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Abstract
Hypofractionated stereotactic radiosurgery has become an alternative for metastatic brain tumors (METs). We aimed to 
analyze the efficacy and safety of frameless hypofractionated Gamma Knife radiosurgery (hfGKRS) in the management of 
unresected, large METs. All patients who were managed with hfGKRS for unresected, large METs (> 4  cm3) between June 
2017 and June 2020 at a single center were reviewed in this retrospective study. Local control (LC), progression-free survival 
(PFS), overall survival (OS), and toxicities were investigated. A total of 58 patients and 76 METs with regular follow-up 
were analyzed. LC rate was 98.5% at six months, 96.0% at one year, and 90.6% at 2 years during a median follow-up of 12 
months (range, 2–37). The log-rank test indicated no difference in the distribution of LC for any clinical or treatment vari-
able. PFS was 86.7% at 6 months, 66.6% at 1 year, and 58.5% at 2 years. OS was 81% at 6 months, 63.6% at one year, and 
50.7% at 2 years. On the log-rank test, clinical parameters such as control status of primary cancer, presence of extracranial 
metastases, RTOG-RPA class, GPA group, and ds-GPA group were significantly associated with PFS and OS. Patients 
presented with grade 1 (19.0%), grade 2 (3.5%) and grade 3 (5.2%) side effects. Radiation necrosis was not observed in any 
patients. Our current results suggest that frameless hfGKRS for unresected, large METs is a rational alternative in selected 
patients with promising results.
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Introduction

Metastatic brain tumors (METs) are observed in approxi-
mately one-third of cancer patients, with increasing inci-
dence due to improvements in systemic therapies that 
provide longer survival [1]. The management of METs is 

multifaceted and includes surgery, systemic treatments, 
whole-brain radiotherapy (WBRT), and stereotactic radio-
therapy (SRT) [2]. The application of stereotactic radiosur-
gery (SRS), a form of SRT, alone for METs is increasing due 
to wider availability and heightened experience in the use of 
SRS, similar survival in subjects with a limited number of 
METs, and increased risk of impaired neurocognition and 
quality of life with WBRT [3].

Although single-fraction is efficient at controlling the 
lesion and saving healthy tissue in small tumors, larger 
METs (≥ 2–3 cm in maximum diameter or ≥ 4  cm3 in vol-
ume) or METs close to dose-limiting organs necessitated 
lower doses, and these lower doses led to moderate rates 
of durable local control (LC) [4, 5]. With the develop-
ment of frameless non-invasive fixation, on-board imag-
ing, and patient motion monitoring systems providing 
replicable, accurate positions that can be utilized for many 
fractions, hypofractionated SRS (hfSRS) using 2 to 5 frac-
tions has been implemented for the treatment of METs. 
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Hypofractionation uses the biologic benefits of fractionation 
and improves the therapeutic ratio between the probabilities 
of tumor control and normal tissue complications [6, 7]. The 
literature data theorize the potential of this method [8–20] in 
terms of efficiency and safety as opposed to single-fraction 
SRS (sfSRS) [9, 12, 18, 20–24].

This single-center, retrospective study aimed to describe 
the efficacy and safety of frameless hypofractionated 
Gamma Knife Radiosurgery (hfGKRS) in the treatment 
of unresected, large METs, and to analyze LC, overall sur-
vival (OS), intracranial progression-free survival (PFS), and 
toxicity.

Methods

Ethics statement

This retrospective study with prospectively managed data 
was authorized by the Institutional Review Board of Koç 
University (2020.190.IRB1.058) and was performed based 
on the principles of the Declaration of Helsinki. Informed 
consent was taken from all participants.

Eligibility and demographic data

This retrospective, single-center study included 58 consecu-
tive patients with 76 large METs who underwent frameless 
hfGKRS between June 2017 and June 2020. The study inclu-
sion criteria were (a) age ≥ 18 years, (b) a histologically 
verified systemic malignancy, and (c) MRI-confirmed large 
METs (> 4  cm3). Patients with a previous history of SRS for 
local failure, prior surgical resection of the targeted lesion, 
and inadequate follow-up information (< 2 months) were 
excluded. All data were retrieved from the patient charts and 
neuroimaging databases. All cytotoxic, hormone, cytokine 
(interleukins, interferons), and targeted systemic therapies 
were collected for each patient. Concurrent systemic ther-
apy was defined as an agent administered on the same day 
as hfGKRS or within five biological half-lives of the date 
of hfGKRS [25]. Table 1 tabulates the baseline patient and 
clinical features.

Radiosurgical technique

hfGKRS was conducted by Leksell Gamma Knife® Icon™ 
(Elekta Instrument AB, Stockholm, Sweden). A pre-treat-
ment warmed thermoplastic mask was molded over the 
patient’s face, and a reference cone-beam CT (CBCT) scan 
is obtained. Then pre-treatment 1-mm, thin-slice, volumet-
ric, axial CT, contrast-enhanced T1 images and T2-weighted 
MRI images were obtained and exported to Leksell Gamma 
Plan® (version 11.0.3 or version 11.1.1 Elekta Instrument, 

Stockholm, Sweden). The reference CBCT is registered 
with the planning MRI using the registration algorithm of 
the Gamma Plan. Target delineation was performed using 
T1-weighted MRI, and the gross tumor volume was equal 
to the clinical target volume and planning target volume. If 
other metastases were identified in the imaging studies, they 
were treated concurrently. Shots with collimator sizes 4, 8, 
and 16 mm were placed inside the target and manipulated to 
simultaneously achieve high target coverage, high selectiv-
ity, gradient index < 3, and reasonable treatment times using 
the best-fit isodose method until a clinically acceptable plan 
was formulated by a neurosurgeon, medical physicist, and 
radiation oncologist in collaboration. A second CBCT was 
co-registered with the reference CBCT. The new adapted 3D 
distribution and dose-volume histograms are again reviewed, 
and if satisfactory, the treatment is delivered. Before every 
fraction, CBCT was acquired to confirm the exact position 
of the skull. Automated co-registration was done to define 
the daily variation in translation and rotation. The program 
automatically adapts the shot positions to the daily position 
and recalculates the dose distribution.

As there are no definite guidelines to date with regards 
to the optimal dose to be used in hfGKRS for METs, the 
objective was to obtain a biological equivalent dose (BED) 
> 50Gy using an α/β ratio of 10, when possible [26]. How-
ever, additional parameters, such as MET size, histology, 
the presence of edema, overall metastatic disease in- and 
outside the central nervous system, concurrent clinical sta-
tus at the time of treatment (Karnofsky performance status 
(KPS)/recursive partitioning analysis (RPA)), organ at risk 
(OAR) proximity, and added biological dose estimates from 
previous WBRT, were also factored into the dose selection 
process. Fractionation mostly depended on target volume. 
Five-fraction treatment was delivered to brain metastases ≥ 
10  cm3 and three-fraction treatment to brain metastases > 
4  cm3 and < 10  cm3. However, the aforementioned dosing 
parameters were also taken into account when deemed. The 
fractionation and dose regimens used in the study were 3 × 
7 Gy, 3 × 8 Gy, 3 × 9 Gy, 5 × 5 Gy, and 5 × 6 Gy. METs 
were irradiated daily.

The OARs were contoured, and the planning objective 
was to minimize the dose to normal brain tissue as much as 
possible. Dose constraints to OARs for three fractions and 
five fractions were as follows: (a) optic pathway: 15.3 Gy 
to < 0.2 cm3, with a maximum point dose of 17.4 Gy in 
three fractions, and 23.0 Gy to < 0.2 cm3, with a maximum 
point dose of 25.0 Gy in five fractions; (b) cochlea: a maxi-
mum point dose of 17.1 Gy in three fractions or 25.0 Gy 
in five fractions; and (c) brainstem: 18.6 Gy to < 0.5 cm3, 
with a maximum point dose of 23.1 Gy in three fractions, 
and 23.0 Gy to < 0.5 cm3, with a maximum point dose of 
31.0 Gy in five fractions [27]. The entire brain volume was 
contoured on the treatment planning MRI and mean whole 
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Table 1  Baseline and treatment 
features of 58 patients 
metastatic brain tumors

Female: Male 25:33
Median age (range), years 59.5 (32-83)
The primary site, n (%)
 Lung (Non-small cell lung carcinoma) 24 (41.4)
 Breast 12 (20.7)
 Colorectal 8 (13.8)
 Genitourinary (Kidney + Bladder + Prostate) 7 (12.1)
 Malign melanoma 4 (6.9)
 Salivary gland 3 (5.2)

Number of metastatic brain tumors, n (%)
 1 27 (46.6)
 2–3 22 (37.9)
 ≥ 4 9 (15.5)

Location of metastatic brain tumors, n (%)
 Cerebellum 25 (32.9)
 Frontal 20 (26.3)
 Parietal 12 (15.8)
 Temporal 9 (11.8)
 Occipital 5 (6.6)
 Brainstem 1 (1.3)
 Other (Basal ganglia, thalamus) 4 (5.3)

Previous cranial treatment, n (%)
 Surgical resection 20 (34.5)
 Radiosurgery 1 (1.7)
 Whole brain radiotherapy 9 (15.5)

Previous systemic treatment, n (%)
 Traditional chemotherapy 33 (56.9)
 Cytotoxic therapy 19 (57.6)
 Hormone therapy 14 (42.4)
 Targeted therapy 2 (3.5)
 Immunotherapy 0 (0)
 Median Karnofsky performance status (range) 90 (60-100)

Recursive partitioning analysis (RPA) classification
 Class I 22 (37.9%)
 Class II 32 (55.2%
 Class III 4 (6.9%)

Graded prognostic assessment (GPA) scoring
 0–1 5 (8.6%)
 1.5–2.5 32 (55.2%)
 3 13 (22.4%)
 3.5–4.0 8 (13.8%)

Diagnosis-specific graded prognostic assessment (ds-GPA) scoring
 0–1 4 (6.9%)
 1.5–2 13 (22.4%)
 2.5–3 26 (44.8%)
 3.5–4.0 12 (20.7%)
 Not calculated 3 (5.2%)

Graded prognostic assessment for lung cancer using molecular markers (Lung-molGPA) 
scoring

 0–1 2 (8.3%)
 1.5–2 10 (41.7%)
 2.5–3 12 (50%)
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brain dose (MWBD) was calculated. For each plan, all 
enhancing tumors were outlined and total volume of tumors 
within that single radiosurgery session was recorded. No 
other specific dose-volume constraints were applied to other 
structures.

Follow‑up and outcome measures

Patients underwent a regular clinical neurological exami-
nation and diagnostic imaging of the brain 2 months after 
the initial hfGKRS procedure and then approximately every 
2–4 months thereafter, according to the imaging and clinical 
characteristics. All pre-treatment and post-treatment radio-
logical examinations were evaluated by a team comprised 
of a radiation oncologist, neurosurgeon, and neuroradiolo-
gist. Response assessment of target lesions was performed 
according to the Response Assessment in Neuro-Oncology 
Brain Metastases (RANO-BM) group as complete response 
(tumor disappearance), partial response (≥ 30% decrease in 
longest diameter), progressive disease (≥ 20% increase in 
the longest diameter), and stable otherwise [28]. A complete 
response, partial response, and stable disease were indicative 
of LC. The LC was assessed throughout the study until local 
failure or death. Intracranial PFS was defined as the time 
interval until distant intracranial recurrence or local failure 
or death, and overall survival (OS) was defined as the inter-
val between hfGKRS and date of last follow-up or death. All 
patients were classified using the RPA classification system 
of the Radiation Therapy Oncology Group (RTOG) [29], 
Graded Prognostic Assessment (GPA) [30], and diagnosis-
specific graded prognostic assessment (ds-GPA) score [31]. 
The updated Graded Prognostic Assessment for lung cancer 
using molecular markers (Lung-molGPA) [32] and Graded 
Prognostic Assessment for melanoma using molecular mark-
ers (Melanoma-molGPA) [33] were also calculated.

Radiation necrosis (RN) was determined regarding the 
radiological criteria proposed by Minniti et al. [34]. In addi-
tion to standard radiological modalities such as dynamic 
susceptibility-weighted contrast-enhanced (DSC) perfu-
sion MRI, fludeoxyglucose F18 (FDG) positron emission 
tomography (PET) and MR-spectroscopy (MR-SPECT), 
Elements Contrast Clearance Analysis (BrainLAB AG, 
Munich, Germany) was used to calculate color-coded Treat-
ment Response Assessment Maps (TRAMs) by subtracting 
delayed T1-CE images from early T1-CE images. Following 
injection, the contrast agent spreads rapidly throughout the 
circulation system and is removed by the kidneys within 
a few hours. Therefore, vessels typically exhibit a rapid 
increase in signal intensity, followed by a relatively rapid 
clearance. Subtraction of signal intensities in voxels, includ-
ing vessels, is thus negative (depicted in blue). Pathologies 
with dense vasculature also typically exhibit a rapid increase 
in signal intensity followed by a relatively rapid clearance, 
although the peak intensity is delayed due to blood-brain 
barrier disruption. The subtraction is negative (blue) as 
well. Areas with damaged vasculature typically exhibit slow 
accumulation of contrast, and thus the subtraction is positive 
(depicted in red). In summary, areas of contrast accumula-
tion (low vascular activity) were illustrated in red, and areas 
of contrast clearance (high vascular activity) were illustrated 
in blue. A subjective diagnosis of “persistent tumoral lesion” 
was based on the presence of blue areas, and a diagnosis of 
“radiation effect” was made in case of red areas [35]. Toxic-
ity was ranked with the Common Terminology Criteria for 
Adverse Events version 5.

Statistical analysis

All analyses were conducted utilizing SPSS 21.0 (Statistical 
Package for Social Sciences, SPSS Inc., Chicago, IL, USA). 
Descriptive statistics were used to define the study cohort. 

Table 1  (continued)  3.5–4.0 0
Graded prognostic assessment for melanoma using molecular markers (Melanoma-mol-

GPA) scoring
 0–1 0
 1.5–2 0
 2.5–3 4 (100%)
 3.5–4.0 0

Median time from metastasis to hfGKRS (range), weeks 2.5 (0–316)
Median target volume (range),  cm3 6.15 (4–22.2)
Median isodose line, (range), % 45 (40–60)
Median fractionation (range) 3 (3–5)
Median dose per fraction (range), Gy 9 (5–9)
Median total dose to the margin (range), Gy 27 (21–30)
Median mean whole brain dose (range), Gy 3.4 (1.6–4.9)
Median follow-up time (range), months 12 (2–37)

hfGKRS: hypofractionated Gamma Knife radiosurgery
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LC, intracranial PFS, and RN analyses were performed using 
a per-tumor basis. Evaluation of OS was conducted on a 
per-patient basis. Kaplan-Meier survival plots were applied 
to estimate LC, intracranial PFS, and OS distributions. Log-
Rank test was used to assess predictive factors on survival 
outcomes, which included age (≥ 65 years vs. < 65 years), 
gender, primary cancer type, tumor location (eloquent vs. 
non-eloquent), MET volume (RTOG group A 4–14  cm3 vs. 
RTOG group B > 14  cm3), total METs volume (≥ 15  cm3 
vs. < 15  cm3), number of irradiated METs (multiple vs. 
solitary), status of primary cancer, extracranial metastases, 
pre-treatment KPS score (≥ 70 vs. < 70), RTOG-RPA class 
(I, II, III), GPA scores (0–1, 1.5–2.5, 3, 3.5–4) DS-GPA 
score (0–1, 1.5–2, 2.5–3, 3.5–4), prior conventional systemic 
agents, prior WBRT, and prior craniotomy for other than 
the targeted lesion. Prognostic factors that were found sig-
nificant (p ≤ 0.2) were included in the multivariate analysis 
using a Cox proportional hazards regression model. All tests 
were two-sided, and p < 0.05 was regarded as statistically 
significant.

Results

General characteristics

Fifty-eight subjects with a total number of 131 METs were 
reviewed, and 76 unresected, large METs were included 
in the analysis. The median age of patients was 59.5 years 
(range, 32-83). The most common primary diagnosis was 
non-small cell lung carcinoma (NSCLC) (n = 24), and the 
most common location was cerebellum (n = 25). Twenty-
seven patients (46.6%) had a single tumor, and the median 
number of METs and large METs treated per patient was 
2 (range, 1–10) and 1 (range, 1–3), respectively. Sixty-six 
lesions were in the RTOG Group A (median = 5.55  cm3), 
and ten lesions were in Group B (median = 16.5  cm3). Those 
ten lesions were not resected due to eloquent area localiza-
tion (n = 4), low KPS (n = 3), and patient preference (n = 
3). Twenty patients (34.5%) had previously undergone cra-
nial surgery for METs other than the targeted lesions. Nine 
patients (15.5%) previously received WBRT. The median 
duration between diagnosis of metastasis and hfGKRS was 
2.5 weeks (range, 0–316). hfGKRS was delivered in 3 daily 
fractions in 54 lesions (median volume = 5.2  cm3) or 5 daily 
fractions in 22 lesions (median volume = 13.3  cm3). The 
median target volume was 6.15  cm3 (range, 4-22.2). The 
median total dose to the margin, dose per fraction and the 
isodose line was 27 Gy (range, 21–30), 9 Gy (range, 5–9), 
and 45% (range, 40–60), respectively. The median MWBD 
per treatment was 3.4 Gy (range 1.6–4.9 Gy). A summary 
of the baseline features of this study is shown in Table 1.

Systemic treatments

Among all patients, 33 patients (56.9%) were treated with 
chemotherapy or hormone therapy at the time of hfGKRS; 
however, none of these were concurrent. Among these 33 
patients, 19 patients (57.6%) had received cytotoxic thera-
pies, and 14 patients (42.4%) received hormone therapies. 
Only two patients (3.5%) with non-small cell lung cancer 
were on concurrent targeted therapy with epidermal growth 
factor receptor (EGFR)-tyrosine kinase inhibitors (TKIs).

Local control and progression

The median clinical and radiologic follow-up was 12 months 
(range, 2–37 months). The local responses were regarded 
as complete response in 15 METs (19.7%), partial response 
in 54 METS (71.1%), and stable disease in four METs 
(5.3%). The post-hfGKRS median METs volume was 1.3 
 cm3 (range, 0-11.3). The median volume percent changes 
in responders and stable disease were 80% (range, 65–100) 
and 27.5% (range, 15–35%), respectively. An illustrative 
case is shown in Fig. 1. Progressive disease was observed 
in three METs (3.9%), with a median volume percent change 
of − 25%. The LC rate was 98.5% at 6 months, 96.0% at 
one year, and 90.6% at 2 years (Fig. 2). The log-rank test 
indicated no difference in the distribution of LC for any 
clinical or treatment variable. New METs were detected in 
16 subjects and were managed with repeat GKRS in 15 sub-
jects after a median period of 10 months (range, 2–14) and 
WBRT in one subject after 5 months. The mean local/dis-
tant intracranial PFS was 25.6 months (95%CI 21.0–30.1). 
Intracranial PFS was 86.7% at 6 months, 66.6% at 1 year, 
and 58.5% at 2 years (Fig. 2). The log-rank test indicated 
that control status of primary cancer (p = 0.001), presence 
of extracranial metastases (p < 0.0001), RTOG-RPA class (p 
< 0.0001), GPA group (p = 0.013), and ds-GPA group (p = 
0.002) were predictive factors of intracranial PFS. However, 
only RTOG-RPA class (p = 0.022) remained significant in 
multivariate analysis.

Overall survival

In the last follow-up, 33 subjects (56.9%) were alive, and 25 
subjects (43.1%) were dead. Twenty deaths (80.0%) were 
due to primary cancer progression, while five deaths (20.0%) 
were due to progressive brain disease. Leptomeningeal 
metastasis (LM) was observed in one patient (1.7%) with a 
breast carcinoma diagnosis who had a surgical resection for 
a cerebellar MET. The distribution of RTOG RPA, GPA, and 
ds-GPA are presented in Table 1. The mean OS was 23.2 
months (95%CI 19.2–27.2). OS was 81% at 6 months, 63.6% 
at one year, and 50.7% at 2 years (Fig. 2). Furthermore, the 
median survival after the diagnosis of METs was 14 months 
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(range, 2-94). On log-rank test, clinical parameters such as 
control status of primary cancer (p = 0.008), presence of 
extracranial metastases (p < 0.0001), RTOG-RPA class (p 

< 0.0001), GPA group (p = 0.001), ds-GPA group (p < 
0.0001) and Lung-molGPA (p < 0.0001) were significantly 
associated with OS (Table 2). However, only presence of 

Fig. 1  An illustrative case treated with hypofractionated Gamma 
Knife radiosurgery. a A 46-year-old male patient was simultaneously 
diagnosed with a metastatic lesion in the head of the caudate nucleus 
and non-small cell lung carcinoma. The metastatic lesion was irradi-
ated with a marginal dose of 24 Gy in 3 fractions (targeted to 45% 

isodose line) (The treatment plan is given on the right). b 4 months 
and c 10 months after radiosurgery, the lesion had shrunk dramati-
cally. d A final follow-up imaging scan, obtained 16 months after 
radiosurgery, showed that the metastatic lesion had nearly disap-
peared. The patient was still alive at the analysis.

Fig. 2  Local control, progression-free survival, and overall survival of the study cohort
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extracranial metastases (p = 0.041) remained significant in 
multivariate analysis.

Toxicity

hfGKRS was well tolerated. Grade 1 toxicities (headache, 
dizziness, and somnolence) occurred in 11 patients (19.0%), 
grade 2 toxicities (headache) occurred in two patients 
(3.5%), and grade 3 toxicities (edema cerebral) occurred in 
three patients (5.2%). The median time to onset of edema 
was 1 month. All patients with edema were managed with 
short-term steroid treatment. No RN was observed in this 
study.

Discussion

Although hfSRS with linear accelerator-based radiosurgery 
is well-defined, the present study demonstrated the pre-
liminary frameless hfGKRS experience in 58 patients with 
76 unresected, large METs who were treated with Gamma 
Knife  ICONTM as initial treatment at a single institution, 
showing an LC rate of 98.5% at 6 months and 96.0% at 

one year, and grade 3 toxicity rates of 5.2%. This study has 
the highest number of MET patients treated with Leksell 
Gamma Knife® Icon™. Our results are compatible with the 
previously reported results of hfSRS as an upfront treat-
ment for METs. This study showed that frameless hfGKRS 
for METs is well-tolerated, with satisfactory efficiency and 
safety.

Whole‑brain radiotherapy and single‑fraction 
radiosurgery

The management of METs is complicated and affected 
by several tumor-related and patient-related factors. 
Although surgical resection succeeded by adjuvant irra-
diation may be the most favored treatment for METs, 
radiation may become the main modality in treating 
the patients who were not surgical candidates [36, 37]. 
WBRT was deemed as the standard treatment for treat-
ing patients with METs when surgery is not applicable 
or not demanded [38]; however, both moderate LC and 
worries about toxicities associated with WBRT have 
caused considerable interest in managing METs with 
focal irradiation [3, 39]. sfSRS, which is a subgroup of 

Table 2  Log-rank test and 
cox regression results of local 
control, progression-free 
survival, and overall survival

LC local control, PFS progression-free survival, OS overall survival, RTOG-RPA recursive partitioning 
analysis classification system of the Radiation Therapy Oncology Group, GPA graded prognostic assess-
ment, ds-GPA diagnosis-specific graded prognostic assessment, Lung-molGPA graded prognostic assess-
ment for lung cancer using molecular markers, Melanoma-molGPA graded prognostic assessment for mela-
noma using molecular markers
*Donates cox regression analysis

Variable LC PFS OS

Age 0.267 0.469 0.547
Gender 0.838 0.385 0.938
Fractionation 0.471 – –
Dose per fraction 0.322 – –
Total dose to the margin 0.993 – –
Tumor volume 0.214 – –
Total lesion volume – – 0.533
Prior craniotomy 0.966 0.562 0.278
Prior whole brain radiotherapy 0.542 0.716 0.506
Prior chemotherapy 0.368 0.211 0.172
Tumor location (Eloquent vs. Non-eloquent) 0.625 – –
Primary cancer type 0.641 0.236 0.818
Control status of primary cancer – 0.001/0.056* 0.008/0.920*
Extracranial metastases – < 0.0001/0.662* < 0.0001/0.041*
RTOG-RPA class – < 0.0001/0.022* < 0.0001/0.582*
GPA group – 0.013/0.840* 0.001/0.710*
ds-GPA group – 0.002/0.167* < 0.0001/0.466*
Lung-molGPA group – 0.023 < 0.0001/0.213*
Melanoma-molGPA group – 0.725 0.725
Number of metastases – 0.822 0.533
Karnofsky Performance Score – 0.409 0.984
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SRT approach, has been preferred to WBRT for several 
years with excellent LC in selected patients with METs 
[40]. While single-fraction treatment of small tumors was 
both efficient at tumor control and saving healthy tissue 
[41], the capacity to safely deliver a satisfactory dose 
with optimal results in a single fraction to larger lesions 
was restricted to tumor diameters above 2–3 cm, as deter-
mined in the Radiation Therapy Oncology Group (RTOG) 
trial 90-05 [4]. In that study, it was concluded that as 
tumors increased in diameter, the dose must be reduced to 
consider the risk of severe toxicity, and dose limits of 24 
Gy, 18 Gy, and 15 Gy were established for lesions < 2.0, 
2.0–3.0, and 3.1–4.0 cm in maximum dimension. Con-
tradictorily, as tumor diameter increases, tumor volume 
and the number of tumor cells increase to a great extent; 
thus, the reduced dose affects tumor control adversely. 
Indeed, the 1-year LC rates for tumors > 3 cm utiliz-
ing the RTOG-recommended 15 Gy dose were 37%–62% 
[4, 42]. A study by Vogelbaum et al. [43] determined 
that the dose limit demanded by increasing size caused 
a 1-year LC rate of 85% in METs managed with 24 Gy, 
compared with 49% in METs treated with 18 Gy and 45% 
in METs treated with 15 Gy. However, we did not find 
such a relationship between LC and the delivered dose. 
To overcome this, one would fancy administering higher 
doses to the larger volumes to kill comparable proportions 
of tumor cells. However, high-dose sfSRS in subjects with 
small or large METs or patients who had local failure 
following a previous SRS yield a higher risk of RN [4, 
18, 20, 24, 42–46], and the relationship between the irra-
diated brain volume with a high single dose and risk of 
RN became apparent as parameters such as V12Gy and 
V10Gy were confirmed to be predicting [47]. Regard-
less of the sfSRS or hfSRS, it should be kept in mind 
that there likely is a point at which the number of brain 
metastases treated with SRS results in a significant dose 
of radiation to the whole brain. Despite this risk, SRS 
was accepted to be neurologically safer even when doses 
approach those seen in a single WBRT. Jairam et al. [48] 
suggested that a MWBD of 4 Gy can be both used as 
clinical benchmarks for theoretically safe administration 
of SRS to the brain. In our study, the median MWBD per 
treatment was 3.4 Gy (range 1.6–4.9 Gy). Another limi-
tation of sfSRS is METs near OARs like the brainstem, 
optic pathways, and cochlea. In such cases, traditional 
sfSRS resulted in higher adverse radiation effects [49]. In 
a study by Yuan et al. [50], it was shown that a low dose 
to OARs could be maintained despite SRS with repeat 
GKRS, and thus the low cumulative doses to the brain and 
the hippocampi may potentially spare these patients from 
radiation-induced neurocognitive decline as commonly 
seen with WBRT.

Fractionation

Several novel strategies have been explored to overwhelm 
the moderate LC achieved in the treatment of METs and 
minimize the SRS-related toxicity. Dose fractionation was 
considered a possible alternative for enhancing the total dose 
delivered to the lesion and restraining the toxicity to sur-
rounding tissues. Differing from sfSRS, where patients are 
conventionally immobilized with an invasive frame, non-
invasive stereotactic systems with a mask or a re-locatable 
frame are regularly used for multi-fraction SRS. Retrospec-
tive and prospective studies evaluating hfSRS [8–20] and 
staged SRS [51–55] have been studied in the treatment of 
METs. The basis was to increase the prescribed dose and 
the LC while reducing the radiation-related morbidity by 
dividing the dose over time and possibly to smaller targets 
during the second treatment. The treatment of METs with 
sfSRS, hfSRS, and staged SRS (SSRS) in studies from the 
last 10 years is shown in Table 3, where particular study 
features, treatment responses, and toxicities are analyzed. 
A  BED10 comparison is also presented using the linear-
quadratic model [56].

Hypofractionated stereotactic radiosurgery

Wiggenraad et al. [20] first described the use of hfSRS for 
METs in 2012. Since then, various single-institution series 
have published hfSRS results, indicating trends toward better 
or equal LC rates with fewer RN despite the larger irradi-
ated volumes (Table 3). In the meta-analysis of 24 studies, 
Lehrer et al. [57] compared LC rates of sfSRS and hfSRS in 
the upfront and postoperative settings. The study included a 
total of 1094 subjects with 1157 large METs in the upfront 
group. In the upfront hfSRS group, the median OS during 
a median follow-up of 10 months was 11.8 months, and the 
most common hfSRS dose was 27 Gy in 3 fractions (range, 
24–35 Gy in 2–5 fractions). BEDs ranged from 43.2 to 
76.2 Gy in the upfront hfSRS studies. The mean OS was 
23.2 months during a median follow-up of 12 months, and, 
similarly, the median total dose to the margin was 27 Gy, 
with a median dose per fraction of 9 Gy in our study. The 
most commonly used SRS platform was Gamma Knife 
(Elekta AB, Stockholm, Sweden), which was used in 10 
of 24 studies. The data in the study by Lehrer et al. [57] 
were segmented into groups based on RTOG 90-05 defini-
tions as Group A (4–14 cm3 or about 2–3 cm in diameter) 
and Group B (> 14  cm3 or about > 3 cm in diameter). The 
median tumor volume was 15.7  cm3 (range, 5.9–29.4  cm3) 
for upfront hfSRS, with a median tumor volume for Group A 
of 10.5  cm3 (range, 5.9–12.6  cm3) and Group B of 17.6  cm3 
(range, 15.6–29.4  cm3). The median tumor volume in our 
study was 6.15  cm3 (range, 4–22.2), with a median tumor 
volume for RTOG 90-05 Group A of 5.5  cm3 (range, 4–3.6) 
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and Group B of 16.5  cm3 (range, 14.4–22.2). LC rates at 
1-year ranged from 59 to 100% in the meta-analysis. They 
found that hfSRS potentially afforded a 20% relative increase 
in 1-year LC in METs measuring 4 to  14cm3 and/or 2 to 3 
cm in diameter treated with upfront intent. However, they 
did not observe an LC benefit in larger METs measuring > 
14  cm3 and/or > 3 cm in diameter. In our study, the LC rate 
at one year was 96.0%. Interestingly, LC was better in our 
study in RTOG Group B tumors than Group A tumors, as 
all three local failures in the study were observed in Group 
A. All three METs were of skin origin (malign melanoma), 
and it is already known that there is a significant relationship 
between local failure and tumor histology and that melano-
mas have the highest relative risk for local failure after SRS 
[58]. As the suitable dose selection and fractionation for 
large brain metastases remain controversial, personal experi-
ences along with tumor characteristics, concurrent clinical 
status, and current or previous treatment history affect the 
dosing and fractionation schemes. In this study, the prescrip-
tion dose was decided based on a linear-quadratic model 
that assumed an α/β ratio of 10 Gy for malignant tumors. 
A larger tumor volume and lower total marginal dose are 
suggested as potential candidates for local control failure; 
however, no factors were found to be significant in the uni-
variate analyses in this study. While the dose delivered via 
hfGKRS could theoretically be increased, prescription doses 
are currently constrained by the volume of the tumor being 
treated to avoid RN. It is necessary to clarify the optimum 
dose, interval, and number of fractionations to treat large 
brain metastases in the future.

Radiation necrosis

RN is the most significant late toxicity described following 
SRS. Its importance is increasing in patients with METs, 
as they started living longer, thus having an increased risk 
of exhibiting RN after SRS. Regarding the radiobiological 
principles of reduced healthy tissue toxicity with increased 
fractionation, hfSRS can decrease RN incidence. hfSRS 
regimens allow for a higher BED administration due to inter-
ludes between fractions, which is not achievable with sfSRS. 
Minniti et al. [12] analyzed 289 subjects with METs > 2.0 
cm who underwent upfront SRS and found that the radio-
logical changes indicative of RN were significantly higher 
in patients who received a median dose of 18 Gy with sfSRS 
(27.7%) as compared with those who received a total dose of 
27 Gy in 3 fractions (14.4%) (p = 0.04). In their meta-analy-
sis, Lehrer et al. [57] also analyzed the RN incidence strati-
fied by the fractionation scheme. They found a significantly 
higher random effects estimate for the incidence of RN in the 
upfront sfSRS group (18.2%) compared to the upfront hfSRS 
group (7.1%) (p = 0.02). Prabhu et al. [21] reported a study 
where patients managed with upfront sfSRS with a median 

tumor volume of 5.9  cm3 (RTOG 90-05 Group A) received 
a single fraction of 18 Gy. These patients encountered an 
RN rate of 17.2%. In contrast, Navarria et al. [13] analyzed 
102 patients who underwent hfSRS for a median maximum 
diameter of BM of 2.9 cm (RTOG 90-05 Group A) and 
found an RN incidence of 5.9%. Han et al. [23] reported an 
RN incidence of 38.8% (18.8% unacceptable toxicity levels) 
in 80 patients who were managed with upfront sfSRS for a 
median tumor volume of 22.4  cm3 (RTOG 90-05 Group B) 
and received a median single dose of 13.8 Gy. In contrast, 
Kim et al. [11] published an RN incidence of 2.7% in 36 
patients with a mean gross tumor volume of 18.3  cm3 and 
received a median dose of 8 Gy with three fractions for three 
consecutive days. The meta-analysis by Lehrer et al. [57] 
reported that the random effects estimate for RN incidence 
stratified by increasing tumor size were not statistically sig-
nificant between upfront SRS Group A (11.3%) and Group 
B (7.6%) (p = 0.49). However, they found that the random 
effects estimate for RN was significantly (p = 0.003) higher 
in Group A METs treated with upfront sfSRS than Group 
A METs treated with upfront hfSRS (23.1% vs. 7.3%). In 
our study, comparable to the recently published studies by 
Park et al. [8] and Chon et al. [9], RN was not observed in 
any patients.

Staged stereotactic radiosurgery

sSRS was suggested to be the major competing technique for 
hfSRS. This method is based on providing an increased over-
all dose in two or three individual sessions and is established 
on the assumption that volume reduction following the initial 
SRS may enhance the therapeutic ratio by reducing the vol-
ume of the second stage of the procedure. Dissimilar from 
the daily hfSRS, sSRS intends to decrease toxicity with a 
more extended delay between fractions, benefiting from 
the interval volume reduction that is usually seen between 
stages so that less brain volume is treated in the following 
stages. Angelov et al. [52] claimed that the high doses in 
every session might improve the killing of tumor cells by 
endothelial cell apoptosis, microvascular dysfunction, and 
the disruption of tumor perfusion that occurs at a threshold 
of 10 Gy and is typically not obtained with hfSRS, where 
fraction doses are generally 6–9 Gy. They also stated that the 
repair half-time for late radiation effects could be as long as 
76 h; therefore, they preferred a 30-day interlude between 
stages to provide ten half-lives for repair and lessen RN risk 
[59]. Although successful results were reported, there is a 
volume restriction for a MET that can effectively be man-
aged with this technique. It is vague what the upper limit 
of the volume is that can be managed with sSRS, as frac-
tional doses would likely require to be decreased for larger 
lesions, and it is indefinite whether this would unfavorably 
affect LC. In fact, the LC rates published up-to-date range 
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between 61 and 86.7% with being poor compared to hfSRS 
rates (Table 3). Besides, sSRS is proposed to safely deliver 
up to 73 Gy of  BED10 to the tumor itself by augmenting the 
dose usually delivered to the METs and optimizing LC; the 
rate of RN in these studies, even with recently published 
ones, are approximately 10%. A  BED10 value ≥ 50Gy has 
been recommended for hfSRS regimens, and a 1-year LC of 
96.0% and a RN rate of 0% were achieved in our study with 
a  BED10 value of 51.3 [60].

Leptomeningeal metastasis

LM is often associated with poor OS, typically measured in 
weeks to months, which makes reducing the rate of LM a 
potentially important goal [61]. In our cohort, one patient 
who had undergone surgical resection for a cerebellar MET 
had a LM and died after 5 months. It seems important to use 
a treatment strategy that effectively controls METs while 
minimizing the risk of iatrogenically introduced LM. One 
such treatment strategy is the utilization of upfront SRS, 
which has been reported to reduce the risk of LM in patients 
requiring surgical resection of a MET [62].

The role of systemic treatments

The future of MET management is signified on person-
alized therapeutics targeted to specific tumor molecular 
pathways, such as those involved in the blood-brain barrier 
transgression, cell-cell adhesion, and angiogenesis. Person-
alized therapies should, therefore, be preferred based on 
MET tissue whenever feasible. EGFR-TKIs have succeeded 
in notable clinical improvements, with promising toxicity 
profiles, in NSCLC patients harboring EGFR mutations 
[63]. Two recent studies have demonstrated that combined 
use of GKRS and EGFR-TKI was correlated with increased 
OS in patients with METs from NSCLC [64, 65]. Another 
topic of great interest is whether TKIs exacerbate the toxic-
ity of treatment. Preclinical and clinical data revealed that 
cancer cells with EGFR mutations are radiosensitive and 
that EGFR-TKI is considered a radiosensitizer. One study 
reported a significantly greater 12-months cumulative inci-
dence of RN in patients who had used TKIs within 30 days 
of SRS (10.9 vs. 6.4%, p = 0.04) [66]. On the other hand, 
Yomo et al. demonstrated no substantial differences between 
the SRS with versus without EGFR-TKI use in terms of 
either local efficacy or toxicity at the site of stereotactic irra-
diation [65]. In our study, only two patients were on concur-
rent EGFR-TKI therapy, and they were still alive during the 
study with median follow-up periods of 37 months and 30 
months. Besides, no toxicity was observed in these patients. 
However, we cannot make any assumptions on the effect of 
concurrent TKI therapy in our cohort, as there were only 
two patients. Careful documentation of systemic agents use 

before and after GKRS is necessary. Reducing the irradia-
tion dose delivered to tumors in patients treated with novel 
systemic agents, as an approach to avoiding radiation injury, 
should perhaps be considered. In our center, MET patients 
are discussed with medical oncologists before and after 
GKRS to ensure proper treatment planning.

Perspective

Regarding the increased experience with favorable out-
comes, hfSRS is a vital alternative to treat patients with 
METs. The progressive growth of brain metastases is 
often associated with advanced primary cancer. Although 
detailed information on the relationship between MET cells 
and host immune response is scarce, more and more evi-
dence suggesting that an effective immune response may 
have great potential in mediating the tumor dynamics. 
Therefore, a profound understanding of the pathogenesis 
of METs, tumor dynamics, and immune microenvironment 
is of great importance in the prognosis. As mentioned ear-
lier, the suitable dose selection and fractionation for large 
brain metastases remain controversial, and it is necessary 
to clarify the optimum dose, interval, and number of frac-
tionations for the treatment of large brain metastases. This 
clarification becomes more important as novel treatment 
options such as targeted agents and immunotherapy have 
come into play. Early evidence suggests synergy between 
SRS and immune system modulation, presumably due to an 
abscopal response mediated by SRS-induced tumor associ-
ated antigen release. Nowadays, there has been increased 
enthusiasm in exploring the synergy of SRS and immuno-
therapy in the treatment of METs. There are more than 80 
clinical trials in progress on SRS trying to find an answer to 
dose escalation (NCT03412812), dose reduction for brain 
metastasis on immunotherapy (NCT04047602), and frac-
tionation on immunotherapy (NCT04427228). A recent sys-
tematic review and meta-analysis by Sha et al. [67] including 
51 studies on toxicity in combination immune checkpoint 
inhibitor and radiation therapy revealed comparable grade 
3–4 toxicities in immune checkpoint inhibitor with radiation 
therapy (16.3%; 95% CI 11.1–22.3%) and immune check-
point inhibitor alone (22.3%; 95% CI 18.1–26.9%) in CNS 
melanoma metastases, NSCLC, and prostate cancer.

Limitations

The major limitation of the present study was the retrospec-
tive nature of the analysis. Another limitation of our study 
was a short follow-up time due to the poor prognosis for 
these patients. The dominance of NSCLC histopathology in 
our study might impact the general applicability of the out-
comes. The low rate of RN might be due to the short follow-
up period. Besides, results from a single institution might 
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be prone to patient selection bias. Additionally, it should be 
noted that poor compliance might be observed with mask-
based treatment in claustrophobic patients. The findings of 
the current study are intended to be hypothesis-generating, 
and additional studies are needed to classify the most proper 
forms for hfSRS based on tumor and patient features.

Conclusion

The results of the current study with the highest number of 
unresected, large MET patients treated with hypofraction-
ated Leksell Gamma Knife® Icon™ propose a superior bal-
ance of efficiency and toxicity of frameless upfront hfGKRS 
in the management of METs. Thus, frameless upfront hfG-
KRS represents a reasonable therapeutic option in selected 
patients with risks for greater toxicity due to increasing 
treatment volume and with lesions in close proximity to 
critical normal structures that limit the use of sfSRS.
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