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ARTICLE INFO ABSTRACT
Keywords: Purpose: To assess the feasibility and potential benefits of online adaptive MR-guided fractionated stereotatic
Brain metastases radiotherapy (FSRT) in patients with brain metastases (BMs).

Fractionated stereotactic radiotherapy
Inter-fractional changes

MR-Linac

Adaptive radiotherapy

Methods and materials: Twenty-eight consecutive patients with BMs were treated with FSRT of 30 Gy in 5 frac-
tions on the 1.5 T MR-Linac. The FSRT fractions employed daily MR scans and the contours were utilized to
create each adapted plan. The brain lesions and perilesional edema were delineated on MR images of pre-
treatment simulation (Fx0) and all fractions (Fx1, Fx2, Fx3, Fx4 and Fx5) to evaluate the inter-fractional
changes. These changes were quantified using absolute/relative volume, Dice similarity coefficient (DSC) and
Hausdorff distance (HD) metrics. Planning target volume (PTV) coverage and organ at risk (OAR) constraints
were used to compare non-adaptive and adaptive plans.

Resuits: A total of 28 patients with 88 lesions were evaluated, and 23 patients (23/28, 82.1%) had primary lung
adenocarcinoma. Significant tumor volume reduction had been found during FSRT compared to Fx0 for all 88
lesions (median —0.75%, —5.33%, —9.32%, —17.96% and —27.73% at Fx1, Fx2, Fx3, Fx4 and Fx5, p < 0.05).
There were 47 (47/88, 53.4%) lesions being accompanied by perilesional edema and the inter-fractional changes
were significantly different compared to those without perilesional edema (p < 0.001). Patients with multiple
lesions (13/28, 46.4%) had more significant inter-fractional tumor changes than those with single lesion (15/28,
53.6%), including tumor volume reduction and anatomical shift (p < 0.001). PTV coverage of non-adaptive plans
was below the prescribed coverage in 26/140 fractions (19%), with 12 (9%) failing by more than 10%. All 140
adaptive fractions met prescribed target coverage. The adaptive plans also had lower dose to whole brain than
non-adaptive plans (p < 0.001).

Conclusions: Significant inter-fractional tumor changes could be found during FSRT in patients with BMs treated
on the 1.5 T MR-Linac. Daily MR-guided re-optimization of treatment plans showed dosimetric benefit in patients
with perilesional edema or multiple lesions.

Introduction brain lesions [3-7]. The variations of tumor size, geometry and position
caused by therapy might lead to inadequate dose to target and increased

Stereotactic radiotherapy remains an effective treatment option for radiation to normal tissue, which could affect the treatment efficacy in
patients with brain metastases (BMs) [1,2]. To reduce the risk of brain patients with large/multiple BMs. However, there were few studies that
necrosis while maintaining the disease control, fractionated stereotactic have assessed the necessity for re-planning during FSRT in BMs patients

radiotherapy (FSRT) has been applied in patients with large/multiple [8,9], and the optimal candidates for adaptive radiotherapy also
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remained unclear.

Although the cone beam computed tomography (CBCT) guided ste-
reotactic radiotherapy was commonly used in patients with BMs, efforts
had been made to improve the accuracy of image registration. The high
soft-tissue resolution magnetic resonance imaging (MRI) as imaging-
guided technology is essential for FSRT to assure highly precise treat-
ment delivery in patients with BMs. MRI remains the standard tool for
diagnosis and assessment of BMs because of the excellent soft tissue
resolution and offers functional sequences to investigate physiology
[10-13]. Several studies reported notable changes in tumor volume and
position during radiotherapy in patients with BMs by daily MRI scan
[14,15]. Hence, the integration of MRI and linear accelerator (MR-
Linac) is a novel option for this subgroup of patients [11,16,17] for it
allows daily position verification and the delivery of adaptive radio-
therapy [2,11,18].

Great attention has been paid to MR-Linac since it realized real-time
image-guided adaptive radiotherapy [19-23]. MR-guided adaptive
radiotherapy might provide new breakthroughs in normal tissue pro-
tection and disease control. We assumed that the online adaptive MR-
guided FSRT could improve dosimetric accuracy by adjusting treat-
ment plans according to inter-fractional anatomical changes. This study
aimed to assess the feasibility and potential benefits of online adaptive
MR-guided FSRT in BMs patients.

Methods and materials
Patient cohort and clinical data

A total of 28 consecutive patients with BMs treated with MR-guided
FSRT on the 1.5 T MR-Linac [24] (Unity, Elekta AB, Stockholm, Sweden)
from May 2021 to May 2022 were included in this study. All patients had
received FSRT with a total dose of 30 Gy in 5 fractions daily. The
eligibility criteria were as follows: patients with histologically or cyto-
logically confirmed malignant tumors; ECOG score of 0-2; stable sys-
temic and extracranial disease. Exclusion criteria included: conditions
that were contra-indicatory to radiotherapy, such as recent myocardial
infarction, active congestive heart failure, uncontrolled infectious dis-
ease or other serious medical or psychiatric illness; brain metastases
were not visible on MRI T2 imaging were excluded since the Unity MR-
Linac cannot offer contrast images and an inaccurate target delineation
cannot been applied in online adaptive radiotherapy; contraindications
for 1.5 T MR scan, such as claustrophobia, metal objects, pacemakers
and an inability to tolerate a 30-minute treatment. This study was
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approved by the institutional ethics committee and all patients provided
written informed consent prior to enrollment.

Patient pre-treatment workflow and QA

The pre-treatment workflow was shown in the left part of Fig. 1. Pre-
treatment CT and MR simulations were acquired for each patient. In the
study, the simulated CT (Philips Brilliance™, Netherland) and MRI
(Philips Ingenia 3.0 T, Netherlands) were performed in supine position,
with the slice thickness of 1 mm. The head immobilization mask and
patient-specific polyurethane foam immobilization devices were used
for body positioning. In accordance with the MRI scan protocol, the
minimum imaging requirements consisted of a 3D T1/T2 weighted
(T1w/T2w) scan (T1w: flip angle: 12°, TE: 2.4 ms, TR: 5.0 ms; T2w: flip
angle: 120°, TE: 80 ms, TR: 6307 ms), gadolinium-enhanced T1
weighted (T1c) scan and fluid attenuated inversion recovery (Flair) scan
(TE: 150 ms, TR: 12000 ms, TI: 2820 ms). All the images were trans-
ferred to Monaco treatment planning system (TPS) (v.5.40.02; Elekta
AB, Stockholm, Sweden) for registering and delineating.

The delineation of brain lesions was evaluated by an experienced
radiologist and a radiation oncologist before treatment. MRI T1c images
and T2 images had been selected as the reference of gross tumor volume
(GTV) delineation before FSRT (Fig. 2), while MRI T2 images (flip angle:
90°, TE: 182 ms, TR: 2100 ms) had been selected as the reference for
adaptive GTV delineation during FSRT on the 1.5 T MR-Linac. The GTV

Fig. 2. The gross tumor volume delineation on MRI T2 and gadolinium-
enhanced T1 weighted (T1c) images.
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Fig. 1. The process for pre-treatment and online treatment workflow for MR-Linac.
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and organs at risk (OARs) were delineated on the simulation CT imaging
with visual support of the registered MR imaging. All GTV contours were
delineated by 2 experienced radiation oncologists specialized in BMs in
accordance with the international consensus contouring guideline.
Standard planning target volume (PTV) margins expanded the GTV by 3
mm, depending on direction, and emulated the clinical standard at our
institution.

A total dose of 30 Gy in 5 fractions had been prescribed to the PTV.
The treatment plans satisfied that the prescribed dose covered the 95%
volume of PTV and 99% volume of GTV, and the maximal dose was
required be less than 110% of the prescribed dose. The dose constraints
of OARs were referred to the ICRU report 83 [25] and the institutional
guidelines on the dose criteria in FSRT planning for BMs. Regarding the
OARs, the maximum doses to the lens, brain stem and optic nerves were
set as 5 Gy, 30 Gy and 30 Gy. Additionally, the volume of brain stem
receiving 20 Gy should be less than 30%.

The initial reference plans were optimized using 5-9 beam step-and-
shoot intensity-modulated radiotherapy (IMRT) with a minimum num-
ber of 5 Monitor Units (MU) per segment, a minimum segment area of 2
cm?, and a maximum of 100 segments. To consider the effect of the 1.5 T
magnetic field, a graphic processing unit-based Monte Carlo dose engine
(GPUMCD) [26] was applied in dose calculation with a dose grid size of
2 mm and a statistical uncertainty of 2% per control point. Besides, the
anterior coil and the MR-Linac couch were considered in the dose
calculation.

Before the treatment, a synthetic CT (sCT) quality assurance (QA)
process was performed to assess the dose accuracy of bulk relative
electron density (rED) assignment for online MRI based treatment plan.
The dose accuracy was approved by an experienced medical physicist.
Then, the reference plan was checked by a radiation oncologist and then
transferred to the MOSAIQ system (Elekta AB, Stockholm, Sweden). All
reference plans were proceeded by measurement-based pre-treatment
verification using the ArcCheck MR (SunNuclear) to evaluate the dose
delivery accuracy and to approve the treatment data transfer between
the MR-Linac and the TPS.

Online treatment workflow

The online treatment workflow at each fraction was shown in the
right part of Fig. 1. For the daily adapted plans, the session MRI was
automatically imported into the online Monaco TPS. The rigid regis-
tration was automatically conducted between the planning CT and the
session MRI. Manual adjustment was followed in this step if required.
Then, Adapt to Position (ATP) or Adapt to Shape (ATS) workflow was
applied according to the actual clinical condition. In the ATP process,
the virtual couch shift was applied to match the current position of
targets and OARs. In the ATS process, a new adapted plan was generated
to match the anatomy of the day [27].

The online plan was evaluated and approved by a radiation oncol-
ogist. Meanwhile, a second planning system (Raystation) performed an
independent dose calculation check without the magnetic field effect to
assess great changes of the adapted plan [28]. After checking, the
adapted plan was transferred to the MOSAIQ system and imported into
the Unity MR-Linac. After beam on, the post-treatment MRI was
acquired.

Dosimetric and geometrical analyses

GTV contouring variability and evaluation

The GTV was delineated on MRI T2 imaging at all fractions during
FSRT to assess the changes at each fraction (Fx1, Fx2, Fx3, Fx4 and Fx5).
The delineations were rigidly propagated to the pre-treatment simula-
tion images (Fx0). The following metrics were applied to quantify the
variability of GTV and edema:

(1) Absolute and relative volumes of GTV and edema on all the MR
images. Relative volume (AV) was defined as a percentage of the volume
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at each fraction relative to the volume in simulation images, with
negative and positive values illustrating reduction and enlargement,
respectively.

V. aily — Y reference
ay = Wasty = Vistewnce) 10,
Vreference
(2) Dice similarity coefficient (DSC) delivered the ratio of overlap
between daily and reference contours at CT and session MR image. The
DSC is calculated as:

2(VaVs)

DSC =
Va+ Vg

where V5[V is the intersection of regions A and B. The DSC ranges
from O to 1 where a higher value indicates a larger volume overlap.

(3) Hausdorff distance (HD) metrics delivered the greatest distance
between daily and reference contours. Given two regions A and B, HD is
defined as:

HD(A, B) = max[h(A, B), h(B,A) ]

h(A, B) = maxmin|ja — b||
acA beB

Essentially, the HD describes the most mismatched distance of a
point from A to B. If HD (A, B) = d, for instance, then every point within
A must be within distance d of the nearest point with B and vice versa.

Dosimetric variability and assessment

Adaptive radiotherapy (ART) treatment plans were generated with
the daily MRI datasets. The delineations and electron density informa-
tion of the reference plan were propagated to the daily MRI and sub-
sequently modulated by the physician and physicist to ensure the
accuracy of daily delineations and electron density map. Based on the
session MRI and adapted contours, the reference plan was modified
according to the daily anatomy with the same optimization constraints
and beam angles. The GTV was directly optimized in ART treatment
plan. This was motivated by the potential reduction of treatment un-
certainties with the online MR-Linac workflow that would incorporate
high soft-tissue contrast MR images, accurate delineation of critical
structures and adaptation of treatment plan before each fraction.

To create the non-ART treatment plans, the reference plan generated
based on the PTV was exported into the daily MRI datasets. The radia-
tion oncologists and physicists edited and ensured target delineations
and electron density map. The reference plan was recalculated on the
daily anatomy. For each patient, the differences in PTV and GTV
coverage and dose to OARs between the adaptive and non-adaptive
treatment plans were compared for each treatment session. The doses
to whole brain in the two different plans were also calculated and
evaluated.

Data statistics

The mean and standard deviation (SD) or rang and median were used
to describe continuous data, and frequency counts and percentages were
used to describe categorical data. All analyses were performed using
SPSS (v25.0) (IBM Corporation, Armonk, NY, USA). Statistical analysis
was carried out using Wilcoxon signed rank test and p < 0.05 was
defined as the threshold for statistically significant.

Results
Patient and lesion characteristics

The baseline characteristics were summarized in Table 1. Twenty-
eight patients with 88 brain metastatic lesions were analyzed. The me-

dian age was 61 years (range, 38 ~ 72 years) at diagnosis of BMs. There
were 82.1% patients with primary lung adenocarcinoma. Fifteen
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Table 1
Patient and tumor characteristics.

Characteristics Patient Number (n = 28)

Age at BM diagnosis (Median, range) 61 (38-72)
Gender
Female 9 (32.1%)
Male 19 (67.9%)
ECOG score
0 8 (28.6%)
1 20 (71.4%)

Tumor histology

Lung adenocarcinoma 23 (82.1%)

Small cell lung cancer 1 (3.6%)

Colon cancer 1 (3.6%)

Breast cancer 1 (3.6%)

Liver cancer 1 (3.6%)

Meningiomas 1 (3.6%)
Subtype of BM lesions

Single 15 (53.6%)

Multiple 13 (46.4%)
Neurologic symptoms

Yes 16 (57.1%)

No 12 (42.9%)
Perilesional edema

Yes 14 (50%)

No 14 (50%)

Volume of lesions 0.071 ~ 39.007 cm®

(53.6%) patients had single brain lesion and thirteen (46.4%) patients
had multiple brain lesions. There were fifteen patients (57.1%) had
neurologic symptoms.

Inter-fractional changes of every single lesion (n = 88)

There was a total of 88 lesions analyzed in this study. And the inter-
fractional changes of every single lesion for each treatment fraction were
showed in Fig. 3A and B. The median pre-treatment GTV was 1.171 cm®
(range, 0.071 ~ 39.007 cm3; interquartile [IQR], 0.459 cm®). Compared
to Fx0, the median inter-fractional volume reductions at Fx1, Fx2, Fx3,
Fx4, and Fx5 were —0.75% (range, —74.48%~79.63%; IQR, —5.38%),
—5.33% (range, —76.91%~135.19%; IQR, —13.99%), —9.32% (range,
—78.31%~117.284%; IQR, —16.54%), —17.96% (range, —79.69%
~38.89%; IQR, —29.76%) and —27.73% (range, —79.69%~42.59%),
respectively (Fig. 3A). Compared to Fx0, the shrinkage of GTV was
statistically significant at Fx2, Fx3, Fx4 and Fx5 (p < 0.045, p < 0.001, p
< 0.001 and p < 0.001).

The mean DSC index of GTV was 0.88 (range, 0.02 ~ 1), 0.81 (range,
0.01 ~ 0.99), 0.80 (rang, 0.08 ~ 0.99), 0.75 (range, 0.02 ~ 0.99) and
0.70 (range, 0 ~ 0.99) at Fx1, Fx2, Fx3, Fx4 and Fx5, respectively.
Additionally, 16 (19%), 31 (35%), 33 (38%), 44 (50%) and 57 (65%)
lesions had DSC < 0.8 at Fx1, Fx2, Fx3, Fx4 and Fx5, respectively.

The mean HD of GTV was 1.93 mm (range, 0 ~ 10.05 mm), 3.04 mm
(range, 0.49 ~ 12.56 mm), 3.16 mm (rang, 0.49 ~ 13.17 mm), 3.69 mm
(range, 0.51 ~ 12.71 mm) and 4.24 mm (range, 0.53 ~ 12.85 mm) at
Fx1. Fx2, Fx3, Fx4 and Fx5, respectively. In addition, 26 (30%), 39
(44%), 47 (53%), 49 (56%) and 58 (66%) lesions had HD > 3 mm at Fx1,
Fx2, Fx3, Fx4 and Fx5, respectively.

Inter-fractional changes of perilesional edema

There were 47 lesions in 14 patients with perilesional edema. The
median volume of the perilesional edema at Fx0 was 7.04 cm® (range,
1.32 ~ 189.07 cm?; IQR, 3.74 cm®), and the changes of perilesional
edema were shown in Fig. 4A and C. Compared to Fx0, the median inter-
fractional changes of relative volume of perilesional edema at Fx1, Fx2,
Fx3, Fx4, and Fx5 were 0.51% (range, —26.4%~9.29%; IQR, —1.17%),
—4.96% (range, —39.20%~8.04%; IQR, —12.01%), —8.52% (range,
—27.85%~4.09%; IQR, -13.52%), -11.14% (range, —36.36%
~16.52%; IQR, —13.58%) and —39.32% (range, —92.24%~40.89%);
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IQR, —56.51%), respectively.

The mean DSC index of perilesional edema was 0.91 (range, 0.76 ~
0.97), 0.83 (range, 0.56 ~ 0.94), 0.79 (range, 0.49 ~ 0.93), 0.76 (rang,
0.51 ~ 0.91) and 0.67 (range, 0.27 ~ 0.85) at Fx1, Fx2, Fx3, Fx4 and
Fx5, respectively.

The mean HD of perilesional edema was 4.36 mm (range, 1.75 ~
15.56 mm), 5.65 mm (range, 1.76 ~ 15.82 mm), 6.33 mm (range, 1.76
~ 18.78 mm), 6.63 mm (rang, 2.54 ~ 18.78 mm) and 7.71 mm (range,
3.36 ~ 18.96 mm) at Fx1, Fx2, Fx3, Fx4 and Fx5, respectively.

As summarized in Fig. 4B, the inter-fractional volume changes of
lesions with perilesional edema (—15.18% =+ 27.47%) were greater than
the lesions without perilesional edema (—7.38% =+ 16.78%), with p <
0.001. The DSC for the lesions with or without perilesional edema was
significantly different, with 0.74 £+ 0.20 and 0.83 £ 0.11, respectively
(p < 0.001). The HD of lesions with perilesional edema was also larger
than the lesions without perilesional edema (4.01 + 2.67 mm vs 3.20 +
2.39 mm, p = 0.001).

Inter-fractional changes of patients with single/multiple lesions

There were 15 patients had single lesion and 13 patients had multiple
lesions in the current study. Compared to Fx0, the inter-fractional vol-
ume changes of patients with single lesion were —9.18% + 12.23%. And
the inter-fractional volume changes of patients with multiple lesions
were —12.23% + 23.34%. The volume changes were more significant
for patients with multiple lesions (p = 0.001). The DSC of patients with
single/multiple lesions was 0.84 + 0.13 and 0.77 + 0.17, respectively
(p = 0.01). In addition, the HD of patients with single/multiple lesions
was 2.89 + 1.92 mm and 3.67 + 2.84 mm, respectively (p < 0.001,
Fig. 5A). Illustrative representative relationships between the initial and
daily GTV for a multiple-lesions patient are shown in Fig. 5B.

Dosimetric variability and assessment

There were 140 non-adaptive and 140 adaptive plans during MR-
guided FSRT were analyzed in 28 patients, as shown in Fig. 6A and B.
For the 140 non-adaptive plans, there were 26 (19%) failing the PTV
coverage constraints (Viggo, > 95%), with 23 plans (16%) failing by
more than 5% and 12 plans (9%) failing by more than 10% of prescribed
dose coverage. Moreover, there were 20 plans (14%) failing the GTV
coverage (Vipo% > 99%), with 10 plans (7%) failing by more than 2%
and 4 plans (3%) failing by more than 5% of prescribed dose coverage.

For the 140 adaptive plans, all the GTV coverage was maintained
with coverage higher than 99.0% for the adaptive planning (Fig. 6A).
The dose to OARs were similar for both adaptive and non-adaptive
plans. Additionally, the irradiation dose to whole brain was also
compared between adaptive and non-adaptive plans. The Vsgy, Vsgy,
VioGy and Visgy of whole brain for non-adaptive plans were 24.46% +
14.64%, 17.83% + 12.88%, 8.20% + 9.41% and 4.41% + 6.22%,
respectively. Furthermore, the V3gy, Vsgy, Viogy and Visgy of whole
brain for adaptive plans were 20.67% =+ 13.76%, 14.46% =+ 12.02%,
6.27% + 8.25% and 3.22% =+ 5.06%, respectively. Comparing to the
non-adaptive plans, the adaptive plans had lower dose to whole brain (p
< 0.001). Mlustrative representative changes between the ART and non-
ART plans are shown in Fig. 6C.

Discussion

This study reported the inter-fractional changes of 88 brain meta-
static lesions in 28 patients treated with MR-guided FSRT and analyzed
the necessity for adaptive plans. Significant tumor volume reduction had
been found during FSRT compared to Fx0 for all 88 lesions (median
—0.75%, —5.33%, —9.32%, —17.96% and —27.73% at Fx1, Fx2, Fx3,
Fx4 and Fx5, p < 0.05). There were 47 (47/88, 53.4%) lesions being
accompanied by perilesional edema and the inter-fractional changes
were significantly different compared to those without perilesional
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Fig. 3. Inter-fractional changes of gross target volume for all the brain lesions. (A) The AV, DSC and HD of GTV at Fx1, Fx2, Fx3, Fx4 and Fx5 for all the brain lesions
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interpolated post registration to daily MRI for comparison migration. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

edema (p < 0.001). Patients with multiple lesions (13/28, 46.4%) had
more significant inter-fractional tumor changes than those with single
lesion (15/28, 53.6%), including tumor volume reduction and
anatomical shift (p < 0.001). PTV coverage of non-adaptive plans was
below the prescribed coverage in 26,/140 fractions (19%), with 12 (9%)
failing by more than 10%. All 140 adaptive fractions met prescribed
target coverage. The adaptive plans also had lower dose to whole brain
than non-adaptive plans (p < 0.001).

Several studies showed the changes in tumor size and position be-
tween planning/diagnostic MRI and the images acquired before ste-
reotactic radiosurgery for patients with BMs [29,30]. However, few
studies focused on the continuous changes of lesions caused by FSRT
[8,9]. Our study showed that metastatic brain lesions had significant
volume reduction during FSRT, with median relative reduction volume

of —27.73% at Fx5 compared to Fx0. The change of tumor volume was
not symmetric (Fig. 3), which implied that inter-fractional MRI was
necessary and adaptive plan could be helpful to reduce the radiation
induced toxicity. A recent study found that the PTV size of brain lesions
changed up to 43.0% during the whole course of FSRT [2]. Great con-
formity and a relatively small margin of PTV were required for FSRT,
therefore, the reduction in tumor volume might bring extra radiation to
normal structure or insufficient dose coverage of GTV and PTV.
Among the 88 lesions, there were 47 with perilesional edema. As is
well known, perilesional brain edema could affect intracranial pressure
and cause serious complications in the management of patients with
BMs. The current study showed that significant reduction of the volume
of perilesional edema during MR-guided FSRT, which could lead to
distinct neurologic symptom improvement and promising intracranial
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Fig. 5. Inter-fractional changes of patients with single/multiple lesions. (A) The differences of AV, DSC and HD of single and multiple lesions. A * indicates a
significance of p < 0.05. (B) The gross tumor volume delineation and 3D projection charts of a multiple lesions patient at planning (Fx0), fraction 1, 2, 3, 4 and 5 (Fx1,
Fx2, Fx3, Fx4 and Fx5) on initial CT, illustrating patient-specific serial multiple lesions volume changes and anatomical shifts.

disease control (Fig. 4). However, the changes of the perilesional edema
volume were asymmetrical and irregular. Compared to the perilesional
edema volume at Fx0 (median, 7.04 cm3; range, 1.32 ~ 189.07 cm®), the
median inter-fractional changes at Fx1, Fx2, Fx3, Fx4 and Fx5 were
0.51%, —4.96%, —8.52%, —11.14% and —39.32%. The inter-fractional
changes of lesions with perilesional edema were greater than the lesions
without perilesional edema (p < 0.001). Recently, Hessen et al. explored
the value of repeating MRI in 42 BMs treated by SRS. A notable reduc-
tion of up to 34.8% in target coverage was observed in patients with in
situ BMs [30]. The application of MR-Linac provided information of GTV
changes during FSRT courses of BMs with perilesional edema and
showed significant clinical benefit from online adaptive MR-guided

FSRT.

In current study, the inter-fractional changes were more significant
in patients with multiple lesions than those with single lesion (p <
0.001). Not only tumor volume change but also the geometrical shift/
rotation could increase the radiation dose to normal organs and lower
the dose coverage of target. In this study, the maximal HD of GTV was
13.17 mm, which implied that even if there was no significant tumor
volume reduction, the geometrical shift and rotation could occur and
lead to insufficient dose coverage. This insufficient target coverage
might be the reason for tumor recurrence after FSRT. For the 140 non-
adaptive plans, there were 26 (19%) failing the PTV coverage con-
straints (Vyg00 > 95%), with 23 plans (16%) failing by more than 5%
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Fig. 6. The dose differences of ART and non-ART plans. (A) The GTV coverage between ART and non-ART plans. (B) The Vsgy, Vsgy, Viogy and Visgy of whole brain
between ART and non-ART plans. A * indicates a significance of p < 0.05. (C) The dose mapping and dose volume histogram between ART and non-ART plans. The
Fx0 PTV was contoured in white-line, the Fx0 GTV was contoured in pink-line, and the daily GTV was contoured in red-line. (For interpretation of the references to
Eolour in this figure legend, the reader is referred to the web version of this article.)
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and 12 plans (9%) failing by more than 10% of prescribed dose
coverage. Moreover, there were 20 plans (14%) failing the GTV
coverage (V1gow > 99%), with 10 plans (7%) failing by more than 2%
and 4 plans (3%) failing by more than 5% of prescribed dose coverage.
For the adaptive plans, all the GTV coverage was maintained with higher
than 99.0% for the adaptive planning. Compared to the non-adaptive
plans, the adaptive plans had lower median dose to whole brain (p <
0.001). Therefore, the daily MR-guided optimization during FSRT could
be useful for patients with BMs. The lower dose to whole brain by
adaptive plans might be able to reduce the incidence of radiation-
induced cognitive impairment in patients with multiple lesions.

As mentioned above, the online adaptive MR-guided FSRT could be a
useful treatment option for patients diagnosed with BMs. However,
there were several limitations remaining in current study: 1. all the
patients were treated in a single institution, and nearly 40% of them
were previously treated with targeted treatment, chemotherapy and
surgery; 2. FSRT was guided by MRI without contrast, therefore we only
analyzed lesions that could be seen from T2w imaging; 3. An observation
study with few patient numbers and events. These facts introduced po-
tential biases.

In conclusion, significant gross tumor volume reductions and
geometrical changes had been found during online adaptive MR-guided
FSRT in patient with BMs. The changes in tumor were likely to occur
even in a short period, and the adaptive plan was necessary during FSRT
treatment. Online adaptive MR-guided FSRT by MR-Linac resulted in
better target conformality, coverage and OAR sparing in patients with
BMs. Significant dosimetric benefit was observed for patients with per-
ilesional edema or multiple lesions, using daily MR-guided re-optimi-
zation of treatment plans. The data from this study warrants validation
by further study with long-term follow-up.
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