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Background: Post-operative radiosurgery (SRS) of brain metastases patients is typically planned on a
post-recovery MRI, 2-4 weeks after resection. However, the intracranial metastasis may (re-)grow in this
period. Planning SRS directly on the post-operative MRI enables shortening this time interval, anticipat-
ing the start of adjuvant systemic therapy, and so decreasing the chance of extracranial progression. The
MRI-Linac (MRL) allows the simultaneous execution of the post-operative MRI and SRS treatment. The
aim of this work was investigating the dosimetric feasibility of MRL-based post-operative SRS.

Iégiv:os;asmsis Methods: MRL treatments based on the direct post-operative MRI were simulated, including thirteen
SRS patients with resectable single brain metastases. The gross tumor volume (GTV) was contoured on the
MRgART direct post-operative scans and compared to the post-recovery MRI GTV.

Three plans for each patient were created: a non-coplanar VMAT CT-Linac plan (ncVMAT) and a copla-
nar IMRT MRL plan (cIMRT) on the direct post-operative MRI, and a ncVMAT plan on the post-recovery
MRI as the current clinical standard.

Results: Between the direct post-operative and post-recovery MRI, 15.5 % of the cavities shrunk by > 2 cc,
and 46 % expanded by > 2 cc. Although the direct post-operative cIMRT plans had a higher median gra-
dient index (3.6 vs 2.7) and median V3Gy of the skin (18.4 vs 1.1 cc) compared to ncVMAT plans, they
were clinically acceptable.

Conclusion: Direct post-operative MRL-based SRS for resection cavities of brain metastases is dosimetri-
cally acceptable, with the advantages of increased patient comfort and logistics.

Clinical benefit of this workflow should be investigated given the dosimetric plausibility.
© 2023 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology xxx (2023) xxx-xxx This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Post-operative MRI

Surgical resection of brain metastases is the standard of care for
patients with good performance status and a single metastasis or
with large metastases (>3cm) causing neurologic dysfunction or
refractory edema. Post-operative stereotactic radiosurgery (SRS)
aims to treat the surgical cavity to minimize the local relapse risk,
even after complete resection [1]. SRS is typically delivered 2-
4 weeks after surgery, but the optimal timing for post-operative
therapy remains unclear [2].

Delaying SRS allows more time for logistical radiotherapy plan-
ning, patient recovery, wound healing and ultimately for resection
cavity stabilization, thereby possibly decreasing the treatment vol-
umes, which may, in turn, spare normal brain tissue and so reduce
the risk of symptomatic radiation necrosis [3,4]. However, the con-
cern with delaying cavity SRS is that the tumor may (re-)grow neg-
atively impacting local and systemic control [5].
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The timing of SRS relative to checkpoint inhibitor-based
immunotherapy (IT) is critical to best exploit their synergistic
effects. El Jalby found that timing depends on the immunothera-
peutic agent choice and as long as IT follows SRS with a start within
four weeks, consistent benefits are realized in the outcomes com-
pared with SRS or IT alone [6].

The current brain metastases workflow at our academic hospi-
tal leads to an average IT treatment-free interval of six weeks, con-
sisting of surgery followed by SRS after recovery. However,
shortening this interval to less than a week improves the overall
survival in melanoma patients with brain metastases [7].

Another factor influencing IT treatment effectiveness is supple-
tion of dexamethasone, given pre-operatively and again as a pre-
caution around SRS [8]. Shortening the interval between the two
modalities leads to a single tapering period and thus a faster IT
start.

Simply starting IT prior to post-operative SRS is not a safe solu-
tion, as dexamethasone reduces its effectiveness [9].

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Direct post-operative MR-Linac based radiosurgery

This work explores the application of MRI-guided radiotherapy
(MRgRT) technology to enable SRS during post-operative magnetic
resonance imaging (MRI).

MRgRT combines magnetic resonance imaging with a radiation
therapy system, allowing real-time MR imaging, improved soft-
tissue contrast of target volumes and organs at risk (OAR) before,
during, and after treatment delivery, and online adaptive re-
planning [10].

Slagowski evaluated the dosimetric feasibility of single target
brain SRS with the MRIdian system [11]. He concluded that the
MR-Linac (MRL) system could produce clinically acceptable SRS
plans for spherical lesions with a diameter < 2.25 cm. Wen showed
that the required plan quality and accuracy for treating brain
metastasis with a single isocenter on the MRL could be achieved
[12].

Using the MRgRT workflow to treat resection cavities allows
radiation delivery directly during the post-operative MRI, which
minimizes the interval between the treatments (Fig. 1), allows an
earlier IT start and reduces the chance of tumor shifts due to dex-
amethasone use [13].

Moreover, logistics and patient comfort could be improved
because the post-recovery MRI becomes obsolete and the patient
does not need to return to the hospital after 2-4 weeks for the
radiotherapy preparation.

The feasibility of an MRgRT workflow for resection cavities
directly based on the post-operative MRI has not yet been reported
in the literature. The main concerns are the higher dose that the
healthy brain could be exposed to due to (1) a presumably larger
cavity volume to irradiate immediately after surgery compared to
2-4 weeks later and (2) different MRL technical aspects affecting
the dose gradient, e.g. only coplanar beams, wider multi-leaf-
collimator (MLC) leaves at the isocenter [14,15].

CT-Linac based workflow
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This study investigates the dosimetric quality of single brain
metastasis resection cavity MRL SRS treatment plans made directly
on the post-operative MRI. In particular, the healthy brain dose
between the direct post-operative and post-recovery MRI-based
dose distribution is compared.

Methods and materials

This retrospective in-silico study was approved by the local
ethics committee (approval letter number 17/906). Writing of the
manuscript was steered by the RATING guidelines for reporting
treatment planning studies [16].

Patient cohort

Thirteen consecutive patients with resected single brain metas-
tasis treated at the University Medical Center Utrecht between Jan-
uary and June 2017 with cone-beam computed tomography linac
(CT-Linac) non-coplanar VMAT-based stereotactic radiotherapy
were selected for the analysis in this study. All patients were trea-
ted in a single fraction prescribed at 100 % isodose varying from
15 Gy up to 21 Gy depending on the cavity size according to the
Dutch consensus protocol for brain metastasis radiotherapy
(Table 1).

Imaging and delineation

For the included patients, a median interval of 29 days between
resection and SRS was registered. Directly pre-operative and post-
operative MRIs were acquired 1 day before and 2 days (median)
after surgery. The post-recovery MRI during radiotherapy prepara-
tion was performed 20 days (median) after surgery. A 1.5 T MRI

MR-Linac based workflow
Pre-operative MRI
Appointment with radiation oncologist

Surgery

+1 day

+2 days

Immobilization mask
Post-operative MRI on MR-Linac
Contouring
Synthetic CT
Treatment planning
Data transfer
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Patient positioning

Treatment delivery
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Fig. 1. Treatment workflow for resection cavities of brain metastasis on a CT-Linac and MR-Linac with corresponding timeline that starts with the pre-operative MRI (day 0).
In the MR-Linac based workflow the post-operative MRI is performed directly on this system while the post-recovery MRI together with the CT scan are omitted.
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Table 1
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Patient characteristics, describing age, sex, metastasis location, primary tumor, the GTV (in cc) on pre-operative, post-operative, and post-recovery MRI, and the time interval

between post-operative and post-recovery MRI (in days).

Patient  Age Sex Metastasis Primary tumor GTV (cc) Change in GTV (%) Prescribed dose Time interval
location between (Gy) between
Pre-op Post-op  Post-rec gr(:(sjt;;pst-rec Post-op  Post-rec Sg;t;)oi rec
MRI MRI MRI plan plan MRI (d)

1 64 B Right frontal NSCLC (adeno) 3.7 13 5.1 75 21.0 21.0 21

2 56 F Right cerebellum NSCLC (adeno) 7.3 5.6 54 -4 18.0 21.0 15

3 76 M Right parietal Colon CA (adeno) 8.4 7.1 9.2 23 18.0 18.0 16

4 79 F Right parieto-occipital NSCLC (adeno) 9.1 3.7 25.2 85 21.0 15.0 10

5 58 F Right frontal NSCLC (adeno) 14.1 11.8 17.2 31 15.0 15.0 28

6 70 F Left parieto-occipital NSCLC (adeno) 209 111 12.2 9 18.0 18.0 18

7 84 M Right parieto-occipital NSCLC (adeno) 219 10.8 9 -20 18.0 18.0 20

8 68 M Right frontal Melanoma 24.1 8.1 13.8 41 18.0 18.0 20

9 56 F Right parieto-occipital Breast CA (adeno) 40.4 32.2 42.7 25 15.0 15.0 13

10 52 F Left frontal Adeno CA, 55.6 29.8 43.9 32 15.0 15.0 12

unknown primary.

11 50 F Right temporo-occipital NSCLC (adeno) 62 16.5 9.9 —67 15.0 18.0 15

12 52 M Left fronto-parietal NSCLC (adeno) 64.1 13.7 15.4 11 15.0 15.0 21

13 61 M Left parietal NSCLC (adeno) 82.6 27.4 8.7 -215 15.0 18.0 16

Median 63.5 21.9 11.1 12.2 16

Range 50-84 3.7-82.6 1.3-29.8 5.1-43.9 10-28

(Ingenia; Philips Medical System, The Netherlands) protocol was
acquired containing a 3D T1 spoiled gradient echo (T1-TFE)
gadolinium-enhanced scan with a 1x1x1 mm? reconstructed reso-
lution [17].

The radiotherapy preparation also included a planning CT scan
(Brilliance, Philips Medical Systems, The Netherlands) with a
1 mm slice thickness carried out in a frameless head immobiliza-
tion device (Civco Medical Solutions, Kalona, lowa, USA) combined
with individual head support [18].

For each patient all images were transferred to the delineation
software, and the post-recovery MRI sequences were registered
to the planning CT by rigid mutual information on a box around
the skull at the level of the tumor [19].

On the T1-weighted post gadolinium injection sequence, a radi-
ation oncologist manually defined the gross tumor volume (GTV)
on the three different MRI time points as the residual T1-
weighted gadolinium-enhancing area plus resection cavity. Con-
toured organs at risk (OAR) included the eyeballs, lenses, optic
nerves, optic chiasm, brainstem, cochlea, pituitary gland, total
brain, according to Tseng [20], and skin (defined as a 3 mm rim
of tissue up to the tissue-air boundary at the patient surface).

The wound complications occurrence is one of the concerns
when radiotherapy and surgery are combined in a short time
frame. Therefore, the surgery wound on the scalp of the patient
was delineated to assess the dose received by this volume.

For MRL treatment planning purposes, a synthetic CT (sCT) was
generated from the directly post-operative T1 3D sequence accord-
ing to a previously published method [21].

Afterwards, the post-operative sCT and the post-recovery CT
were imported into the treatment planning system. For VMAT
plans on an Elekta CT-Linac, a 1 mm planning target volume
(PTV) was generated via a geometric circumferential expansion
beyond the GTV, and a 2 mm PTV for Unity MRL plans.

Treatment planning

Two treatment planning techniques were considered:

- a non-coplanar VMAT (ncVMAT) technique for treatment on
an Elekta CT-linac equipped with Agility head (consisting of 80
MLC leaf pairs with a leaf width of 5 mm at isocenter): 6 MV 2
non-coplanar arcs, one full and one partial (gantry 30-180°) at
0°- and 90°-couch angle according to the institutional protocol.

- a coplanar IMRT (cIMRT) technique for treatment on an Unity
MRL system (80 MLC leaf pairs with a leaf width of 7.2 mm at
isocenter): 7 MV coplanar non-opposing 13-beams technique.

Treatment planning was performed in a Monaco (TPS) (Elekta
AB, Stockholm, Sweden), version 5.11.02 for VMAT plans, and ver-
sion 5.51.10 for IMRT plans using a Monte Carlo dose calculation
algorithm. All plans were created to achieve at least 98 % PTV cov-
erage with 100 % of the prescription dose. A point maximum of less
than 130 % of the prescription dose was allowed within the PTV.
OAR constraints and optimization prioritizing are shown in Appen-
dix 1. The dose grid size was 2 x 2 x 2 mm? according to the insti-
tutional protocol (compromise between computation time and
dose calculation accuracy). A 3 % statistical uncertainty per control
point was used for ncVMAT plans (to ensure that the total uncer-
tainty at the dose reference point is less than 0.5 %), a maximum
of 144 control points per arc and a minimum segment width of
0.5 cm was allowed as per institutional protocol. The cIMRT plans
were computed with a statistical uncertainty of 3 % per control
point, a minimum of 5.0 MU per segment, and a minimum width
of 0.5 cm.

Three single fraction plans per patient were created: ncVMAT
and cIMRT for the GTV defined on the directly post-operative
MRI and ncVMAT for the GTV defined on the post-recovery MRI.
The ncVMAT dose distribution delivered by a CT-Linac was consid-
ered the “reference standard” in this study as this is the current
clinical practice at our institute. Therefore, ncVMAT plans were
also created for the post-operative GTV to allow a direct compar-
ison to the cIMRT dose distribution independently of target volume
differences.

Plans, generated by the same experienced planner, were made
such that the PTV coverage was comparable in the three situations
allowing iterative modifications to the objective functions after
each dose calculation to yield the best possible plan.

Plan evaluation and comparison

The resection cavity (GTV) volume defined on the three MRI's
was computed and compared among the acquisition time points.
Clinically relevant dosimetric parameters in the context of brain
SRS were chosen a priori to enable dose distribution comparison
consisting of V100% (volume of PTV receiving at least 100 % of
the prescription dose); the V2Gy, V5Gy, V12Gy and V14Gy (vol-
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umes receiving at least 2 Gy, 5 Gy, 12 Gy and 14 Gy, respectively)
and the mean dose of (Brain — GTV). Moreover, the volume of skin
receiving at least 3 Gy was calculated together with the mean dose
and the dose received by 0.1 cc of the skin and the surgery wound
mean dose.

Conformity was assessed using the Paddick Conformity Index
(CI) [22]:

(TVI’IV)2

o= (TV x PIV)

where TVpyy is the target volume covered by the prescription iso-
dose, TV is the target volume, and PIV is the prescription isodose
volume. The value of CI ranges from 0.0 to 1.0, with 1.0 representing
perfect conformity. The Paddick Gradient Index (GI) was also calcu-
lated to objectively measure dose fall-off outside the target [23]:

_ PlVyaie
ol = PIV

where PIVyar is the volume covered by half of the prescription dose
and PIV is the prescription isodose volume. A low GI indicates a low
dose spread outside the lesion and a sharp dose fall-off.

Statistical analysis

Descriptive statistics (median, mean and standard deviation)
were used to summarize dosimetric parameters. The differences
between selected dosimetric parameters were assessed by the Wil-
coxon signed-rank test using paired comparison. All statistical
tests were two-sided, and statistical significance was defined at
the p < 0.05 threshold. Statistical analyses were performed using
SPSS version 25 (IBM corporation).

Results

From pre-operative to direct post-operative MRI, 9/13 (69 %)
lesions shrunk while 4/13 (31 %) lesions remained stable in size
(defined as a change in volume of < 2 cc) (Fig. 2). Between the
direct post-operative and post-recovery MRI, 2/13 (15.5 %) cavities
shrunk by > 2 cc, 5/13 (38.5 %) cavities remained stable in size (<2
cc volume change) and the majority 6/13 (46 %) expanded
by > 2 cc.

Due to GTV volume changes from the post-op to the post-
recovery situation the prescribed dose for 4 patients changed
between the two time points (Table 1): for patient 2, 11 and 13
the prescribed dose increased while for patient 4 decreased in
the post-recovery situation.

Target coverage (Table 2) and OAR constraints (data not shown)
were met for all types of plans and patients. An example of post-
operative ncVMAT and cIMRT dose distribution, in 3 orthogonal
views, is depicted in Fig. 3. The median CI (0.9) is the same for
the three considered situations. Compared to the cIMRT plans,
the median GI is smaller for ncVMAT plans (post-op: 2.7 vs 3.6).
The volume of the (Brain - GTV) receiving 2 Gy (p =.003), 5 Gy
(p=.001),12 Gy (p =.001), and 14 Gy (p =.001) of cIMRT plans is sig-
nificantly higher compared to post-op ncVMAT plans (Fig. 4). The
V2Gy (p =.507), V5Gy (p =.600), V12Gy (p =.463) and V14Gy
(p =.969) of post-op ncVMAT plans are comparable to the one
based on the post-recovery MRI. An increase in V3Gy of skin (in
cc) is observed for cIMRT plans for all patients compared to post-
op ncVMAT plans (p =.001) (Fig. 5). The median skin V3Gy of
post-op cIMRT plans is 17,3 cc larger than the one for post-op
ncVMAT plans. The median surgery wound mean dose is 2.5 Gy
(range: 1.4-3.8 Gy) for the cIMRT plans and 1.4 Gy (range: 0.8-
2.2 Gy) for post-op ncVMAT plans (p =.001).

'5‘100- - - shrunk
) constant
g 80+ Q\ —.—- enlarged
3
[*]
> 60=
2
:
O 40+
c
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3 204
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14
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pre-op post-op post-rec

Fig. 2. Volume of the resection cavity (cc) defined on the pre-operative, post-
operative, and post-recovery MRI. A dashed grey line indicates cavities that shrunk
between the post-operative and post-recovery MRI, a solid black line indicates
cavities that remain stable in size and a dashed-dot black line indicates cavities that
enlarged.

Discussion

Treatment plans for post-operative and post-recovery time
points and coplanar IMRT and no-coplainr VMAT were analysed
to assess the dosimetric feasibility of brain metastases resection
cavities SRS during direct post-operative MRI acquisition on the
MR-Linac.

MRL SRS planning using the direct post-operative MRI is feasi-
ble as all clinical planning objectives for target coverage and OAR
were met.

Cavity volume changes between the post-operative and post-
recovery MRI were observed in 8/13 patients. Cavity volume vari-
ations can be caused by steroids and chemotherapy [13]. Patel
showed that resection cavities increased in volume from the
post-operative to the post-recovery MRI [24]. When considering
SRS immediately after surgery, only in 2/13 cases of the study
cohort, larger cavities would be irradiated compared to the post-
recovery volume. For these two cases (patients 11 and 13), the
mean healthy brain dose in the direct post-operative situation is
1 Gy higher than the post-recovery ncVMAT dose, while the
V12Gy increases by 8 cc and 29 cc, respectively. According to
Fig. 3a of Milano [25], this increase corresponds to about 9 %
(0.39 vs 0.48 for patient 11) and 15 % (0.35 vs 0.50 for patient
13) higher probability of developing any radionecrosis. These two
cases would profit from a longer interval between surgery and
SRS in terms of radionecrosis probability after irradiation.

Atalar did not find significant cavity volume changes between
the immediate post-operative and the post-recovery MRI up to
33 days after surgery for most patients [26]. In contrast, another
study reported that 46.5 % cavities were stable in size, defined as
a change in volume of < 2 cc, but 23.3 % shrunk by > 2 cc, and about
the same proportion enlarged by > 2 cc [5].

In this study, the majority (69 %) of the lesions delineated on the
pre-operative MRI shrunk > 2 cc when considering the post-
operative MRI. According to the Dutch national protocol, that is
partly based on the results of Minnitti [27], the prescribed dose
depends on the (cavity) volume. Therefore, due to the observed
volume variation the prescribed dose of the plan based on the
pre-operative scan, used as a pre-treatment plan for the MR-
Linac workflow, needs to be modified when starting the online
adaptive workflow based on the post-operative scan, requiring
extra treatment planning time (on average 6 min, data not shown).

The gradient index and healthy brain dose favor ncVMAT plans.
The differences observed between post-op cIMRT and ncVMAT
plans are explained by the different technical delivery aspects of
MRL and CT-Linac, such as coplanar versus non-coplanar beam
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Table 2

gradient index, CI = conformity index, V100%=volume receiving at least

Dosimetric endpoints for the 13 patients for post-operative (post-op) and post-recovery (post-rec) ncVMAT and post-operative cIMRT dose distributions. GI

100 % of the prescription dose, Dmean

mean dose, DO.1 cc = dose received by 0.1 cc.

Skin

Brain-GTV

PTV

Patient

Dmean (Gy) DO.1 cc(Gy)

Dmean (Gy)

CI

GI

V100%

post-op post-rec

post-op
cIMRT
7.4

6.3

6.3

post-op post-rec

post-op
cIMRT
0.4

0.6

post-op post-rec

post-op
cIMRT
0.8

post-op post-rec

post-op
cIMRT
0.8

post-op post-rec

post-op
cIMRT
44

post-op post-rec

post-op
cIMRT
97.9

ncVMAT
12.1
33

ncVMAT

49

ncVMAT
0.3
0.2
0.2
0.5

ncVMAT

0.6
0.3

ncVMAT
1.0
14
1.1

ncVMAT
0.6

ncVMAT

0.8

ncVMAT

0.8

ncVMAT

34
2.9
2.6
2.3
2.6
2.5
2.6
2.5
2.2
2.3
2.8
2.6
2.7
2.6
2.6
0.3

ncVMAT
3.6

ncVMAT
97.3

ncVMAT
97.7

1.5
1.1

1.7
13
13
1.6
1.9
14
13
24

2.5

0.9
0.9
0.9
0.9
0.9
0.9
0.9

0.8

0.8

3.0

2.7
3.1

98.6 39
3.7
4.1

98.0

98.2

4.5

4.1

0.3

0.5

0.9
0.8

0.9
0.8

97.6 97.6

97.7

113
5.9

43

6.9
6.5

0.6 03

1.5
1.2
14
1.0
1.0
2.0
2.0
1.3
1.3
1.0
1.3
1.3

0.3

0.9

98.2 98.5

98.3

4.7

0.3
0.2
0.2
0.2

0.4
0.4

03

0.7

13
1.5

1.1

0.9
0.9
0.9
0.9
0.9
0.8

0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.0

2.6
2.6
2.6

97.7 34
35
2.7

97.7

97.5

3.9
3.7

7.1

0.7

97.5

98.1

98.1

3.8
52

43

6.2

0.6

97.7 3.6
3.7
3.2
2.8

97.2

97.3

34
4.2

5.9
6.3
9.2

03

0.5

0.1

97.8 97.9

97.9

0.4
0.6
0.4
0.2
0.3
0.3
0.3
0.1

0.5

0.9

1.1

0.8

1.9

1.0
0.9
0.8

24
24

96.5 97.6
2.7

96.0

4.3

6.9
3.7

0.7

98.4 98.3 98.6

10

11

5.4
2.7
3.8
43

7.2
5.1

0.4
0.4
0.4
0.4
0.4

0.1

1.5
1.5
1.6
1.5
13
0.5

2.1

0.8

97.8 97.2 35

97.6

0.7

1.6
1.9
1.6
1.7
0.5

1.0
0.9
0.9
0.9
0.0

0.9
0.9
0.9
0.9
0.0

97.6 97.6 97.9 3.6 2.7
35

98

12

34
4.0

7.5
6.5
6.8

0.9
0.7

98.8 24
2.7

98.2

3

97.7 3.6
3.6
0.4

97.8

97.9

Median

5.4
29

4.2

0.7

2.7

97.9
0.5

97.7
0.5

97.8

Average
Std

1.0

1.0

0.2

0.3

0.6

0.100

0.116

0.018

0.001

0.893

0.004

0.25

0.180

0.077

0.001

0.325
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arrangement, projected MLC leaf width at the isocenter, and PTV
margin. While the differences between post-op and post-
recovery ncVMAT plans are caused by cavity volume changes.

The higher dose to the healthy brain tissue in cIMRT plans is in
agreement with literature, although clinical relevance is not clear
[11,28]. The dosimetric benefit of a smaller projected MLC leaf
width of non-coplanar techniques has been demonstrated before
[29 30 31-36].

The technical differences between MR-Linac and CT-Linac give
rise to specific patient selection for each workflow. For patients
with multiple brain metastases or for certain locations, e.g. close
to an organ at risk or in between the eyes, a non-coplanar CT-
Linac irradiation technique would be preferable due to the steeper
dose fall. Due to the dosimetric advantage of smaller projected
MLC leaf width at the isocenter, very small lesions (<2 cc) would
be better treated on a CT-Linac. Patients with expected target vol-
ume changes would benefit of MRI guidance (in particular of an
Adapt-to-Shape workflow), especially during fractioned SRS
[37,38].

The skin volume receiving a higher dose was found to be larger
for MRL plans. This is mainly due to the Electron Return Effect: sec-
ondary electrons exiting tissue into the air being curved back to
deposit dose at the tissue surface due to the Lorentz force, which
results from the presence of the magnetic field perpendicular to
the beam direction [39,40]. Wang also found skin doses signifi-
cantly higher for MRL plans and correlated this with in vivo mea-
surements for glioma patients [41]. A potential strategy to
mitigate skin dose during MR-Linac treatment could be using a
skin objective during planning optimization. Wang demonstrated
that Monaco’s Monte Carlo dose algorithm could accurately model
the near-surface dose, and using the TPS IMRT optimizer with skin
as an avoidance structure can reliably decrease skin dose [41].
While the importance of alopecia in affecting the long-term quality
of life has been recognized, it has been accepted as an unavoidable
consequence after brain radiotherapy [42]. Recent normal tissue
complication probability models for temporal alopecia suggest that
the alopecia probability is dose-dependent with no apparent
threshold [43].

The occurrence of wound complications is one of the concerns
when radiotherapy and surgery are combined in a short time
frame, regardless of the order of execution. For keloid brachyther-
apy no severe wound healing effects are described [44]. Wound
complication rates of up to 46 % have been reported when radio-
therapy and surgery were combined less than a week apart [45].
Besides the time interval between surgery and radiotherapy other
factors including incision size, radiation dose, number of fractions
and patient related factors are important for the wound complica-
tions risk [46]. Kumar investigated the effect of different radiation
doses on wound healing in albino mice: a wound dose of 2 Gy
already resulted in delayed healing compared with a wound with-
out radiation exposure [47]. For both post-operative considered
plan types the median wound mean dose was < 2 Gy.

Consensus cavity contouring guideline would suggest inclusion
of a dural margin of 5-10 mm [48]. This could potentially further
increase complication rates given the proximity of the dura to
the wound. Not all resected metastases have a dural component,
therefore patient selection prior to inclusion in the directly postop-
erative SRS workflow should be performed by specialists.

The theoretical dosimetric disadvantages of post-op cIMRT
plans must be weighed against the benefits of the immediate
post-operative radiotherapy treatment: faster treatment trajectory
for the patient, enabling a month earlier start of adjuvant systemic
therapies for better extracranial disease control, and improved
logistics. Since patients with metastatic disease are frequently
older, such initiatives are precious for quality of life. Furthermore,
the SRS treatment is administered while the patient is under
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Post-op ncVMAT

Post-op cIMRT

19.5 Gy

2 Gy

Fig. 3. Dosimetric distribution, in 3 orthogonal views, for patient #11 with a prescription dose of 15 Gy single fraction. The ncVMAT plan is shown on the left and the cIMRT

plan on the right. The post-operative GTV corresponds to the white line.

supervision of the clinical neurosurgery ward and receives clinical
dexamethasone tampering regimens and not as a less supervised
out-patient. The alternative to fast sequential treatment - adminis-
tering SRS during targeted therapies, may lead to a 2.4 higher risk
for symptomatic radionecrosis and is, therefore, less attractive
[49].

To shorten the standard treatment workflow for brain metas-
tases resection cavities while maintaining the ncVMAT dosimetric
distribution, a direct post-operative CT-Linac workflow could be
adopted. In this case imaging and treatment delivery would occur
on two different systems and the overall time would increase by at
least one day compared to the MRL workflow. Moreover, this
would mean less comfort for the patient with two separate ses-
sions instead of one.

Besides the dosimetry, the feasibility of an MRgRT workflow for
resection cavities based on direct post-operative MRI also depends
on solving other issues such as image quality of the MRI acquired
on the MRL compared to a diagnostic MRI, injection of Gadolinium
contrast agent shortly (about 15-30 min) before radiation delivery,

and personalizing an immobilization head mask with the fresh sur-
gery scar still in place. Moreover, a model predicting cavity
changes would be needed to select patients that could profit of
the direct post-op SRS MR-Linac workflow instead of the standard
of care workflow. However, these issues fall outside of the scope of
the current study.

New strategies to enhance local control and minimize the risk
of leptomeningeal disease include pre-operative SRS [50]. An SRS
MRL workflow could also be used for this type of treatment choice.

This study is limited by its in-silico retrospective nature, with
all patients treated at a single center. The interval between resec-
tion and post-operative SRS was neither uniform nor predefined
in the considered cohort. This was mostly due to: availability of
MRI capacity, patient condition, or adjustment of timing of sys-
temic therapy. Another possible limitation is the limited size of
the cohort generating only 39 plans. Moreover, the reproducibility
of study observations could be a limitation since treatment plans
are operator dependent and were all made by an experienced radi-
ation technologist.
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Conclusion

MR-Linac based SRS planning to brain metastases resection cav-
ities using the direct post-operative MRI is feasible. The less favor-
able dose fall-off of MR-Linac plans, compared to non-coplanar
VMAT CT-Linac plans, should be weighed against the faster trajec-
tory for the patient, enabling an earlier start of adjuvant systemic
therapies. The clinical acceptability of the investigated workflow
depends on demonstration of safety compared to the standard
workflow, 2-4 weeks after surgery.
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