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ARTICLE INFO ABSTRACT

Background and purpose: Recent studies have shown that the use of magnetic resonance (MR) guided online plan
adaptation yields beneficial dosimetric values and reduces unplanned violations of the dose constraints for
stereotactic body radiation therapy (SBRT) of lymph node oligometastases. The purpose of this R-IDEAL stage 0
study was to determine the optimal plan adaptation approach for MR-guided SBRT treatment of lymph node
oligometastases.

Materials and Methods: Using pre-treatment computed tomography (CT) and repeated MR data from five patients
with in total 17 pathological lymph nodes, six different methods of plan adaptation were performed on the daily
MRI and contours. To determine the optimal plan adaptation approach for treatment of lymph node oligome-
tastases, the adapted plans were evaluated using clinical dose criteria and the time required for performing the
plan adaptation.

Results: The average time needed for the different plan adaptation methods ranged between 11 and 119 s. More
advanced adaptation methods resulted in more plans that met the clinical dose criteria [range, 0-16 out of 17
plans]. The results show a large difference between target coverage achieved by the different plan adaptation
methods.

Conclusion: Results suggested that multiple plan adaptation methods, based on plan adaptation on the daily
anatomy, were feasible for MR-guided SBRT treatment of lymph node oligometastases. The most advanced
method, in which a full online replanning was performed by segment shape and weight optimization after
fluence optimization, yielded the most favourable dosimetric values and could be performed within a time-frame
acceptable (< 5min) for MR-guided treatment.
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1. Introduction

Image-guided radiation therapy (IGRT) [1] has vastly developed
over the past decades and is currently indispensible in modern radiation
therapy to reduce the effect of setup errors and geometrical variations
of the target volume and organs at risk (OARs). To visualize the target
volume and surrounding tissues prior to treatment, techniques such as
portal imaging and cone-beam computed tomography (CBCT) are often
used [2,3]. These techniques have greatly contributed towards preci-
sion radiotherapy, but yield relatively poor soft tissue contrast which
can make it challenging to accurately identify the target. To resolve this
problem bony anatomy or implanted fiducial markers are often used as

surrogate for position verification of the target [4-6].

Magnetic resonance (MR) guided radiotherapy systems are becoming
increasingly available and are introduced in clinical practice [7-9].
Compared to linear accelerators with CBCT, these MR-guided systems
provide a better soft tissue contrast which allows incorporation of more
detailed patient anatomical information in the radiotherapy treatment
plan [10,11]. One of these MR-guided systems is the 1.5 T MR-linac, which
is able to provide diagnostic quality imaging of the patient anatomy during
radiation therapy [12]. This enables accurate identification of the target
volume, as well as the OARs and other surrounding tissues, and offers
opportunities for online plan adaptation using the actual patient anatomy
[13]. However, to be able to perform plan adaptation on the actual patient
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anatomy, multiple additional, and potentially time-consuming, steps are
required. After obtaining online imaging, it must be registered with pre-
treatment imaging. Deformable image registration is required to propagate
the contours, after which they must be evaluated and potentially cor-
rected. Because a new plan is created, plan quality assurance (QA) should
be performed prior to delivery [9,14].

Local treatment of lymph node oligometastases is commonly per-
formed using stereotactic body radiation therapy (SBRT) [15-17]. 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 OARs [18,19]. To keep treatment
volumes as small as possible and minimize the amount of normal tissue
that is irradiated, good target visualization during treatment is necessary
in SBRT [20]. When using SBRT for the treatment of lymph node oligo-
metastases good online target visualisation is needed to deal with inter-
fraction changes in shape and size of the target and OARs and different
positions of the target relative to OARs [21]. MR-guided online adaptive
radiotherapy is clinically deliverable and safe and allows for dose esca-
lation and OARSs sparing compared to non-adaptive abdominal SBRT[22].

Recent studies have shown that the use of MR-guided online plan
adaptation, taking daily anatomical variations into account, yields
beneficial dosimetric values and reduces the amount of unplanned
violations of the dose constraints [20,23]. While the dosimetric benefit
is already shown, there are multiple approaches for MR-guided online
plan adaptation, based on contours generated on the daily anatomy, to
be explored.

Although it is evident that a high plan quality is always preferred,
time is also a limiting factor to keep total treatment time within 45 min,
which is considered acceptable. With this in mind, online plan adap-
tation should preferably be performed within five minutes. The purpose
of this R-IDEAL stage 0 [24] study was to evaluate different plan
adaptation strategies to determine the optimal plan adaptation ap-
proach for MR-guided SBRT treatment of lymph node oligometastases.

2. Materials and methods
2.1. Patient data

Pre-treatment computed tomography (CT) and sequential magnetic
resonance imaging (MRI) data from five female patients with locally
advanced cervical cancer with in total 17 pelvic and para-aortic pa-
thological lymph nodes was used. All patients were treated with che-
moradiation with curative intention and an additional MRI was ac-
quired during the first three weeks of treatment. This patient data,
which was used as a test case, did not contain real oligometastatic state.
Because of the palliative intent of this treatment, we don’t want to place
any additional load on patients with lymph node oligometastases with
additional imaging. It is expected for lymph nodes and surrounding
OARs to behave similar in oligometastatic state. MRI was acquired on a
1.5 T Philips Ingenia using a mDIXON 3D FFE T1W sequence (flip angle
10°; TE1/TE2 =1.6/3.9ms, TR =5.7ms, reconstructed voxel
1.05 x 1.05 x 2.5mm> FOV 552 x 552 x 300mm®) during free
breathing and was used for delineation. Patient preparation and motion
management was equal for all image acquisition. The acquisition time
(approximately six minutes) and image quality of these scans are
comparable to the 1.5T MR-linac (Unity, Elekta AB, Stockholm,
Sweden). All lymph node metastases and OARs on the pre-treatment CT
and MRI scans were delineated by an experienced radiation oncologist
treating lymph node oligometastases. The mean gross target volume
(GTV) of the lymph nodes was 2.5 = 2.8 cm® (1 SD) [range,
0.4-15.8 cm®]. All patients gave written informed consent.

2.2. Pre-treatment plan generation

A pre-treatment plan for each of the 17 individual lymph nodes was
generated on the pre-treatment CT with a prescribed dose of 5x7Gy to
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Table 1

Clinical dose criteria for SBRT lymph node oligometastases plans for
five fractions as used in the evaluation of the treatment plans, based
on the UK SABR consortium guidelines (2016).

Structure Constraint

PTV Vasgy > 95%
Dinax < 47.25Gy

Bladder Dosem” < 38 Gy
Disem’® < 18.3Gy

Bowel, Rectum, Sigmoid Dosem” < 35Gy

Digem” < 25Gy

the target, using a 3 mm isotropic planning target volume (PTV) margin
which will be used in our clinical protocol. Using a vacuum cushion for
immobilization, these PTV margins are considered to be sufficient to
handle patient setup, intra-fraction motion and machine related un-
certainties [9,25-29]. All plans were generated using Monaco (Version
5.40.00 build 19, Elekta AB, Sweden) treatment planning software
(TPS) with the MR-linac machine model and a 1.5 T magnetic field in
superior-inferior patient direction. The hardware used consists of an
Intel Xeon E5-2960 CPU, 128 GB RAM and two Nvidia Quadro GP100
GPU’s. OAR dose was lowered as much as possible, while maintaining a
sufficient PTV coverage of V356, > 95%. Clinical dose criteria for the
OARs were based on the UK SABR consortium guidelines (2016)
(Table 1). The plans were generated for intensity modulated radio-
therapy (IMRT) with a maximum of 45 segments and a minimum of five
monitor units per segment. Seven gantry angles were selected de-
pending on the location of the target [30]. For left sided targets, the
following gantry angles were used: 0°, 30°, 60°, 90°, 114°, 144° and
174°. For right sided targets, the used gantry angles were mirrored: 0°,
330°, 300°, 270°, 246°, 216° and 186°. All dose calculation was per-
formed using the GPUMCD [31] dose engine available in Monaco TPS
with a statistical uncertainty of 3% per control point. A calculation grid
size of 3mm was used to increase optimization speed, which was re-
sampled by the TPS to a grid size of 1 mm for accurate dosimetric
evaluation after optimization.

2.3. Plan adaptation strategies

Plan adaptation was performed using the plan from the pre-treat-
ment CT and daily MRI and contours. Both data sets were automatically
registered with each other by rigid registration based on mutual in-
formation [32] and the contours were automatically propagated by
deformable registration using the Monaco TPS. Electron densities were
assigned per structure based on the average ED value of the corre-
sponding contour on the pre-treatment CT. No overrides were used for
structures for either the pre-treatment CT and daily MR. After these
steps it was possible to perform plan adaptation on the new anatomy
using one of the following six plan adaptation methods available in the
adapt to shape workflow, which enables online plan adaptation on daily
contours (Fig. 1):

. Original Segments

. Adapt Segments

. Optimize Weights from segments

. Optimize Weights from fluence

. Optimize Weights and Shapes from segments
. Optimize Weights and Shapes from fluence

mmO 0w >

The Original Segments (A) method makes use of the segments and
monitor units (MUs) from the pre-treatment plan, and only the plan
isocenter is modified. Herewith, the original plan is calculated on the
daily anatomy. The Adapt Segments (B) method shifts the segments
from the pre-treatment plan relative to the isocenter, based on the re-
gistration between the pre-treatment and online images, using Segment
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Methods for plan adaptation on daily anatomy and contours for the 1.5T MR-linac

Beam's eye view

Target

Body

Daily setup
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Original segments (A) Adapt segments (B)

L]

Optimize weights (C)

Optimize weights
and shapes (E)

Fig. 1. Schematic overview of the segment changes for the different plan adaptation methods available in the treatment planning software for the 1.5 T MR-linac for
plan adaptation on the daily anatomy and contours. A different background color (e.g. red or yellow) in the Beam’s eye view (BEV) indicates a different segment
weighting. When performing plan adaptation methods using optimize weights (method D) or optimize weights and shapes (method F) starting with full fluence
optimization, the original segments are discarded and new initial plan segmentation is performed. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Aperture Morphing (SAM) [33]. Using the resulting segments, the dose
is calculated on the daily anatomy. Both Optimize Weights (C,D)
methods are based on optimizing the weights of the segments for the
daily anatomy by adjusting the amount of MUs. Method C optimizes the
weights, using the set of segments from the pre-treatment plan after
SAM. With method D the fluence is first re-optimized and a new set of
segments is created. The new set of segments is then further optimized
using segment weight optimization. The same distinction applies for
both Weights and Shapes (E,F) methods. Either the pre-treatment seg-
ments are used (after SAM) for weight and shape optimization (method
E), or a fluence re-optimization is performed and the new set of seg-
ments is optimized for the daily anatomy situation using both segment
weight optimization, adjusting the amount of MUs, and segment shape
optimization. So for method A, B, C and E, the segments from the pre-
treatment plan are used for input and for method D and F, a new set of
segments is created based on the re-optimized fluence. Method F, in
which first the fluence is re-optimized and segmented and afterwards
segment weight and shape optimization is performed, is equal to full
online replanning. The plan is optimized towards the original planning

constraints. No additional manual planning was performed.

2.4. Evaluation

To determine the optimal plan adaptation approach, the plans were

evaluated based on the optimization time required for the plan adap-
tation and the clinical dose criteria (Table 1) for the PTV coverage and
surrounding OARs: bladder, bowel, rectum and sigmoid. The average
time required for plan adaptation will be reported with one standard

deviation (SDV).

3. Results

The median PTV on the daily MR was 99% [range, 90 —105%] of
the PTV on the pre-treatment CT. The average calculation time needed
for the different plan adaptation methods ranged between 11 and 119s.
More advanced adaptation methods resulted in more plans that met the
clinical dose criteria [range, 0-16 out of 17 plans](Fig. 2). The results
showed a difference between target coverage achieved by the different
plan adaptation methods (Fig. 3). Differences in dose to the OARs be-

tween the pre-treatment plan and different plan adaptation methods
occurred. The largest differences occurred using method A. Methods B-F
showed large similarities (Fig. 4). Finally, the times for plan adaptation
increased when more complex plan adaptation methods were used

(Fig. 5).

For the pre-treatment plans 16 out of 17 (94%) met all clinical dose
criteria. For one plan it was not possible to achieve sufficient target
coverage, without violating dose criteria for the OARs. This particular
plan resulted in a PTV V35, of 84%. The median PTV V3sg, for all pre-

60



D. Winkel, et al.

Number

Q°
100 -
95 B —— R ...IJ_J ...EE._. &S ==
* * *
75+
* *
- *
o
n
o 50+
>
25
0 ] 1 1 1 1 1
) < <
0‘\\ obv. oz>© o obo & o
R N T S
RO R R RS R
<
Qﬂ

Fig. 3. Boxplot of the target dose coverage (N = 17 lymph nodes) described as
planning target volume (PTV) Vssgy in % for plan adaptation on the daily
anatomy and contours for the 1.5T MR-linac. The 95% line depicts the
minimum target coverage following the clinical dose constraints. The bars show
the upper and lower quartiles. The whiskers show the minimum and maximum
values, excluding outliers which are denoted with an asterisk. Method A — F
describe: A the original segments, B adapt segments, C optimize weights from
segments, D optimize weights from fluence, E optimize weights and shapes from
segments and F optimize weights and shapes from fluence, respectively.

treatment plans was 99% [84 — 100%].

Plan adaptation using method A: the Original Segments method did
not result in any plans that met clinical dose criteria. The target cov-
erage was poor with a median PTV V3sgy of 32 [0-77%]. In addition,
violations to the OARs were present. One plan had violations of both
the Dgsem® and Disem® of the bladder with 38.2Gy and 18.7 Gy, re-
spectively. The same plan also had a violation of the Do sem® of the
sigmoid with a value of 36.3 Gy. Two other plans had a violation of the
Do s em” Of the bowel with values of 36.5 Gy in one plan and 36.2 Gy in
the other plan. Performing plan adaptation using this method took on
average 11 = 3s.

Using the Adapt Segments method (method B) did not result in any
plans that had sufficient target coverage, however the coverage was
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Fig. 2. Number of plans (N = 17 lymph nodes) that

BN Passed met all dose criteria based on the UK SABR con-
sortium guidelines and a prescribed dose of
Ea Failed Visgy > 95% for plan adaptation on the daily

anatomy and contours for the 1.5T MR-linac.
Method A - F describe: A the original segments, B
adapt segments, C optimize weights from segments,
D optimize weights from fluence, E optimize
weights and shapes from segments and F optimize
weights and shapes from fluence, respectively.

higher compared to the previously described Original Segments method
with a median PTV V3sgy of 92% [71-95%]. Although target coverage
was insufficient in all plans, 11/17 (65%) of the plans had a PTV V3sgy
of > 90% and were thereby close to an acceptable target coverage
of > 95%. The clinical dose criteria for the OARs were met in all 17
plans. Using this method plan adaptation took 11 + 2s on average.

The Optimize Weights from segments method (method C) resulted
in 12/17 (71%) plans that met all clinical dose criteria. In four plans the
PTV V356, was insufficient with values of 80%, 90%, 92% and 94%.
One of these plans also had a violation of the Do.sem’ of the bowel with
a value of 35.6 Gy. The remaining plan that did not meet the clinical
dose criteria had a violation of the maximum dose in the PTV which
was 47.7 Gy. The average time for plan adaptation using this method
was 19 + 3s.

With method D, the Optimize Weights from fluence method, 14/17
(82%) plans met all clinical dose criteria. Three plans violated the dose
criteria with regards to the target coverage with a PTV V3sgy of 71%,
91% and 93%. The clinical dose constraints for the OARs were not
violated. Using this method for plan adaptation took 25 = 5s on
average.

Plan adaptation with the optimize weights and shapes method
(method E), using the original segments, resulted in 15/17 (88%) plans
that met all clinical dose criteria. The two plans that did not meet the
clinical dose criteria had insufficient target coverage with a PTV V35¢,
of 81% and 94%. As for the previous method, no violations of the
clinical dose constraints for the OARs were found. Plan adaptation
using this method took 112 *= 26s on average.

Using the optimize weights and shapes method (method F), after full
fluence re-optimization, 16/17 (94%) of all plans met clinical dose
criteria. One plan, which did also not meet sufficient target coverage
during pre-treatment planning, did not meet the constraint for the PTV
Vssgy with a value of 69%. Using this method, which is a full online
replanning, optimization took 119 + 22s on average.

4. Discussion

This study shows that it is feasible to perform online plan adaptation
for MR-guided SBRT treatment of lymph node oligometastases using
different plan adaptation methods. The Original Segments method
(method A) did not result in suitable plans, which was expected because
even the slightest positioning error or inter-fraction motion with re-
gards to the pre-treatment plan would mean that the treatment plan
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Fig. 5. Boxplot of the measured time in seconds for each different plan adap-
tation method (N = 17 lymph nodes) for plan adaptation on the daily anatomy
and contours for the 1.5T MR-linac. The bars show the upper and lower
quartiles. The whiskers show the minimum and maximum values, excluding
outliers which are denoted with an asterisk. Method A — F describe: A the
original segments, B adapt segments, C optimize weights from segments, D
optimize weights from fluence, E optimize weights and shapes from segments
and F optimize weights and shapes from fluence, respectively.

would no longer correctly align with the PTV. The Adapt Segments
method (method B) did yield improved target coverage compared to the
Original Segments method, however for all cases this was below clinical
criteria. This can be explained by changes in target size and shape,
which for small targets can have a large impact on relative target
coverage. These methods could however perform well enough for
treatment sites with little inter-fraction motion and in which the patient
can be accurately positioned to limit systematic error. Regardless,
random error will remain and may influence the performance.

Both weight optimization and weight and shape optimization allow
the use of the original segments (method C and E), or to re-optimize the
fluence and perform an initial segmentation prior to these optimiza-
tions (method D and F). Comparing these options show that using a
fluence re-optimization results in more favourable dosimetric values.
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Fig. 4. Boxplot of the dose difference be-
tween pre-treatment and adapted plan on
the 1.5 T MR-linac based on daily anatomy
for each method (N = 17 lymph nodes). The
bars show the upper and lower quartiles.
The whiskers show the minimum and max-
imum values, excluding outliers which are
denoted with an asterisk. Method A - F de-
scribe: A the original segments, B adapt
segments, C optimize weights from seg-
ments, D optimize weights from fluence, E
optimize weights and shapes from segments
and F optimize weights and shapes from
fluence, respectively.
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This was expected as with this method it is possible to more accurately
incorporate the daily target definition.

Using weight optimization could be suitable for treatment sites with
little inter-fraction motion and large treatment volumes in which more
advanced methods take too long. As this method does not alter the
shape of the segments, changes in size and shape of the target are not
accounted for. Therefore it might be less suitable for tumor sites in
which large inter-fraction changes can occur such as cervix [34] or
prostate [35]. Plan adaptation using segment shape and weight opti-
mization yields the best results.

Method F is equal to a full online replanning on the actual anatomy
which was also done during the 1.5 T MR-linac first-in-man study [9].
Full online replanning, in which a completely new plan is generated on
the daily anatomy without taking pre-treatment data into account, is
the preferred method, as it optimally takes daily anatomy information
into account. Although this method takes relatively long (on average
two minutes) compared to the first four methods described in this
study, applying this strategy for daily online replanning of lymph node
oligometastases is feasible time-wise when comparing to implementa-
tions of online adaptive radiotherapy by other institutions [14]. It is
important to reduce the time between daily image acquisition and start
of the treatment as organ motion may increase over time [36] and to
ensure patient comfort.

For one particular plan it was not possible to meet the clinical dose
criteria during pre-treatment planning. It was not able to obtain sulffi-
cient PTV coverage, due to overlap of the PTV and OAR adjacent to the
target. Performing plan adaptation for this particular situation did also
not result in acceptable treatment plans, this resulting in the outliers
presented in Fig. 3. The close vicinity of OAR relative to the target, and
therewith inability to create an acceptable treatment plan, may be in-
dicative for the inability to create acceptable plans during online
adaptive treatment.

The main challenge of plan adaptation for lymph node oligome-
tastases is to achieve sufficient PTV coverage, which was not always
possible using the faster plan adaptation methods. For treatment of
lymph node oligometastases, in which the targets are relatively small,
this can be explained as even a slight misalignment between the
treatment plan and the target will have a relatively large impact. For
other sites with larger target volumes, this is expected to be less pro-
blematic, and the faster plan adaptation methods might perform suffi-
ciently. This will need to be investigated in tumour site specific studies.
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A limitation of this study is that the patient data consisted only of
female patients who underwent chemo-radiotherapy. The chemo-
radiotherapy might result in larger changes of the target volume and
shape between pre-treatment and online imaging compared to patients
which are being treated for oligo metastatic disease in our clinic.
However, the latter patient group does not receive additional imaging.
Because of the palliative intent of this treatment, we do not want to
place any additional load on these patients. Regardless, the positive
treated lymph nodes of the patient group we used is representative for
the position of lymph node oligometastases in the pelvic area as treated
in our clinic. As it is expected for lymph nodes and surrounding OARs to
behave similar in oligometastatic state we believe that the data is sui-
table to perform this analysis and gives us confidence to further im-
plement this in our clinical workflow.

The clinical dose criteria for the OARs used in this study primarily
focus on high dose regions, where most toxicity occurs [14]. Looking
more closely at the pre-treatment and adapted plans, it can be seen that
due to steep dose gradients, high dose regions only occur in the close
vicinity of the target. For this reason it appears sufficient to limit the
online re-contouring to a small region, as has been observed and pro-
posed in several recent studies [37,38]. Such an approach can lead to a
reduction in total treatment time or may free up additional time for
other processes such as plan adaptation and allow for fast adaptive
replanning [39]. Limiting the online re-contouring of OAR to a small
region requires the use of absolute dose constraints.

Recent studies have shown initial benefits and feasibility of MR-
guided online adaptive radiotherapy. A case study by Tyran et al.
showed the necessity of online plan adaptation for all fractions because
of inter-fraction motion of the stomach [40]. A phase I trial on MR-
guided online adaptive radiotherapy for the treatment of oligometa-
static or unresectable primary malignancies of the abdomen resulted in
online adaptive replanning for 81/97 fractions to due to initial plan
violation of OAR constraints (61/97) or opportunity for PTV dose es-
calation (20/97) [22].

For specific tumour sites in which plan adaptation has to be per-
formed on larger target volumes, calculation time will increase, de-
pendant on which plan adaptation method is used. This could poten-
tially mean that the methods which include segment shape optimization
will no longer be feasible within a time-span suitable for online adap-
tive treatment and that therefore another method must be used.
Increasing optimization time potentially increases temporally de-
pendant intra-fraction motion, requiring either larger treatment mar-
gins, motion mitigation protocols or additional plan adaptation
[41,42]. A combination of large deforming target volumes, OARs in the
vicinity of the target and the presence of inter-fraction motion might
therefore be challenging. The most suitable methods and limitations for
online plan adaptation are best investigated per treatment type. Ideally,
a combination of real-time intra-fraction MRI, automatic contouring,
tracking and real-time adaptive replanning should be utilized to fully
benefit from MR guidance [43,44].

In conclusion, multiple plan adaptation methods, based on plan
adaptation on the daily anatomy, are feasible for MR-guided SBRT of
lymph node oligometastases. The most advanced method, in which a full
online replanning is performed by segment shape and weight optimiza-
tion after a full fluence optimization, performs as good as pre-treatment
planning, yields the most favourable dosimetric values and can be per-
formed within a time-frame acceptable for MR-guided treatment.
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