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Abstract
Purpose  Fractionated stereotactic radiotherapy (FSRT) using gamma knife is useful for brain metastases. However, several 
uncertainties derived from fractionation pose issues for maintaining high-level accuracy. This study analyzed interfractional 
tumor change by performing radiological reassessment at the midterm of FSRT with ≥ 10 fractions, and the significance of 
replanning was evaluated.
Methods  Data of FSRT using gamma knife with ≥ 10 fractions were retrospectively collected. Interfractional volume changes 
in MRI at the midterm of the irradiation period were analyzed. Radiological changes after FSRT and final outcomes were 
also investigated.
Results  Overall, 114 lesions in 74 treatments from 66 patients were included, with previously irradiated lesions accounting 
for 46%. The median interval between planning and the interfractional MRI was 7 days. The interfractional change rates of 
tumor volume ranged from − 48 to + 72%. Significant interfractional enlargement was observed in 16 lesions (14%); evident 
regression was confirmed in 17 lesions (15%). Predictive factors for interfractional enlargement were small tumor and cystic 
lesion; high biologically effective dose was associated with regression. After FSRT, most lesions regressed within 6 months 
despite interfractional change type. The incidences of tumor control and radiation necrosis indicated no differences between 
interfractionally-regressed lesions and others.
Conclusion  This is the first study to evaluate interfractional tumor change in FSRT using gamma knife with ≥ 10 fractions, 
indicating significant volume changes in 29% of the lesions. These preliminary results suggest that interfractional reassess-
ment of a treatment plan in FSRT with irradiation periods exceeding a week is necessary for more adaptive treatment.

Keywords  Fractionated stereotactic radiotherapy · Gamma knife · Brain metastasis · Tumor volume · Interfractional tumor 
change

Introduction

Brain metastases are the most common intracranial tumors 
and often affect the patients’ quality of life by causing neuro-
logical deterioration [1]. Stereotactic radiosurgery (SRS) has 
been effectively utilized in the treatment of brain metastases, 
since it offers less toxicity compared to whole-brain radio-
therapy [2–4]. Nevertheless, large and/or recurrent brain 
metastases are still difficult to control using single-fraction 

SRS due to the risk of radiation injury. Furthermore, unsuit-
able candidates for surgical resection are not rare among 
cancer patients, owing to unfavorable conditions or concerns 
about the delay in systemic therapy. For such cases, fraction-
ated SRS is considered effective because it possesses both 
the benefits from high-dose irradiation and the maximally 
reduced risk of damage to normal brain [5–10]. As many 
cancer patients can survive longer than ever before, thanks 
to the evolution of systemic therapies such as targeted thera-
pies and immunotherapies, more brain metastases have been 
detected, and long-term treatment efficacy and safety are 
urgently required.

Gamma knife is a pioneering device for stereotactic radio-
surgery, characterized by highly precise irradiation with 
rigid head-frame fixation, and steep dose gradient, resulting 
in elevated central dose [11]. The advent of the latest model 
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of Gamma Knife Icon has allowed head fixation not only 
by frame but also by device-specific thermoplastic mask, 
enabling consecutive daily irradiation. While the effective-
ness of two or three staged gamma knife radiosurgery for 
brain metastases has been already demonstrated [12, 13], 
little is known about fractionated stereotactic radiotherapy 
(FSRT) using gamma knife at present. Since 2018, we have 
performed FSRT using gamma knife for brain metastases. 
This was primarily aimed at minimizing the risk of radia-
tion injury. Although it has been mostly performed with five 
fractions, procedures with more than five fractions have been 
also applied for specific cases in pursuit of a better outcome.

When performing fractionated radiotherapy, two types of 
uncertainties in terms of accuracy can potentially become an 
issue: intrafractional and interfractional changes of the tar-
get. The head immobilization during irradiation affects the 
former, as was discussed in other studies [14, 15], whereas 
tumor change throughout the irradiation period corresponds 
to the latter. This would especially matter when the irradia-
tion period exceeds a week. Since an early response after the 
initial treatment in the staged radiosurgery is often observed 
[12], we have performed MRI at the midterm of irradiation 
periods that are of a week or longer and have consequently 
modified the treatment plan according to target appearance. 
Therefore, we launched this study, which investigated the 
interfractional volumetric change and its predictive factors 
among FSRT using gamma knife with ≥ 10 fractions. Addi-
tionally, the effect of replanning at the midterm of irradiation 
periods was evaluated by the post-treatment clinical course.

Methods and materials

Patient selection

This retrospective cohort study included FSRT for brain 
metastases that were performed using the Leksell Gamma 
Knife Icon (Elekta Instruments, Stockholm, Sweden) 
between May 2018 and April 2021 at our institution. The 
inclusion criteria were as follows: patients who underwent 
FSRT with ≥ 10 fractions and interfractional MRI at the mid-
term of the irradiation period. In general, FSRT with ≥ 10 
fractions was applied for patients with the following tumors 
and/or characteristics: large, located at highly eloquent 
areas, previously irradiated, with relatively ambiguous bor-
der requiring wide margin, long survival estimated, and 
with multiple lesions (≥ 15) and extremely long treatment 
time estimated in the case of single-fraction. Patients who 
underwent FSRT only for resection cavity, whose tumor was 
smaller than 0.5 mL, or who underwent cyst drainage via the 
reservoir system during the irradiation period were excluded 
because it is difficult to evaluate the effect of irradiation in 
those cases. The study was conducted in accordance with 

the tenets of the Declaration of Helsinki (revised version in 
2013), and written informed consent was obtained from all 
patients. The study was approved by the relevant institutional 
review board (IRB number 21–124).

Treatment procedures

Standardized planning MRI was performed within 3 days 
before the start of treatment. The sequence on which we 
mainly utilized to contour the tumor was axial T1-Cube with 
gadolinium enhancement at a 1.2 mm slice thickness and 
0.6 mm interslice spacing (GE Healthcare). All the treat-
ment plans were meticulously created by the same senior 
physician (AA). The gross tumor volume (GTV) was defined 
as a contrast-enhancing lesion. The planning target volume 
(PTV) was typically determined by adding a 0.5 to 2 mm 
margin to the GTV. The prescribed doses mostly ranged 
from 40 to 60 Gy in terms of the biologically effective 
dose, which depended on the history of irradiation, cover-
ing 99% and more of the PTV. The interfractional MRI was 
obtained at the midterm of the irradiation period, using the 
same protocol as the planning MRI, and the treatment plans 
were modified, as necessary. Irradiation was performed on 
consecutive days except for weekends and holidays; thus, it 
usually took 12 days to reach treatment completion in the 
case of FSRT with 10 fractions.

Data collection

The following data were retrospectively assessed based on 
the medical records: age at FSRT, sex, primary disease, loca-
tion of the lesion, and history of irradiation. Cystic tumor 
was defined as a lesion with a predominant cystic compo-
nent. The number of fractions, interval days between plan-
ning and interfractional MRI, the prescription dose, and the 
percentage of the prescription isodose line were correctly 
identified. Contouring tumor and calculation of volume were 
performed using the segmentation tool within the planning 
software, Leksell GammaPlan, by two gamma knife practi-
tioners (AA and MK). The tumor volumes obtained at the 
planning MRI and interfractional MRI were defined as V1 
(consistent with GTV) and V2, respectively. The primary 
endpoint of this study was the interfractional tumor change 
rates between V1 and V2, which were calculated by the for-
mula (V2 − V1)/V1. The factors associated with interfrac-
tional change exceeding ± 20% were also assessed. After 
the treatment, patients were generally observed every 1 to 
3 months at the referred hospitals or at our institution. The 
secondary endpoint was the post-treatment changes among 
the lesions, of which the follow-up data were obtained. 
This was evaluated in two separate ways. First, the early 
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radiological change of the tumor before 6 months from 
FSRT was measured (V3), and the change rates were calcu-
lated as follows; (V3 − V1)/V1. Second, local tumor control 
and radiation necrosis were investigated for the lesions with 
the post-treatment observation period of ≥ 6 months. They 
were practically diagnosed by reference to several clinical 
findings such as T1/T2 mismatch on MRI, arterial spin labe-
ling MR perfusion imaging, positron emission tomography, 
histopathology in the resected cases, and clinical course.

Statistical analysis

First, the patients’ baseline characteristics and treatment 
parameters were summarized. Considering the possibil-
ity that multiple lesions or multiple treatments in the same 
patient may affect the results, a single index lesion in each 
patient was analyzed separately. An index lesion was the 
tumor that had the largest volume in the first treatment 
in each patient and had no history of previous treatment. 
Retreated lesions, which indicated progression after any 
irradiation, were also analyzed. Second, factors potentially 
affecting interfractional enlargement of ≥ 20% and regres-
sion of ≥ 20% were evaluated using bivariate and multivari-
ate logistic regression analyses. Variables entered into the 
multivariate analysis were determined using the forward and 
backward stepwise procedure, with a cutoff p value of 0.2. 
Third, the volume change rates earlier than 6 months after 
FSRT among the significant interfractional change types 
were compared using the Mann–Whitney U-test. Finally, the 
incidences of tumor control and radiation necrosis 6 months 
after FSRT or later were calculated as a crude rate. They 
were also analyzed according to the history of interfractional 
regression and other variables using a two-sided Fisher’s 
exact test. Statistical significance was set at p < 0.05. All 
analyses were performed using JMP Pro 16 software (SAS 
Institute, Cary, NC, USA).

Results

Patient characteristics

A total of 114 lesions in 74 treatments from 66 patients were 
included in this study. Among them, eight treatments were 
secondary or third treatments for the same patients, and 46% 
(52 lesions) were irradiated repeatedly for progression after 
stereotactic radiosurgery/radiotherapy (38 lesions), whole-
brain radiotherapy (12 lesions), and both (2 lesions). As a 
result, index lesions in each patient accounted for 36% (41 
lesions) of all the lesions. The baseline characteristics and 
treatment parameters of overall, index, and retreated lesions 
are summarized in Table 1. Fifty percent (57 lesions) of 

the overall lesions originated from non-small cell lung 
cancer (NSCLC), followed by breast cancer (24%). Eighty-
three lesions (73%) were treated with 10 fractions, and the 
remaining ones were treated with > 10 fractions. Cystic 
tumors accounted for 18% (20 lesions). The median interval 
between the planning MRI and the interfractional MRI was 
7 days (range 6–15 days).

Interfractional change of the tumor volume

For the entire cohort, the interfractional change of the 
tumor volumes ranged from − 48% to + 72% (interquartile 
range − 11% to + 10%) at the midterm of the irradiation 
period (Fig. 1A). Sixteen lesions (14%) experienced ≥ 20% 
enlargement of the initial volume, whereas 17 lesions 
(15%) had reduced volumes of ≥ 20%. The volume of other 
lesions remained within ± 20%. Concerning index lesions 
in each patient, significant enlargement and regression were 
observed in four lesions (10%) and nine lesions (22%), while 
they were recognized in eight lesions (15%) and five lesions 
(10%) among the retreated lesions (Fig. 1B, C). Among the 
overall lesions, the factors associated with interfractional 
enlargements of ≥ 20% by multivariate analysis were lower 
volume (continuous variable; odds ratio [OR] per 1 mL 
increase 0.73, 95% confidence interval [CI] 0.57–0.94, 
p = 0.016) and cystic lesion (vs. non-cystic lesion; OR 20.07, 
95% CI 4.84–83.16, p < 0.001) (Table 2). In the subgroup 
of retreated lesions, cystic lesion was also associated with 
significant enlargement (OR 337.43, 95% CI 8.50–13,395.2). 
Regarding interfractional regressions of ≥ 20%, the only sig-
nificantly associated factor among the overall lesions was 
biologically effective dose (α/β = 10) of the prescription dose 
(BED10) (continuous variable; OR per 1 Gy increase 1.21, 
95% CI 1.06–1.37, p = 0.004), and the result was similar 
in the subgroup analysis (Table 3). An illustrative case of 
interfractional regression is presented in Fig. 2. As a result 
of interfractional MRI, a total of 63 (85%) of the 74 treat-
ment plans were eventually modified at the midterm of the 
irradiation period, corresponding to any target change.

Radiological change of the tumor 
in the early phase after FSRT

There were 74 lesions for which the tumor volumes 
within 6  months after FSRT (median 3  months, range 
1.5–6 months) were obtained. Compared with the initial 
volume (V1), 57 lesions (77%) indicated any regression, 
and the median change rates were − 50% (range − 98% to 
90%, interquartile range − 80% to − 5%). One patient who 
experienced a 90% expansion of the lesion eventually under-
went cyst drainage and secondary FSRT 5 months after the 
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initial treatment. These post-treatment change rates were 
not statistically different among the following groups: the 
lesions with interfractional enlargement of ≥ 20% vs. inter-
fractional change within ± 20% (p = 0.571), interfractional 
enlargement of ≥ 20% vs. regression of ≥ 20% (p = 0.463), 
and within ± 20% vs. regression of ≥ 20% (p = 0.181).

Tumor control and radiation necrosis 
at the final follow‑up

There were 64 lesions that had follow-up periods 
of ≥ 6 months (median 15 months, range 6–32). Among 
them, 39 tumors (61%) were under control at the final 
follow-up. Tumor control rates were not statistically differ-
ent between the group that had experienced any regression 
at the interfractional evaluation and the remaining group 
that had not (p = 0.797). Other factors, including retreated 
lesion (p = 0.795), cystic lesion (p = 1.000), breast cancer 
(p = 0.074), larger lesion (p = 0.251), and higher BED10 
(p = 0.139), were not associated with tumor control, although 
NSCLC was the predictive factor of higher tumor control 
(OR 5.41, p = 0.002). Conversely, eight lesions (12.5%) 
had experienced radiation necrosis until the last follow-up. 
One of these lesions was resected and histopathologically 

confirmed without evidence of recurrence. There was no 
statistical difference in the incidence of radiation necro-
sis according to the history of interfractional regression 
(p = 0.282), retreated lesion (p = 0.245), cystic lesion 
(p = 0.582), breast cancer (p = 0.668), NSCLC (p = 1.000), 
larger lesion (p = 0.576), and higher BED10 (p = 0.456).

Discussion

This is the first study that retrospectively demonstrated inter-
fractional volumetric change of tumor during FSRT using 
gamma knife with ≥ 10 fractions for brain metastases. The 
significant increase and decrease of interfractional volume 
were recognized in 14% and 15% of the overall lesions, 
respectively. Cystic tumors and smaller tumors tended to 
be enlarged, while lesions treated with higher BED10 were 
likely to shrink even during the irradiation period. Some 
literatures have focused on interfractional target change 
during linear accelerator (LINAC)-based stereotactic radio-
therapy for brain metastases [16–19]. According to these, 
interfractional target enlargement was recognized in 11–19% 
of lesions, and interfractional regression was observed in 
14–22% of lesions treated by stereotactic radiotherapy with 
3 to 13 fractions, within the median interval of 6–9 days. 

Table 1   Baseline characteristics 
of the lesions and treatment 
parameters

FSRT fractionated stereotactic radiotherapy, NSCLC non-small cell lung cancer, SCLC small cell lung can-
cer, GI gastrointestinal cancer, BED10 biologically effective dose (α/β = 10) of the prescription dose

Variables Overall
(n = 114)

Index lesion
(n = 41)

Retreated lesion
(n = 52)

Median age at FSRT (range), year 69 (19–85) 68 (19–85) 72 (47–85)
Male sex, n [%] 54 [47] 20 [49] 23 [44]
Primary organ, n [%]

     NSCLC 57 [50] 16 [39] 27 [52]
     SCLC 6 [5] 4 [10] 1 [2]
     Breast 27 [24] 7 [17] 19 [37]
     Renal 11 [10] 5 [12] 3 [6]
     GI 7 [6] 7 [17] 0 [0]
     Others 6 [5] 2 [5] 2 [4]

Location, n [%]
     Lobar 95 [83] 34 [83] 45 [87]
     Basal ganglia 3 [3] 1 [2] 2 [4]
     Cerebellum 13 [11] 3 [7] 5 [9]
     Brainstem 3 [3] 3 [7] 0 [0]

Cystic lesion, n [%] 20 [18] 7 [17] 9 [17]
Median interval between planning and interfractional 

MRI (range), day
7 (6–15) 7 (6–14) 8 (7–15)

Median tumor volume at planning (V1) (range), mL 2.9 (0.5–54) 7.7 (0.5–32.5) 1.6 (0.5–54)
Median of fraction (range) 10 (10–20) 10 (10–20) 10 (10–13)
Median prescription dose (range), Gy 35 (30–50) 35 (30–50) 30 (30–39)
Median prescription isodose line (range), % 74 (67–85) 72 (69–82) 75 (67–85)
Median BED10 (range), Gy 47.3 (39–62.5) 47.3 (39–62.5) 39 (39–50.7)
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The predictive factors of tumor change were reported to 
be adenocarcinoma (vs. other pathological types), steroid 
administration before radiotherapy (vs. after radiotherapy) 
[18], and high speed of enlargement before treatment [19]. 
With the advent of new technologies, gamma knife proce-
dure is beginning to play an important role in recent years, 
not only for small, well-demarcated brain metastases, but 
also relatively large or intractable ones through fractiona-
tion. Gamma knife radiosurgery is basically characterized 
by both a sharper dose falloff outside the tumor and a rapid 
dose increase inside the target, as the isodose line of 50–60% 

of a maximum dose has been usually prescribed on the 
tumor edge in the case of single-fraction. Higher dose to the 
tumor core and minimized irradiation to normal brain tissue 
around the target have brought about good outcomes. Con-
sidering these facts, the interfractional volume change must 
be a more compelling matter in radiotherapy using gamma 
knife than in LINAC-based radiotherapy, which has a rather 
homogenous dose-coverage. Therefore, it is mandatory to 
recognize the possible uncertainty regarding accuracy in 
order to exploit the advantage of gamma knife treatments. In 
fact, Lee et al., who applied fractionated gamma knife radio-
surgery in 3–5 fractions for large brain metastases, reported 
that 18 of 40 lesions (45%) showed decreased tumor volume 
after only one or two fractions [20]. Although our study dif-
fers from theirs in terms of the number of fractions and dose 
per fraction, and consequently, the frequency and pattern of 
tumor change, both results imply that adaptive replanning 
should be performed in fractionated gamma knife radiosur-
gery or radiotherapy.

The findings of the present study suggest the following 
issues. First, judging by the result that almost 30% of all 
lesions indicated significant volumetric fluctuations, inter-
fractional MRI is indispensable for FSRT with ≥ 10 fractions 
or an irradiation period of a week or longer. Naturally, the 
shortage of dose-coverage due to tumor enlargement during 
the irradiation period would deteriorate tumor control, and 
an overdose for normal brain tissue around the tumor owing 
to tumor shrinkage could induce radiation necrosis more 
frequently. In contrast, the incidences of tumor control and 
radiation necrosis did not significantly differ between the 
groups of interfractionally-regressed lesions and that of the 
remaining lesions in this study, possibly demonstrating that 
replanning was effective to prevent such worse courses. Sec-
ond, interfractional evaluation of MRI enabled us to make 
more subtle adjustments by confirming the initial response 
to irradiation and to modify the plan accordingly. If tumor 
volume decreased at the midterm of irradiation, we could 
tighten the irradiated field by reducing the margin because 
the tumor is estimated to become even smaller at the com-
pletion of treatment. On the other hand, a more adequate 
margin would be needed in case of tumor enlargement at 
the interfractional MRI, in order to keep an optimal cover-
age on the whole tumor. It would also be effective to lower 
the prescribed percentage isodose line to raise the central 
dose for the tumor core. Even if interfractional change is 
volumetrically slight, these fine modifications to the original 
plan, made by confirming the extremely early response of 
the tumor, could be useful for more adaptive treatment.

There are several limitations in this study. First, mid-
dle- to long-term outcomes of FSRT with an interfrac-
tional MRI have not been thoroughly revealed yet, due 
to the limited number of lesions that had a follow-up 

Fig. 1   Waterfall plot of interfractional volume change rates. A overall 
lesions, B index lesions in each patient, C retreated lesions with his-
tory of irradiation
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period of ≥ 6 months. The effect of interfractional MRI 
and replanning on tumor control and radiation necrosis 
should be considered in future studies with a larger num-
ber of cases. Second, the possibility of target displace-
ment without volumetric change has not been analyzed. 
Displacement is common in tumors with evident brain 
edema and those under steroids administration. Most dis-
placements are accompanied by an increase or decrease 
in tumor volume to some extent, and this is the reason 
that we performed replanning for most treatments without 
significant volumetric change. Third, the effect of con-
current systemic therapy is likely not negligible. Ongoing 

tyrosine-kinase inhibitors and anti-VEGF inhibitors could 
potentially affect the way the tumor is depicted with con-
trast enhancement. Despite these limitations, the pre-
sent study successfully indicated the significant changes 
in tumor volumes during the irradiation period and the 
importance of treatment replanning.

Table 2   Factors associated with ≥ 20% increase in interfractional volume

Boldface type indicates statistical significance. aOdds ratio per 1 mL increase. bOdds ratio per 1 Gy increase
OR odds ratio, CI confidence interval, NSCLC non-small cell lung cancer, BED10 biologically effective dose (α/β = 10) of the prescription dose

Variables Overall (n = 114) Index lesion (n = 41) Retreated lesion (n = 52)

Bivariate Multivariate Multivariate Multivariate

p value OR [95% CI] p value OR [95% CI] p value OR [95% CI] p value OR [95% CI]

Breast cancer (vs. 
others)

0.011 4.15 [1.38–12.50] –
–

–
–

–
–

NSCLC (vs. others) 0.114 0.40 [0.13–1.24] –
–

–
–

–
–

Tumor volume at 
planning (con-
tinuous)

0.037 0.78a [0.62–0.98] 0.016 0.73a [0.57–0.94] 0.080 0.69a [0.46–1.05] 0.292 0.15a [0.004–5.05]

Cystic lesion (vs. 
non-cystic)

 < 0.001 10.17 [3.16–32.77]  < 0.001 20.07 [4.84–83.16] 0.169 10.35 [0.37–287.97] 0.002 337.43 [8.50–13,395.2]

BED10 (continuous) 0.396 0.96b [0.86–1.06] –
–

–
–

–
–

Table 3   Factors associated with ≥ 20% decrease in interfractional volume

Boldface type indicates statistical significance. aOdds ratio per 1 mL increase. bOdds ratio per 1 Gy increase
OR odds ratio, CI confidence interval, NSCLC non-small cell lung cancer, BED10 biologically effective dose (α/β = 10) of the prescription dose

Variables Overall (n = 114) Index lesion (n = 41) Retreated lesion (n = 52)

Bivariate Multivariate Multivariate Multivariate

p value OR [95% CI] p value OR [95% CI] p value OR [95% CI] p value OR [95% CI]

Breast cancer (vs. others) 0.528 0.65 [0.17–2.46] –
–

–
–

–
–

NSCLC (vs. others) 0.195 2.03 [0.70–5.94] –
–

–
–

–
–

Tumor volume at planning 
(continuous)

0.070 1.06a [0.99–1.13] 0.161 1.05a [0.98–1.13] 0.074 1.13a [0.99–1.29] 0.554 0.96a [0.83–1.11]

Non-cystic lesion (vs. 
cystic)

0.200 3.90 [0.49–31.25] 0.108 8.56 [0.62–117.45] –
–

–
–

BED10 (continuous)  < 0.001 1.22b [1.08–1.37] 0.004 1.21b [1.06–1.37] 0.022 1.25b [1.03–1.52] 0.042 1.24b [1.01–1.54]
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Conclusion

From our initial experience of FSRT using gamma knife 
with ≥ 10 fractions, the radiological assessment revealed 
that 29% of the irradiated brain metastases became 

enlarged or regressed as early as the midterm of the irra-
diation period. Interfractional evaluation and replanning 
are requirements for highly accurate FSRT with an irradia-
tion period of a week or longer, possibly contributing to 
better outcomes. Further investigation is needed to confirm 
the outcome of this approach.
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ing the whole target. C and D The interfractional MRI obtained 
after eight fractions at the interval of 11  days from the planning 
MRI remarkably indicated tumor regression. Axial and coronal 
T1-weighted contrast-enhanced MRI performed under the same pro-
tocol. E and F The irradiated field was adjusted to tighten according 
to the result of interfractional MRI. Considering the evident regres-
sion of the tumor after eight fractions, no margin was set at replan-
ning to avoid excessive irradiation to normal brain tissues around the 
lesion. G and H Follow-up MRI at 3 months after radiotherapy indi-
cated successful tumor control and no radiation necrosis thus far.
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