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ABSTRACT

Background: Radiosurgery is employed for the treatment of brain metastases. The aim of this 
study is to evaluate the efficacy and tolerability of single-dose radiosurgery (SRS) compared to 
hypofractionated stereotactic radiotherapy (hFSRT).
Materials and Methods: Between 2004 and 2018, we analyzed treatments of 97 patients with 135 
brain metastases. Fifty-six patients were treated with SRS, and 41 patients were treated with hFSRT. 
Median dose was 16 Gy (12-20 Gy) for the SRS group and 30 Gy in 5-6 fractions for the hFSRT group. 
hFSRT was used for larger lesions and lesions located near critical structures. Kaplan-Meier curves 
were constructed for overall survival (OS) and local control (LC). 
Results: Median age was 64 years (range, 32-89 years). Median survival was 10 months (1-68 months). 
With a median follow-up of 10 months, no significant differences in OS between groups were found 
(P=0.21). LC for all patients was 67%. Local progression-free survival (LPFS) at 6 months and 1 
year was 71% and 60% for the SRS group, respectively, and 80% and 69% for the hFSRT group, 
respectively (P=0.93). Although hFSRT was used for larger lesions and lesions in adverse locations, 
LPFS was not inferior compared to lesions treated with SRS. We observed acute toxicity grade 1-2 
in 25 patients (25.8%). Late complications were observed in 11 patients (11.3%). Acute and late 
toxicity was similar in the SRS- and hFSRT-treated patients (P=0.63 and P=0.11, respectively). Brain 
recurrence occurred in 37.5% and 14.6% in the hFSRT and SRS group, respectively (P=0.06).
Conclusions: Since patients treated with hFSRT exhibited similar survival and LPFS rates without 
differences in toxicity compared to those treated with SRS, hFSRT can be beneficial, particularly for 
patients with brain metastases. 
Relevance for Patients: Hypofractionated schemes in stereotactic radiosurgery offers treatment 
alternatives to patients with large lesions or lesions near critical structures.
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1. Introduction

The most common intracranial malignancies in adults are 
brain metastases. Brain metastases are present in approximately 
20-40% of cancer patients [1]. Treatment options include whole-
brain radiation therapy (WBRT), surgery, and radiosurgery. The 
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addition of WBRT to radiosurgery may improve local control 
(LC) but may increase the risk of side effects such as cognitive 
deficits. However, survival is similar with the use of radiosurgery 
combined with WBRT versus radiosurgery alone. The combination 
of surgery and WBRT is not superior to the combination of 
radiosurgery and WBRT [2-6]. Yamamoto et al., in a prospective 
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multicenter study, analyzed radiosurgery without WBRT in 
patients with >5 metastases and >10 metastases. They concluded 
that radiosurgery without WBRT could be an alternative treatment 
option in patients with 5-10 metastases without differences in LC 
from patients with 2-4 metastases [7]. 

Single-dose radiosurgery (SRS) is considerably less invasive 
than surgery. The risk of toxicity with SRS increases when 
tumors are large or are located near or within critical brain 
structures. In these cases, the use of fractionated radiotherapy 
may be beneficial to avoid severe toxicities [8]. The most 
common chronic side effect of SRS is brain radionecrosis (RN), 
which is associated with the presence of different neurological 
deficits in up to one-third of patients [9,10]. Hypofractionated 
stereotactic radiotherapy (hFSRT) has been used as an 
alternative to SRS with high LC rates. Using doses of 24-35 Gy 
in 3 to 5 fractions, several retrospective studies have reported 
an LC rate of 70-90%/year, with a variable risk of RN between 
2% and 15% [11,12]. 

The aim of this study is to compare efficacy and tolerability 
of two different schemes of intracranial radiotherapy: SRS and 
hFSRT. Our hypothesis is that radiosurgery is better in local 
progression (LP)-free survival (LPFS) and has lower rates of side 
effects than hFSRT.

2. Patients and Methods 

2.1. Patient characteristics

We retrospectively analyzed 97 patients with 135 metastases 
who were treated with SRS or hFSRT, between January 2004 and 
December 2018. 

Median age was 64 years (range, 32-89 years). About 53.6% of 
the study cohort was comprised of males. Karnofsky Performance 
Status (KPS) was more than 70 in 72.2% of patients. Primary 
tumors were: Lung in 68%, breast in 14.4%, renal in 4.1%, and 
other tumors (gastrointestinal or melanoma) in 13.5%. In 42.7% 
(41 patients), the primary tumor was active and 34.7% (33 patients) 
had other metastases. Predominant histology was adenocarcinoma 
in 59.8% of patients. About 67% of patients had only one brain 
metastases, 19.6% had two brain metastases, 6.2% had three brain 
metastases, 4.1% had four brain metastases, and 3% had more 
than four brain metastases. The characteristics of the patients are 
listed in Table 1. 

Fifty-six patients (54.3%) had been treated with SRS and 41 
(45.7%) had been treated with hFSRT. Median SRS dose was 16 
Gy (12-20 Gy) and hFSRT dose was 30 Gy in 5 or 6 fractions. 
hFSRT was recommended in large-sized tumors, irregular shaped 
tumors, or in tumors located near or within a critical structure. In 
this study, 38 patients (39.1%) had received WBRT before SRS 
or hFSRT and 28 patients (28.4%) had previously undergone 
surgery, showing unbalanced groups. No differences in the 
distribution of gender (P=0.38) or the presence of extracranial 
metastases (P=0.36) were observed, but differences were observed 
in previous WBRT history (26 patients and 12 patients in SRS 
and hFSRT-group, respectively, P=0.036) between the SRS and 
hFSRT groups. 

hFSRT was employed when tumor characteristics did not 
permit to accomplish dose constraints for critical structures. 
Volume of healthy brain tissue receiving doses larger than 10 
or 12 Gy in a single fraction was the main reason for switching 
to an hFSRT treatment option. Irregular tumors, as well as the 
proximity of critical structures that could not be easily spared with 
a cone-based technique, were secondary reasons for fractionating 
the treatment. 

2.2. Treatment characteristics with SRS or hFSRT 

For immobilization, a tight thermoplastic mask was applied. 
Computed tomography images with a slice thickness of 1 or 2 mm 
were obtained, and these computed tomography images were 
fused with magnetic resonance imaging (MRI) using an image 
fusion software. The gross tumor volume (GTV) was defined as 
the contrast-enhancing tumor. The planning target volume was 
defined by adding a 3 mm margin to the GTV. We applied 3 mm 
margin due to our linac limitations, it was not a dedicated facility 
for radiosurgery, so we aimed to eliminate any possible uncertainty. 
Dose-limiting structures were eyes, lens, optic nerves and chiasm, 
brain, brainstem, and cochlea, so they were contoured in all patients. 

Table 1. Clinical characteristics of the 97 patients (with 137 brain 
metastases) treated with RS for brain metastases
Clinical characteristics Patients who 

received SRS n=56
Patients who received 

hFSRT n=41

Age (y)
Median 63 64
Range 32-87 32-89

Gender (female/male) 24/32 21/20
Histology

NSCLC 43 23
Breast 5 9
Melanoma 1 0
RCC 1 3
GI 3 1
Other 3 5

KPS
70-100 42 29
<70 14 12

Extracranial disease
Present 31 28
Absent 25 13

Number of metastases
1 35 30
2 14 5
3 3 3
≥4 4 3

Previous WBRT
Yes 26 12
No 30 29

SRS: Stereotactic radiosurgery, hFSRT: Hypofractionated stereotactic radiotherapy, 
NSCLC: Non-small cell lung cancer, KPS: Karfsnosky Performance Status, WBRT: Whole-
brain radiotherapy, RCC: Renal cell carcinoma, GI: Gastrointestinal
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hFSRT was administered every day or every 2 days for 
1.5-2 weeks, working days only. A cone-based treatment 
delivery technique with multiple non-coplanar arcs was used in 
the most of cases of SRS treatments (rest of cases with Intensity 
Modulated Radiotherapy [IMRT]), while hFSRT treatments 
were delivered using 3D, IMRT, or Volumetric Modulated 
Arc Therapy (VMAT) with both coplanar and non-coplanar 
beam settings, depending on the year of treatment. When V12 
Gy of the normal brain was higher than 10 cc, there were two 
options: SRS at lower doses, or a new intervention with hFSRT. 
The decision was physician-dependent. V12 Gy was a strict 
constraint (Figures 1 and 2).

2.3. Follow-up and statistics 

The endpoints were overall survival (OS) and LPFS. After 
treatment, patients were followed up with serial neurologic and 
radiologic examinations. Follow-up MRI were obtained routinely 
1 month after treatment, followed by 3-month intervals, or in 
the event of unexpected neurologic deterioration or progression. 
Response criteria were defined as RECIST: Complete response 
(CR); partial response (PR), at least 50% decrease; progressive 
disease (PD), at least 25% increase; and stable disease (SD), 
neither PR nor PD. LP was defined as progression within the 
treatment volume. Regional progression (RP) was defined as 
intracranial progression outside of the treatment volume. Toxicity 
was recorded according to the National Cancer Institute Common 
Terminology Criteria for Adverse Events (version 4.0). Differences 
between the groups were evaluated using Student’s test. Survival 
rates were calculated from the date of the start of treatment to the 
date of occurrence of an event or the date of the last follow-up by 
use of the Kaplan-Meier method and examined for significance 
using the log-rank and generalized Wilcoxon test. All analyses 
employed the conventional P<0.05 level of significance. SPSS 
statistical software (version 21.0; SPSS, Chicago, IL) was used 
for statistical analyses. 

3. Results 

3.1. Tumor response and patterns of failure 

Tumor response was evaluated in 91 patients with 131 lesions 
after the exclusion of 6 patients for whom no follow-up images 
were available. The CR, PR, SD, and PD rates were 46.5%, 
25.6%, 6.9%, and 21.0%, respectively, in the SRS group and 
56.2%, 31.2%, 6.3%, and 6.3%, respectively, in the hFSRT 
group, with no statistically significant differences between 
groups (P=0.5). 

3.2. LP–free survival (LPFS) and RP –free survival 

LPFS at 6 months and 1 year was 71% and 60%, respectively, 
for the SRS group and 80% and 69%, respectively, for the hFSRT 
group (P=0.93) (Figure 3). Although hFSRT was used for larger 
lesions or lesions located in precarious locations, LPFS was not 
inferior compared to SRS. Intracranial progression occurred in 
37.5% and 14.6% of the cases in the hFSRT group and the SRS 
group, respectively (P=0.06). 

3.3. OS 

Thirty patients had died at the last follow-up. With a median 
follow-up of 10 months (range, 1-68 months), 16.3 months for 
the SRS group and 9.2 months for the hFSRT group (P=0.025), 
OS rates at 6 months and 1 year were 70% and 63% for the 
whole group. OS rates were 70% and 62% for the SRS group, 
and 81% and 70% for the hFSRT group (P=0.85). Survival 
outcome in the hFSRT group was not inferior to that of the SRS 
group (Figures 4 and 5). 

3.4. Cause of death 

Of 30 patients, 20 (66.7%) had died of PD within the central 
nervous system, (20.0%) patients had died of systemic tumor 
progression, and 4 patients (13.3%) had died of other diseases. 

Figure 1. Cone-based stereotactic radiosurgery treatment and different cones diameters.
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3.5. Toxicity 

All patients with SRS received corticosteroids after treatment. 
In the hFSRT group, corticosteroids were administered only 
if patients had edema with mass effect. We classified acute or 

late toxicity according to the Common Terminology Criteria for 
Adverse Events, version 4.0. Mild symptoms without indicated 
intervention were classified as grade 1; moderate symptoms 
requiring non-invasive intervention, such as drug administration, 

Figure 2. Hypofractionated stereotactic radiotherapy treatment with volumetric modulated arc therapy.

Figure 3. Kaplan-Meier curves with comparison local progression-free survival between stereotactic radiosurgery and hypofractionated stereotactic 
radiotherapy.
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as grade 2; and severe symptoms requiring hospitalization were 
classified as grade 3. The acute toxicities observed in our series 
were grade 1 and 2, including brain edema (22 patients) and 
seizure without sequels (3 patients). Latent toxicity consisted 
of RN (3 patients), post-radiation syndrome (1 patient), long-
term seizures (5 patients), pan-hypopituitarism (1 patient), and 
diabetes insipidus (1 patient). Acute toxicity was similar in both 
groups (29% vs. 23%, P=0.63) and chronic toxicity was more 

frequent in the hFSRT group than in the SRS group (19.5% vs. 
7.1%, P=0.11). 

We divided the SRS group into two subgroups: With dose 
reduction (<16 Gy) and without dose reduction (>16 Gy). We 
analyzed differences in tumor response, PFS, and toxicity 
between these two subgroups. We found no statistically significant 
differences in tumor response (P=0.24), PFS (P=0.15), or toxicity 
(acute: P=0.21; late: P=0.63) between subgroups. We also 

Figure 4. Kaplan-Meier curves with global overall survival.

Figure 5. Kaplan-Meier curves comparing overall survival (OS) for stereotactic radiosurgery to OS for hypofractionated stereotactic radiotherapy.
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analyzed whether there were differences in the treatment with 
WBRT. In the SRS subgroup with dose reduction (23 patients), 
16 patients (61.6%) had received WBRT compared to the SRS 
subgroup without dose reduction (33 patients), where only 10 
patients had received WBRT (38.4%) (P=0.002).

4. Discussion

SRS is an effective treatment for brain metastases. However, 
SRS is not always possible, especially in large tumors and in 
tumors located near critical organs where doses are limited by 
the risk of increased side effects. In these cases, an alternative 
is the use of hFSRT. In our center, we perform radiosurgery with 
cone collimators in most of the cases, and occasionally we switch 
to hFSRT with VMAT or IMRT for irregular metastases. In our 
study, we analyzed differences between SRS and hFSRT in LC, 
toxicity, and survival in a single-center cohort. 

4.1. Doses and LC 

As doses in hFSRT have not been established, it is very 
difficult to compare results from different series. Most studies 
comparing doses use the Biologically Effective Dose (BED). 
However, the reliability of the linear-square (LQ) model for 
hypofractionated radiotherapy has been questioned. Marcrom 
compared 25 Gy and 30 Gy in 5 fractions; 30 Gy was associated 
with a better LC (72% vs. 40%) [13]. Murai et al. [14] conducted 
a study comparing 3 dose levels: Level I, 18-22 Gy in 3 fractions 
or 21-25 Gy in 5 fractions; level II, 22-27 Gy in 3 fractions or 
25-31 Gy in 5 fractions; and level III, 27-30 Gy in 3 fractions 
or 31-35 Gy in 5 fractions. The authors concluded that the 
highest dose levels 27-30 Gy in 3 fractions and 31-35 Gy in 5 
fractions were tolerable and effective in controlling large brain 
metastases. At our institution, we use 30 Gy in 5-6 fractions 

(BED: 43.3-47.7 Gy) for the hFSRT and we use 15-20 Gy in 1 
fraction (BED: 28.6-41.0 Gy).

In terms of LC, SRS studies report variable results, with 1-year 
LPFS between 68 and 81% [1,8] and LP in 3-13% of the cases. 
In our study, LP was 21% for the whole group. This difference 
could be explained by the low median doses (16 Gy) of SRS in 
our institution compared to other studies with median doses up to 
20 Gy [1,8]. Furthermore, this is in relation to studies such as that 
of Feuvret et al. [15] that used 14 Gy in 1 fraction for metastases 
>3 cm with an LC of 58%. 

Different studies in hFSRT had reported that the LPFS 
at 1 year was between 68% and 76% [16-18] and that LP was 
19-60% [5,13]. LP in our series was only 6.3%. For the hFSRT, 
we used 30 Gy in 5-6 fractions, similar to other studies [1]. The 
use of BED higher doses, as in the study by Minniti et al. [8] with 
27 Gy in 3 fractions, showed an LC of 91%, similar to our group. 
The studies are summarized in Table 2.

Wiggenraad et al. [19], in their systematic review, reported a 
6-month LC of 80% in almost all series, independently of the dose 
prescribed. The 20-month control was 80%, 60%, and 50% for 
>21 Gy, >18 Gy, and <15 Gy, and 70% for hFSRT. A BED of 
>40 Gy was associated with a 20-month LC rate of ≥70%. In our 
institution, the LC at a median of follow-up of 10 months was 69% 
in the SRS group (12-20 Gy) and 93.7% for the hFSRT group. 

To provide good LC, suitable doses in SRS appear to be ≥18-
20 Gy and in hFSRT a total BED of at least 50 Gy (500 cGy per 
fraction in 6-7 fractions).

4.2. OS 

Several studies have identified factors influencing OS, including 
the general condition of patients, that were measured with scales 
such as Recursive Partitioning Analysis, Graded Prognostic 

Table 2. Studies that compare single-dose SRS and hFSRT in brain metastases
Studies n Dose/fr WBRT LC Overall 

Survival 
Toxicity

Kim et al.  
2011 [1]

Single-dose SRS: 58 patients 
(81 lesions)
hFSRT: 40 patients  
(49 lesions)

20 Gy/1 fr 
36 Gy/6 fr 

Single-dose SRS: 
12 patients
hFSRT 16 
patients

16% CR
7% PD

15% CR
0% PD

MS 16 17% single-dose SRS

5% hFSRT
P=0.05

Minniti et al.  
2016 [8]

289 patients
343 lesions
>2cm

18 Gy/1 fr o 15-16 
Gy si >3 cm
27 Gy/3 fr

5 patients Single-dose  
SRS: 77%

hFSRT: 91%

1-y 58%
2-y 24%

20% single-dose SRS RN
8% hFSRT RN

Feuvret [15] 24 patients single-dose SRS
12 patients hFSRT

14 Gy/1 fr >3 cm
23.1 Gy/3 fr

- 58%
100%

MS 5.5 m
MS 16.8 m 

6 patients G1-2
2 patients G2

Donovan et al. 
2019 [27]

90 patients 24 Gy/1 fr
21 Gy/3 fr

12 patients Recurrence 8 patients
6 patients single-dose 

SRS
2 patients hFSRT

MS 11.7 m 16p RN (21/62 lesions; 4 
symptomatic RN)
10 patients 1 fr
11 patients 3fr

Present study 97 patients (135 lesions)
56 patients Single-dose SRS
41 patients hFSRT

I: 12-15 Gy/1 fr
II: 16-20 Gy/1 fr
III: 30 Gy/5-6 fr

16 patients
10 patients
12 patients

82.6%
78.2%
93.7%

MS 10 m Single-dose: Acute grade 1-2: 29% 
Late: 7.1%
hFSRT: Acute grade 1-2: 23%
Late: 19.5%

SRS: Stereotactic radiosurgery, hFSRT: Hypofractionated stereotactic radiotherapy, WBRT: Whole-brain radiotherapy, CR: Complete response, PD: Progression disease, MS: Median survival, 
RN: Radionecrosis
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Assessment, or Performance Status [13,20,21]. The clinical 
situation of the patient, the presence or absence of extracranial 
metastases, the size of the brain metastases, and the histology 
or the number of metastases are the most important prognostic 
factors [22]. 

In most series, 30-50% of patients were alive after 12 months. 
Minniti et al. showed 1- and 2-year survival rates of 58% and 
24%, respectively. In our series, the 1-year survival rate was 63% 
for all patients and 62% and 70% in the SRS group and the hFSRT 
group, respectively. These data are similar to what has been 
reported in the literature. 

4.3. Toxicity 

Different authors have studied the radiobiological advantages 
of hypofractionation as a means to achieve adequate tumor control 
at limited side effects. 

Dose limitations to brain parenchyma are difficult to compare 
due to the variability of doses and fractions and the toxicity criteria. 
In a series comparing SRS and hFSRT, Inoue et al. explained that 
V14 Gy may be predictive of RN, limited at V14 Gy for >7 cc [23]. 
The risk of RN can be maintained at <2-15% when using a BED of 
90-127 Gy3 (a/b=3) (24-35Gy in 3-5 fractions). Different studies 
have shown that V12 Gy and V18 Gy are predictive factors for 
RN [24]. In our series, we limited V12 Gy for <10 cc in SRS and 
V4 Gy per fraction for <20 cc in hFSRT and V21 Gy for <20.9 cc 
and V28.8 Gy for <7 cc at ≥6 Gy per fraction. 

Brain edema is the most frequent form of toxicity. In the study 
by Fahrig et al. [25], edema was present in 10% of patients, being 
more frequent after shorter courses than after longer courses of 
treatment. In our study, brain edema had manifested in 22 patients 
(22.7%); 11 patients in the SRS group and 11 patients in the 
hFSRT group. 

RN is secondary to damage to brain cells, occurring between 
6 months and 2 years after treatment. Several studies analyze its 
relationship with different variables such as dose, volume of the 
tumor, volume of normal brain irradiated, number of fractions, 
and combination with systemic treatments. In our study, we 
only analyzed symptomatic RN. RN was developed in 3 patients 
(3%); 2 patients in the hFSRT group; and 1 patient in the SRS 
group. RN is variable throughout studies, the incidence range 
is 8-34% [25-27]. Minniti et al. [8] observed 20% versus 8% of 
RN at SRS and hFSRT, respectively (P=0.004). Fahrig et al. [25] 
found differences in hFSRT schemes and incidence in RN. The 
authors found an RN rate of 22% in 5-6 fractions compared 
to 7% in 7 fractions. In the study by Zhuang et al. [28], it was 
observed higher rates of RN occur in 1-4 fractions compared to 
5-8 fractions, with an overall risk of 11.5%. In our analysis, the 
effect of fractionation on RN was inconclusive but, although we 
showed no difference in toxicity between the SRS and hFSRT 
groups, previously published series seemed to show higher rates 
of RN following SRS. It is possible that we have not shown an 
association between RN and the maximum SRS dose in our 
patients due to the low rates of RN and because we only analyzed 
symptomatic RN. Other studies have shown that hFSRT may 

have a protective effect, reducing the risk of RN in large lesions. 
The overall risk of RN appears to be higher than expected when 
multiple treatments are administered simultaneously [24]. 

Our study has a number of limitations, including the fact that it 
is a retrospective study, the small sample size, and heterogeneity of 
the characteristics of patients. The definition of LC is not uniform 
among studies and its comparison is complicated. The diagnosis 
of radiographic RN is controversial, and we only evaluated 
symptomatic toxicity. Studies have demonstrated the limitations 
of LC for hFSRT. Finally, due to the volume of lesions treated, 
it may have influenced the prescribed dose and fractionation, 
making it difficult to perform an independent examination of the 
effect of fractionation in the patients in this study. 

5. Conclusions 

Despite the fact that adverse locations and larger volumes of 
brain metastases were more frequently observed in the hFSRT-
group, patients treated with hFSRT exhibited similar survival and 
LPFS rates with similar toxicity in comparison to those treated 
with SRS. hFSRT treatment can particularly be beneficial in these 
patients. However, the optimal dose fractionation is still unknown 
and requires further investigation, but we consider 30-35 Gy in 
6-7 fractions for hFSRT and 18-20 Gy for SRS as optimal options. 

Acknowledgments 

Thanks to all collaborators who participate in the development 
of research in this area of knowledge.

Conflicts of interest 

The authors declare that they have no conflicts of interest. 

References

1. Kim YJ, Cho KH, Kim JY, Lim YK, Min HS, Lee SH, 
et al. Single-Dose Versus Fractionated Stereotactic 
Radiotherapy for Brain Metastases. Int J Radiat Oncol Biol 
Phys 2011;81:483-9.

2. Kocher M, Soffietti R, Abacioglu U, Villà S, Fauchon F, 
Baumert BG, et al. Adjuvant Whole-Brain Radiotherapy 
Versus Observation after Radiosurgery or Surgical Resection 
of One to three Cerebral Metastases: Results of the EORTC 
22952-26001 Study. J Clin Oncol 2011;29:134-41.

3. Weiss SE, Kelly PJ. Neurocognitive Function after WBRT 
Plus SRS or SRS Alone. Lancet Oncol 2010;11:220-1.

4. Mahmood U, Kwok Y, Regine WF, Patchell RA. Whole 
Brain Irradiation Forpatients with Brain Metastases: Still 
the Standard of Care. Lancet Oncol 2010;11:221-2.

5. Aoyama H, Shirato H, Onimaru R, Kagei K, Ikeda J, Ishii N, 
et al. Hypofractionated Stereotactic Radiotherapy Alone 
without Whole-Brain Irradiation for Patients with Solitary 
and Oligo Brain Metastasis using Noninvasive Fixation of 
the Skull. Int J Radiat Oncol Biol Phys 2003;56:793-800.

6. Khan M, Lin J, Liao G, Li R, Wang B, Xie G, et al. 
Comparison of WBRT Alone, SRS Alone, and their 



 De la Pinta et al. | Journal of Clinical and Translational Research 2020; 6(1): 6-13 13

 Distributed under creative commons license 4.0 DOI: http://dx.doi.org/10.18053/jctres.06.202001.002

Combination in the Treatment of One or More Brain 
Metastases: Review and Meta-Analysis. Tumour Biol 
2017;39:1010428317702903.

7. Yamamoto M, Serizawa T, Shuto T, Akabane A, Higuchi Y, 
Kawagishi J, et al. Stereotactic Radiosurgery for Patients 
with Multiple Brain Metastases (JLGK0901): A Multi-
Institutional Prospective Observational Study. Lancet 
Oncol 2014;15:387-95.

8. Minniti G, Scaringi C, Paolini S, Lanzetta G, Romano A, 
Cicone F, et al. Single-Fraction Versus Multifraction 
(3×9 Gy) Stereotactic Radiosurgery for Large (>2 cm) 
Brain Metastases: A Comparative Analysis of Local 
Control and Risk of Radiation-Induced Brain Necrosis. Int 
J Radiat Oncol Biol Phys 2016;95:1142-8.

9. Minniti G, Clarke E, Lanzetta G, Osti MF, Trasimeni G, 
Bozzao A, et al. Stereotactic Radiosurgery for Brain 
Metastases: Analysis of Outcome and Risk of Brain 
Radionecrosis. Radiat Oncol 2011;6:48.

10. Blonigen BJ, Steinmetz RD, Levin L, Lamba MA, 
Warnick  RE, Brenema JC. Irradiated Volume as a Predictor 
of Brain Radionecrosis after Linear Accelerator Stereotactic 
Radiosurgery. Int J Radiat Oncol Biol Phys 2010,77:996-
1001.

11. Lippitz B, Lindquist C, Paddick I, Peterson D, O’Neill K, 
Beaney R, et al. Stereotactic Radiosurgery in the Treatment 
of Brain Metastases: The Current Evidence. Cancer Treat 
Rev 2014;40:48-59.

12. Lesueur P, Lequesne J, Barraux V, Kao W, Geffrelot J, 
Grellard JM, et al. Radiosurgery or Hypofractionated 
Stereotactic Radiotherapy for Brain Metastases from 
Radioresistant Primaries (Melanoma and Renal Cancer). 
Radiat Oncol 2018;13:138.

13. Marcrom SR, McDonald AM, Thompson JW, Popple RA, 
Riley KO, Markert JM, et al. Fractionated Stereotactic 
Radiation Therapy for Intact Brain Metastases. Adv Radiat 
Oncol 2017;2:564-71.

14. Murai T, Ogino H, Manabe Y, Iwabuchi M, Okumura T, 
Matsushita Y, et al. Fractionated Stereotactic Radiotherapy 
using Cyber Knife for the Treatment of Large Brain 
Metastases: A Dose Escalation Study. Clin Oncol 
2014;26:151-8.

15. Feuvret L, Vinchon S, Martin V, Lamproglou I, Halley A, 
Calugaru V, et al. Stereotactic Radiotherapy for Large Solitary 
Brain Metastases. Cancer Radiother 2014;18:97-106.

16. Ernst-Stecken A, Ganslandt O, Lambrecht U, Sauer R, 
Grabenbauer G. Phase II Trial of Hypofractionated 
Stereotactic Radiotherapy for Brain Metastases: Results 
and Toxicity. Radiother Oncol 2006;81:18-24.

17. Narayana A, Chang J, Yenice K, Chan K, Lymberis S, 
Brennan C, et al. Hypofractionated Stereotactic 

Radiotherapy Using Intensity-Modulated Radiotherapy 
in Patients with One or Two Brain Metastases. Stereotact 
Funct Neurosurg 2007;85:82-7.

18. Kwon AK, Dibiase SJ, Wang B, Hughes SL, Milcarek B, 
Zhu Y. Hypofractionated Stereotactic Radiotherapy for the 
Treatment of Brain Metastases. Cancer 2009;115:890-8.

19. Wiggenraad R, Kanter AV, Kal HB, Taphoorn M, Vissers T, 
Struikmans H. Dose-Effect Relation in Stereotactic 
Radiotherapy for Brain Metastases. A Systematic Review. 
Radiother Oncol 2011;98:292-7.

20. Sperduto PW, Berkey B, Gaspar LE, Mehta M, Curran W. 
A New Prognostic Index and Comparison to Three Other 
Indices for Patients with Brain Metastases: An Analysis of 
1, 960 Patients in the RTOG Database. Int J Radiat Oncol 
Biol Phys 2008;70:510-4.

21. Cho KH, Hall WA, Gerbi BJ, Higgins D, Bohen M, 
Clark  HB. Patient Selection Criteria for the Treatment 
of Brain Metastases with Stereotactic Radiosurgery. J 
Neurooncol 1998;40:73-86.

22. Kim SH, Weil RJ, Chao ST, Toms SA, Angelov L, 
Vogelbaum MA, et al. Stereotactic Radiosurgical 
Treatment of Brain Metastases in Older Patients. Cancer 
2008;113:834-40.

23. Inoue HK, Sato H, Suzuki Y, Saitoh JI, Noda SE, Seto KI, 
et al. Optimal Hypofractionated Conformal Radiotherapy 
for Large Brain Metastases in Patients with High Risk 
Factors: A Single-Institutional Prospective Study. Radiat 
Oncol 2014;9:231.

24. Peng L, Grimm J, Gui C, Shen CJ, Redmond KJ, Sloan L, 
et al. Updated Risk Models Demonstrate Low Risk of 
Symptomatic Radionecrosis Following Stereotactic 
Radiosurgery for Brain Metastases. Surg Neurol Int 
2019;10:32.

25. Fahrig A, Ganslandt O, Lambrecht U, Grabenbauer G, 
Kleinert G, Sauer R, et al. Hypofractionated Stereotactic 
Radiotherapy for Brain Metastases-Results from 
Three Different Dose Concepts. Strahlenther Onkol 
2007;183:625-30.

26. Kohutek ZA, Yamada Y, Chan TA, Brennan CW, Tabar V, 
Gutin PH, et al. Long-Term Risk of Radionecrosis and 
Imaging Changes after Stereotactic Radiosurgery for Brain 
Metastases. J Neurooncol 2015;125:149-56.

27. Donovan EK, Parpia S, Greenspoon JN. Incidence of 
Radionecrosis in Single-Fraction Radiosurgery Compared 
with Fractionated Radiotherapy in the Treatment of Brain 
Metastasis. Curr Oncol 2019;26:e328-33.

28. Zhuang H, Zheng Y, Wang J, Chang JY, Wang X, Yuan Z, 
et al. Analysis of Risk and Predictors of Brain Radiation 
Necrosis after Radiosurgery. Oncotarget 2016;7:7773-9.


