther step to safely reducing treatment fractions, which will
increase comfort and efficiency for the patient. CBCT-guided
online adaptive techniques are becoming more available. Our
results can potentially be translated to a CBCT-based approach
following the described data-processing infrastructure and, if
applicable, correcting for missing tissue. However, the increased
noise level and low soft-tissue contrast may be limiting for cases
in which the lymph nodes are not visible on CBCT. With MR-
guided treatment however, the increased soft tissue contrast
and lymph node visibility allow for all daily variations to be
taken into account more accurately and could result in more
fractions where the treatment plan would meet all clinical dose
criteria.

Based on this study, further investigation is being performed for
the safe clinical introduction of ultra-hypofractionated treatment
with the MR-linac. New techniques such as intra-fraction plan
adaptation are coming up, paving the way for further hypo-
fractionation towards single fraction treatment.

In conclusion, hypofractionated radiotherapy for lymph node
oligometastases on the 1.5T MR-linac is feasible based on dose
criteria and plan quality metrics. The location of the target rel-
ative to critical structures should be considered in choosing the
most suitable fractionation scheme. Especially for single fraction
treatment, meeting all dose criteria in the pre-treatment
situation does not guarantee this also applies during online
treatment.
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Fig. 3. Example case in which the target, lymph node metastases, was located very close to the ureter. For this particular case it was possible, however difficult, to generate a
pre-treatment plan that met all requirements. Simulated online plan adaptation of 1x20 Gy treatment would result in plans violating the OAR constraint for the ureter or
insufficient target dose coverage. Visible are the ureter (red), GTV (green), PTV (blue) and the PTV + 2 cm (purple) in which contours are manually adapted by the radiation

oncologist during online treatment, if necessary [28].
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