
Vol.:(0123456789)1 3

Journal of Neuro-Oncology (2023) 163:385–395 
https://doi.org/10.1007/s11060-023-04358-8

RESEARCH

Retrospective non‑inferiority study of stereotactic radiosurgery 
for more than ten brain metastases

Naoya Nagai1,2 · Yutaro Koide1 · Yurika Shindo1,2 · Shingo Hashimoto1 · Hiroyuki Tachibana1 · Takeshi Kodaira1 · 
Shunichi Ishihara2 · Shinji Naganawa2

Received: 4 May 2023 / Accepted: 29 May 2023 / Published online: 7 June 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
Aim This study aimed to investigate the clinical benefits of stereotactic radiosurgery (SRS) in patients with > 10 brain 
metastases (BM) compared to patients with 2–10 BM.
Methods The study included multiple BM patients who underwent SRS between 2014 and 2022, excluding patients who 
underwent whole brain radiotherapy, had a Karnofsky Performance Status score < 60, suspected leptomeningeal disease, or 
a single BM lesion. Patients were divided into two groups (2–10 and > 10 BM groups) and matched 2:1 based on propensity 
scores. The primary endpoint was overall survival (OS) in the matched dataset, with intracranial progression-free survival 
(PFS) as the secondary endpoint. Non-inferiority was established if the upper limit of the 95% confidence interval (CI) of 
the adjusted hazard ratio was below 1.3.
Results Of the 1042 patients identified, 434 met eligibility criteria. After propensity score matching, 240 patients were 
analyzed (160 in the BM 2–10 group and 80 in the > 10 BM group). The median OS was 18.2 months in the 2–10 BM group 
and 19.4 months in the > 10 BM group (P = 0.60). The adjusted hazard ratio was 0.86 (95% CI: 0.59–1.24), indicating non-
inferiority. PFS was not significantly different between the groups (4.8 months vs. 4.8 months, P = 0.94). The number of BM 
did not significantly impact OS or PFS.
Conclusions SRS for selected patients with > 10 BM was non-inferior in terms of OS compared to those with 2–10 BM in 
a propensity score-matched dataset.

Keywords Stereotactic radiosurgery · Stereotactic radiotherapy · Brain metastases · Non-inferiority study · Whole brain 
radiotherapy
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Introduction

Brain metastases (BM) are the most common intracra-
nial tumors in adults, with an incidence of 8–10% among 
patients with cancer [1]. Stereotactic radiosurgery (SRS) 
is an effective local therapy, along with whole-brain 
radiotherapy (WBRT) and surgery [2–5]. SRS has been 
established as the standard of care (SOC) for patients with 
1–4 BM in several randomized controlled trials [6–10]. 
Although WBRT remains the SOC for patients with exten-
sive BM, the role of SRS is expanding as an alternative 
treatment for such patients. A multicenter prospective 
observational study, JLGK0901, demonstrated that SRS 
for up to 5–10 BM was non-inferior to SRS for 2–4 BM 
in terms of overall survival (OS) [11, 12]. The National 
Comprehensive Cancer Network (NCCN) guidelines 
define patients with limited BM as those "for whom SRS 
represents an effective alternative to WBRT, but with more 
cognitive protection" rather than a specific number of BM 
[2]. Despite insufficient evidence, SRS has frequently been 
performed alone in patients with an extended number of 
BM in clinical practice [13]. A recent randomized con-
trolled trial (NCT01592968) comparing SRS to WBRT for 
non-melanoma patients with 4–15 BM revealed that SRS 
is associated with a decreased risk of neurocognitive dete-
rioration compared to WBRT without negatively affecting 
overall survival [14]. However, this trial was prematurely 
terminated owing to slow enrolment; therefore, further 
research is required to support the expanding benefit of 
SRS for more extensive BM.

Recent advances in targeted therapies and immunother-
apies have demonstrated the effectiveness of some regi-
mens in the central nervous system (CNS). Patients with 
non-small cell lung cancer (NSCLC), breast cancer, or 
melanoma are recommended for specific targeted therapy 
or immune checkpoint inhibitors (ICI) treatment for BM 
[3, 15]. In addition, several studies have reported promis-
ing results from combining local and systemic therapies 
[16–26]. This study aimed to evaluate the efficacy of SRS 
in patients with > 10 BM compared to patients with 2–10 
BM after adjusting for variables that may affect prognosis.

Methods

Study design, patient selection, and treatment

This single-center retrospective study involved patients 
diagnosed with BM between 2014 and 2022 from an insti-
tutional disease database. The Institutional Review Board 
approved this study, and all participants provided informed 

consent with an opt-out form that stated that participants 
were included　unless they explicitly decided to exclude 
themselves [27]. All analyses were conducted according 
to the relevant guidelines and regulations.

The eligibility criteria were: (1) diagnosis of multiple BM 
using computed tomography or magnetic resonance imag-
ing, and (2) SRS performed for BM between 2014 and 2022. 
The exclusion criteria were: (1) treatment with WBRT, (2) 
Karnofsky Performance Status score (KPS) < 60 at the time 
of BM diagnosis, (3) suspected leptomeningeal disease 
(LMD), and (4) single BM lesion. Patients with a single 
BM were excluded because previous studies have shown 
that such patients have a better prognosis than those with 
multiple BM [11–13].

Patients with newly diagnosed multiple BM were deter-
mined for local and systemic therapy (ST) based on their 
KPS, neurologic symptoms, expected oncologic prognosis, 
extracranial lesions (ECM), and the presence of reasonable 
systemic regimen options. Patients with KPS ≥ 60 were 
considered candidates for SRS if their systemic disease was 
stable or if reasonable ST options still existed, if the multiple 
BM were not amenable to surgical resection, and if SRS 
was technically feasible for all lesions. Thin-slice contrast-
enhanced MRI images (T1-weighted images after contrast) 
were performed on SRS candidates for a detailed diagnosis 
of BM. At treatment planning, all visible lesions contrasted 
with 1 mm slice axial, sagittal, and coronal images were 
delineated as target lesions. According to the guidelines [2, 
3], SRS was performed with LINAC or Gamma Knife Sur-
gery (GKS), generally a single fraction for lesions < 2 cm 
and multi-fraction for larger lesions (also called fraction-
ated SRS or stereotactic radiotherapy). GKS was considered 
favorable for the asymptomatic patients, each with small and 
multiple BM lesions (> 10–15). SRS was performed using 
the following platforms in this study: the Helical Tomo-
therapy (Hi-Art system, Accuray Inc., Sunnyvale, CA) until 
2017, the Varian TrueBeam system (Varian Medical Sys-
tems, Palo Alto, CA) since 2018, and the Leksell Gamma 
Knife (Electa AB, Kungstensgatan, Sweden) in the whole 
study period. The Helical Tomotherapy and the TrueBeam 
systems were both available to choose the single-isocenter 
multitarget therapy (intensity-modulated radiotherapy or 
volumetric modulated arc therapy) [28, 29]. Single-shot 
SRS was performed for BM < 2 cm at a maximum dose of 
16–22 Gy. Fractionated SRS (e.g., 27–30 Gy in 3 fractions 
or 30–35 Gy in 5 fractions) was considered for larger lesions. 
WBRT was performed in patients unsuitable for SRS; these 
patients were not included in this study, but to confirm the 
patient selection results, we performed survival estimates in 
the supplementary. Indications for WBRT were comprehen-
sively determined by neurosurgeons, radiation oncologists, 
and primary disease physicians for the following reasons: 
short estimated prognosis, no effective systemic regimen 



387Journal of Neuro-Oncology (2023) 163:385–395 

1 3

remaining, oncologic characteristics of primary cancer, 
technical challenges of SRS, number, and location of BMs, 
and diagnostic status. However, they were determined on 
an individual case basis and were not standardized during 
the study period.

The following data were collected: number of BM, age, 
sex, cancer type, neurologic symptoms, KPS at BM diag-
nosis, ECM, graded prognostic assessment score (GPA) at 
BM diagnosis, the maximum diameter of the largest tumor, 
total tumor volume, and type of systemic therapy. Informa-
tion on epidermal growth factor receptor (EGFR) mutation, 
anaplastic lymphoma kinase (ALK) rearrangement, and 
programmed death-ligand 1 expression was also obtained 
from NSCLC patients. The timing of SRS for BM was clas-
sified into two types: synchronous BM was diagnosis of 
BM within 6 months of the primary cancer diagnosis, and 
metachronous BM was the diagnosis of BM later. OS was 
defined as the time from the date of SRS to death. Intracra-
nial progression-free survival (PFS) was defined as the time 
from the date of SRS to death or CNS progression. Patients 
were divided into two groups: 2–10 BM and > 10 BM, and 
propensity score matching was performed to balance the 
potential prognostic factors between the two groups. The 
primary endpoint was OS in the matched dataset with PFS as 
the secondary endpoint. Patient follow-up data of this study 
were censored on August 31, 2022.

Sample size calculation

Sample size calculations for comparing survival curves were 
performed according to Jung et al. [30]. The raw dataset was 
divided into two groups according to the number of BM 
(2–10 BM vs. > 10 BM); the 1-year survival rate of patients 
with BM was assumed to be 55% in both groups according 
to recent studies [26, 31, 32]. Given the small population of 
patients with > 10 BM who underwent SRS and the differ-
ent baseline characteristics of the two groups, we performed 
propensity score matching to create the selected dataset 
assigned in a 2:1 ratio, in which the features were balanced 
between the two groups. The non-inferiority comparison 
between the two groups required a minimum of 237 patients 
to achieve > 70% power in the matched data set. Based on 
the JLGK0901 study [11, 12], the non-inferiority margin 
was considered the adjusted hazard ratio (HR) of 1.3. Non-
inferiority was established if the upper limit of the one-sided 
95% confidence interval (CI) for the two-group difference 
in mortality was less than the margin at an α level of 0.10.

Statistical analysis

The patient characteristics were compared between the 
groups using the chi-square test and analysis of variance. 
The propensity score for balancing the potential prognostic 

factors was calculated using multivariable logistic regres-
sion based on the following characteristics: number of BM 
(2–10 vs. > 10), GPA (0–1.0 vs. 1.5–2.0 vs. 2.5–3.0), KPS 
(60 vs. 70 vs. 80 vs. 90 vs. 100), the diameter of the largest 
BM (< 10 vs. 10–19 vs. 20–29 vs. ≥ 30 mm), age (< 63 years 
vs. ≥ 63 years), ECM (positive vs. negative), cancer type 
(NSCLC-adenocarcinoma vs. NSCLC-non-adenocarci-
noma vs. small cell lung cancer vs. breast cancer vs. other 
types), EGFR/ALK mutation (positive vs. negative), PD-L1 
(50–100% vs. 1–49% vs. negative/unknown), systemic reg-
imens (ICI vs. targeted therapy vs. chemotherapy vs. RT 
alone), the timing of SRS (synchronous BM vs. metachro-
nous BM). The estimated propensity score was matched 2:1 
(2–10 BM, n = 160; > 10 BM, n = 80) without replacement. 
The calipers of width are equal to 0.2 of the standard devia-
tion of the propensity score logit.

Survival analysis was performed on the raw and matched 
datasets using the log-rank test, and survival curves were 
estimated using the Kaplan–Meier method. The proportional 
hazards assumption between the groups (2–10 vs. > 10 BM) 
was checked using Schoenfeld residuals, with no significant 
violation (P = 0.87). The multivariate Cox proportional haz-
ards models were used to identify the factors associated with 
an increased risk of mortality and progression. The primary 
analysis was performed in the matched dataset using Cox 
regression to calculate hazard ratios (HR) with 1-sided 95% 
CI, adjusted for significant prognostic factors. Statistical 
analyses were performed using R statistical software version 
4.2.2 (The R Foundation for Statistical Computing, Vienna, 
Austria). Statistical significance was set at P < 0.05, and all 
tests were 1-sided.

Results

Patient

We identified 1042 patients diagnosed with BM between 
2014 and 2022, and 434 eligible patients were analyzed: 
324 and 110 were in the 2–10 BM and > 10 BM groups, 
respectively (Fig. 1). A total of 608 patients were excluded 
(KPS < 60 in 78, LMD in 104, WBRT in 186, and single BM 
in 240). The following reasons were observed why WBRT 
was selected; Shortly expected prognosis or no effective 
regimen remained (n = 118), Primary cancer was SCLC, and 
WBRT was the preferred choice at the time (n = 35), SRS 
was deemed unsuitable at the time (a large number of BM: 
n = 14, metastases of the brainstem: n = 3, unknown: n = 8) 
Neurologic symptoms were poorly controlled (n = 5), and 
not performed contrast-enhanced MRI (n = 3).

Table 1 presents the patient characteristics of this study. 
In the raw dataset, the BM > 10 group tended to have some 
biased features, such as a worse GPA score (P = 0.031), 
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more NSCLC-Adenocarcinoma (P = 0.007) with EGFR/
ALK or PD-L1 positive, younger patients (P = 0.013), more 
ECM (P = 0.015), and more combined treatment with ST 
(P = 0.013).

Based on the calculated propensity score, 240 patients 
were 2:1 matched between the 2–10 BM group (n = 160) 
and > 10 BM group (n = 80). Each character in the matched 
dataset was well-balanced, as shown in Table 1, and the aver-
age number of tumors per patient was 10 in the entire data-
set. The 2–10 BM group had a median of four lesions, while 
the > 10 BM group had a median of 16 lesions, with 11–20 
lesions accounting for 65% of cases. No patients with a GPA 
of 3.5–4.0 were included in the matched dataset. NSCLC 
accounted for 80% of the cancer types, and 60% of patients 
with NSCLC-adenocarcinoma had EGFR/ALK mutations. 
ST was combined with SRS in 80% of the patients; particu-
larly ICI/targeted therapy was used in 50%.

Survival analysis and adverse events

After the final follow-up, 144 deaths and 212 intracranial 
progressions were recorded in the matched dataset. The 
median follow-up duration for overall survival (OS) in the 
matched dataset was 338 days. The median survival time 
(MST) was 18.2 months (95% CI: 13.9–24.3) in the 2–10 
BM group and 19.4 months (95% CI: 12.5–26.2) in the > 10 
BM group (P = 0.60; Fig. 2C). After adjusting for significant 
variables in a multivariable model, including KPS, ECM, 
sex, cancer type, PD-L1 expression, and systemic regimens, 

the number of BM did not show a statistically significant 
difference in OS (Table 2). The adjusted HR was 0.86 (95% 
CI: 0.59–1.24). The upper limit of the 95% CI was below 
the non-inferiority margin of 1.3, indicating non-inferiority.

In the raw dataset, the PFS curve of the > 10 BM group 
was slightly lower than that of the 2–10 BM group (P = 
0.061). However, in the matched dataset, PFS was not sig-
nificantly different between the two groups: 4.8 months (95% 
CI: 3.8–5.7) and 4.8 months (95% CI: 3.6–6.0) in the 2–10 
and > 10 BM group, respectively (P = 0.94; Fig. 2D). The 
adjusted HR was 1.02 (95% CI: 0.76–1.36). The number of 
BM did not show a significant difference in PFS (Table 3). 
Patients with intracranial recurrence were classified by site 
of recurrence described in table S1: in the 2–10 BM group, 
of a total of 140 intracranial recurrences, 10 were local, 100 
were distant brain recurrences, and 30 were both. In the > 10 
BM group, of 72 patients with intracranial recurrence, 8 
had local recurrence, 30 had distant brain recurrence, and 
34 had both. Salvage radiotherapy was performed in 70 
patients (43.7%) and 42 patients (52.6%) in the BM 2–10 
and BM > 10 groups, with no significant difference between 
the two groups (P = 0.64).

Treatment-related adverse events occurred in 30 patients 
(12.5%): 16 patients in Grade 1 (6.7%), 13 patients in Grade 
2 (5.4%), and 1 patient in Grade 3 (0.4%). The proportion of 
patients who experienced any grade of adverse events did not 
differ between the two groups (table S2). No patients expe-
rienced grade 4–5 adverse events. Tumor bleeding occurred 
in 5 patients (2.1%) in the BM 2–10 group, and radiographic 

Fig. 1  The consort diagram of 
this study. BM brain metastases, 
KPS Karnofsky performance 
status, LMD leptomeningeal 
disease, WBRT whole-brain 
radiotherapy, PSM propensity 
score matching
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Table 1  Patient characteristics in the raw and matched dataset

Raw dataset (N = 434) Matched dataset (N = 240)

Characteristic BM 2–10, (%) BM > 10, (%) P BM 2–10, (%) BM > 10, (%) P

Sample size, No 324 110 160 80
No. of BM at BM diagnosis
 Median (range)
 2–4
 5–10
 11–20
  > 20

4 (2–10)
201 (62.0)
123 (38.0)
0
0

17 (11–126)
0
0
66 (60.0)
44 (40.0)

 < 0.001* 4 (2–10)
82 (51.2)
78 (48.8)
0
0

16 (11–107)
0
0
52 (65.0)
28 (35.0)

 < 0.001*

SRS platform
 GKS
 LINAC

244 (75.3)
80 (24.7)

106 (96.4)
4 (3.6)

 < 0.001* 137 (85.6)
23 (14.4)

77 (96.2)
3 (3.8)

0.014*

GPA at BM diagnosis
 0–1.0
 1.5–2.0
 2.5–3.0
 3.5–4.0

73 (22.5)
128 (39.5)
113 (34.9)
10 (3.1)

32 (29.1)
51 (46.4)
27 (24.5)
0

0.031* 48 (30.0)
71 (44.4)
41 (25.6)
0

21 (26.2)
36 (45.0)
23 (28.7)
0

0.800

KPS at BM diagnosis
 100
 90
 80
 70
 60

32 (9.9)
153 (47.2)
74 (22.8)
51 (15.7)
14 (4.3)

4 (3.6)
58 (52.7)
22 (20.0)
19 (17.3)
7 (6.4)

0.213 6 (3.8)
79 (49.4)
40 (25.0)
27 (16.9)
8 (5.0)

4 (5.0)
42 (52.5)
17 (21.2)
12 (15.0)
5 (6.2)

0.910

Age at BM diagnosis, years
 Median value (range)

66 (25–88) 61 (31–88) 0.013* 63 (25–88) 62 (31–88) 0.422

Sex
 Female
 Male

143 (44.1)
181 (55.9)

52 (47.3)
58 (52.7)

0.581 69 (43.1)
91 (56.9)

37 (46.2)
43 (53.8)

0.680

ECM at BM diagnosis
 Present
 Absent

291 (89.8)
33 (10.2)

107 (97.3)
3 (2.7)

0.015* 153 (95.6)
7 (4.4)

77 (96.2)
3 (3.8)

1.000

Cancer type
 NSCLC-Ad
 NSCLC-Non-Ad
 SCLC
 Breast
 Other †

185 (57.1)
34 (10.5)
29 (9.0)
25 (7.7)
51 (15.7)

81 (73.6)
8 (7.3)
7 (6.4)
9 (8.2)
5 (4.5)

0.007* 120 (75.0)
11 (6.9)
12 (7.5)
8 (5.0)
9 (5.6)

57 (71.2)
7 (8.8)
5 (6.2)
6 (7.5)
5 (6.2)

0.876

Neurologic symptoms
 Positive

55 (17.0) 14 (12.7) 0.365 16 (10.0) 11 (13.8) 0.393

Timing of SRS
 Metachronous BM
 Synchronous BM

255 (78.7)
69 (21.3)

91 (82.7)
19 (17.3)

0.412 126 (78.8)
34 (21.2)

64 (80.0)
16 (20.0)

0.868

Diameter of the largest tumor, mm
  < 10
 10–19
 20–29
  ≥ 30

140 (43.2)
93 (28.7)
65 (20.1)
26 (8.0)

50 (45.5)
39 (35.5)
16 (14.5)
5 (4.5)

0.269 72 (45.0)
54 (33.8)
27 (6.9)
7 (4.4)

38 (47.5)
25 (31.2)
12 (15.0)
5 (6.2)

0.862

Cumulative tumor volume, mL
 Mean (SD)
 Range
  ≥ 2.58

5.2 (7.7)
0.05–49.2
163 (50.3)

5.3 (7.2)
0.11–38.2
54 (49.1)

0.912 4.8 (6.8)
0.061–42.9
72 (45.0)

5.3 (7.0)
0.19–31.5
39 (48.8)

0.586

Mutations
 EGFR/ALK
 Negative/other

117 (36.1)
207 (63.9)

53 (48.2)
57 (51.8)

0.031* 74 (46.2)
86 (53.8)

34 (42.5)
46 (57.5)

0.680

PD-L1 status (NSCLC-Ad)
 50–100%
 1–49%
 Negative/Unknown

42 (13.0)
54 (16.7)
228 (70.4)

20 (18.2)
31 (28.2)
59 (53.6)

0.005* 34 (21.2)
35 (21.9)
91 (56.9)

12 (15.0)
22 (27.5)
46 (57.5)

0.408
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radiation necrosis developed in 9 patients (3.8%): 7 and 2 
patients in the BM 2–10 and BM > 10 groups, respectively.

Discussion

This study investigated the non-inferiority of SRS in patients 
with > 10 BM versus 2–10 BM in terms of OS. After adjust-
ing for significant prognostic factors, MST was 18.2 months 
in the 2–10 BM group versus 19.4 months in the > 10 BM 
group. An adjusted HR of 0.86 (95% CI: 0.59–1.24) indi-
cated non-inferiority. The efficacy of SRS for a large number 
of BM has not been established [6, 9]. We believe that the 
results of this study are valuable because the efficacy of SRS 
for selected patients with > 10 BM was evaluated, including 
detailed patient characteristics such as systemic regimens 
and target gene mutations that may affect survival. The data 
showed a low incidence of treatment-related adverse events 
in both groups and similar intracranial recurrence rates or 
the achievement rate of salvage treatment between the two 
groups.

Despite the lack of sufficient evidence, SRS has been per-
formed alone for patients with a higher number of BM in 
clinical practice; Hughes et al. reported that of 2083 cases 
that underwent SRS for 1–15 BM between 1991 and 2013 at 
multiple centers in the United States and Canada, 212 cases 
had 5–15 BM [13]. In our study, 171 patients had 5–15 BM, 
and 69 patients had > 15 BM. Recent technological and clini-
cal advances in radiotherapy may support this gap between 
evidence and clinical practice. For example, LINAC-based 
single-isocenter SRS was achieved to shorten the treatment 
time without increasing the risk of local recurrence com-
pared to conventional multi-isocenter SRS [33, 34].

The results of this study showed that the SRS for 
BM > 10 was not inferior to that of 2–10 BM in terms of 
OS. Although the difference between the two groups in the 
matched data set was not significant, shared characteristics 
among patients with multiple BM could have influenced the 

results (Table 1). Approximately 80% of the patients had 
NSCLC, and 60% of them had EGFR mutations or ALK 
rearrangements. A prior Japanese multicenter observational 
study (JLGK0901), which also included patients with lung 
cancer (80% of the study population), demonstrated the non-
inferiority of SRS for 5–10 BM compared to 2–4 BM in 
terms of OS [11, 12]. Recent systemic regimens, especially 
targeted therapies for NSCLC, have high efficacy in the 
CNS. The FLAURA study reported that the EGFR inhibi-
tor osimertinib improved PFS and OS in patients with BM 
compared to conventional EGFR inhibitors [35]. Zhang et al. 
also conducted a meta-analysis of ALK inhibitors in patients 
with NSCLC and BM and reported that second-generation 
alectinib significantly improved intracranial response effi-
ciency when compared to first-generation crizotinib [36]. 
The present study showed that targeted agents were an 
independent prognostic factor, and the high rate (40%) of 
its combination in both groups might have influenced the 
finding of no significant difference in OS between the two 
groups.

In previous studies, total tumor volume has been 
reported as an important prognostic factor for local con-
trol [37–39]. However, in contrast to JLGK0901 [11, 12], 
the present study showed no difference in the total tumor 
volume between the two groups and did not affect OS or 
intracranial progression. Table S3 summarizes the major 
reports of SRS for patients with > 10 BM [13, 40–44], 
including JLGK0901 [11, 12]. Although the listed studies 
are similar in terms of the number of BM and cumula-
tive tumor volume, the present study is notable in that 
patients with multiple BM have expected more prolonged 
survival than before. Compared to similar studies, the 
present study analyzed more recent cases from 2014 to 
2022, and recent advances in cancer treatment may affect 
survival outcomes. In addition, previous studies did not 
specify the details of combined therapy; however, we col-
lected details on genetic mutations and ST combinations, 
especially ICI/targeted therapies, to examine the impact of 

BM brain metastases, GKS Gamma Knife Surgery, GPA graded prognostic assessment, KPS Karnofsky Performance Status, ECM extracranial 
metastases, NSCLC non-small cell lung cancer, Ad adenocarcinoma, SCLC small cell lung cancer, EGFR epidermal growth factor receptor, ALK 
anaplastic lymphoma kinase, PD-L1 programmed death-ligand 1, SRS stereotactic radiosurgery, ICI immune Checkpoint Inhibitor
†  Other types of cancer include gastrointestinal cancer, renal cell carcinoma, melanoma, and sarcoma
* Statistically significant (P < 0.05)

Table 1  (continued)

Raw dataset (N = 434) Matched dataset (N = 240)

Characteristic BM 2–10, (%) BM > 10, (%) P BM 2–10, (%) BM > 10, (%) P

Systemic regimens
 Negative (SRS alone)
 ICI
 Targeted therapy
 Chemotherapy

104 (32.1)
50 (15.4)
110 (34.0)
60 (18.5)

21 (19.1)
14 (12.7)
42 (38.2)
33 (30.0)

0.013* 32 (20.0)
22 (13.8)
65 (40.6)
41 (25.6)

15 (18.8)
13 (16.2)
32 (40.0)
20 (25.0)

0.970
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such treatments. Among the significant factors affecting 
survival in the multivariate analysis of this study, better 
KPS scores, female sex, and no ECM have been reported 
in previous studies [11, 41, 44]. In addition, the present 
study found that PD-L1 > 1% and targeted therapy were 
favorable prognostic factors. We conducted a retrospective 
analysis using the same database to compare the efficacy of 
SRS + ST with ST alone or SRS alone as the BM treatment 
[26]. This study included 928 patients diagnosed with BM 

between 2016 and 2021, without limiting the number of 
lesions treated. In a propensity score-adjusted dataset for 
treatment selection, we found that the combination of SRS 
and ST had significantly better OS and PFS than mono-
therapy (SRS alone or ST alone). Specifically, MST was 
23.1 months in the SRS + ST group and 17.2 months in the 
monotherapy group (P = 0.036), while the median PFS was 
7.4 months and 5.0 months in the SRS + ST and mono-
therapy group, respectively (P < 0.001) [26].

Fig. 2  Kaplan–Meier survival curves of overall survival (OS) and progression-free survival (PFS) in the raw dataset (A, B) and the propensity 
score-matched dataset (C, D). BM brain metastases
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SRS for 1–3 BM is associated with less cognitive impair-
ment than WBRT; however, the neurocognitive advantage 
of SRS over WBRT when treating ≥ 4 BM is still unknown. 
In a Japanese prospective observational study (JLGK0901), 
SRS for 5–10 BM was shown to have similar cognitive 
dysfunction as SRS for 1–4 BM. The NCT01592968 trial 
compared patients with 4–15 BM receiving WBRT versus 

SRS, with neurocognitive function and intracranial control 
as the primary endpoints. Unfortunately, this trial was pre-
maturely terminated due to slow accrual, but the investiga-
tors concluded that SRS reduces the risk of neurocognitive 
deterioration compared with WBRT without compromising 
OS [14]. Another ongoing phase III trial (NCT03550391) 
compared SRS and hippocampal-avoidant WBRT plus 

Table 2  Univariate and 
multivariate analyses of 
variables associated with overall 
survival

BM brain metastases, GPA graded prognostic assessment, KPS Karnofsky Performance Status, ECM 
extracranial metastases, NSCLC non-small cell lung cancer, Ad adenocarcinoma, SCLC small cell lung can-
cer, EGFR epidermal growth factor receptor, ALK anaplastic lymphoma kinase, PD-L1 programmed death-
ligand 1, SRS stereotactic radiosurgery, ICI immune checkpoint Inhibitor, HR hazard ratio, CI confidence 
interval
† Other types of cancer include gastrointestinal cancer, renal cell carcinoma, melanoma, and sarcoma
* Statistically significant (P < 0.05)

Univariate analysis Multivariate analysis

Variable HR 95% CI P HR 95% CI P

BM > 10 v BM 2–10 1.10 0.78–1.54 0.60 0.86 0.59–1.24 0.41
GPA
 1.5–2.0 v 0–1.0
 2.5–3.0 v 0–1.0

0.46
0.30

0.31–0.67
0.19–0.46

 < 0.001*
 < 0.001*

KPS at BM diagnosis
 60 v 100
 70 v 100
 80 v 100
 90 v 100

32.6
31.3
13.0
7.21

4.13–258
4.24–231
1.77–95.2
1.00–52.2

 < 0.001*
0.0012*
0.012*
0.050

14.1
14.9

1.74–114
1.96–113

 < 0.001*
0.0078*

Age at BM diagnosis, years
  ≥ 63 v < 63

1.36 0.98–1.90 0.069

Sex
 Male v Female

1.44 1.03–2.01 0.035*

ECM at BM diagnosis
 Present v Absent

3.00 1.11–8.13 0.031* 11.3 3.58–35.9  < 0.001*

Cancer type
 NSCLC-Ad v Breast
 NSCLC-Non-Ad v Breast
 SCLC v Breast
 Other † v Breast

0.64
1.05
1.48
2.61

0.33–1.28
0.47–2.45
0.63–3.47
1.03–6.62

0.21
0.92
0.36
0.043*

4.37
7.44

1.68–11.4
2.63–21.0

0.0025*
 < 0.001*

Neurologic symptoms
 Positive v Negative

2.39 1.48–3.85  < 0.001*

Timing of SRS
 Synchronous BM v Metachronous BM

0.80 0.54–1.21 0.29

Diameter of the largest tumor, mm
 10–19 v < 10
 20–29 v < 10
  ≥ 30 v < 10

1.29
1.34
1.05

0.90–1.85
0.82–2.19
0.42–2.61

0.18
0.24
0.92

Total tumor volume, mL
  ≥ 2.58 v 2.58 < 

0.94 0.68–1.31 0.73

Mutations
 EGFR/ALK v Negative/other

0.41 0.29–0.58  < 0.001*

PD-L1 status (NSCLC-Ad)
 50–100% v Negative/Unknown
 1–49% v Negative/Unknown

0.35
0.99

0.20–0.59
0.68–1.46

 < 0.001*
0.96

0.45
1.57

0.25–0.84
1.02–2.42

0.011*
0.042*

Systemic regimens
 Negative (SRS alone) v Chemotherapy
 ICI v Chemotherapy
 Targeted therapy v Chemotherapy

0.84
0.51
0.25

0.53–1.33
0.31–0.85
0.16–0.40

0.46
0.0096*
 < 0.001*

0.38 0.23–0.64  < 0.001*
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memantine for 5–15 BM. Although the results have not yet 
been published, SRS is an increasingly focused treatment 
for extended BM.

This study had several significant limitations. First, it 
was a single-center retrospective study. While the patient 
backgrounds were well-balanced in the matched dataset, 
treatment selection was not random. Furthermore, SRS for 

patients with multiple BM, especially > 10 BM, has not 
yet been established as SOC, and only carefully selected 
patients were considered candidates. Figure S1 shows the 
difference in survival curves between excluded WBRT 
patients (n = 186) and the matched dataset. The indications 
for WBRT were detected, such as the short estimated prog-
nosis and the lack of remaining effective systemic regimens. 

Table 3  Univariate and 
multivariate analyses of 
variables associated with 
intracranial progression-free 
survival

BM brain metastases, GPA graded prognostic assessment, KPS Karnofsky Performance Status, ECM 
extracranial metastases, NSCLC non-small cell lung cancer, Ad adenocarcinoma, SCLC small cell lung can-
cer, EGFR epidermal growth factor receptor, ALK anaplastic lymphoma kinase, PD-L1 programmed death-
ligand 1, SRS stereotactic radiosurgery, ICI immune Checkpoint Inhibitor, HR hazard ratio, CI confidence 
interval
† Other types of cancer include gastrointestinal cancer, renal cell carcinoma, melanoma, and sarcoma
* Statistically significant (P < 0.05)

Univariate analysis Multivariate analysis

Variable HR 95% CI P HR 95% CI P

BM > 10 v BM 2–10 1.01 0.76–1.34 0.94 1.02 0.76–1.36 0.90
GPA
 1.5–2.0 v 0–1.0
 2.5–3.0 v 0–1.0

0.56
0.56

0.41–0.78
0.39–0.81

 < 0.001*
0.0019*

KPS at BM diagnosis
 60 v 100
 70 v 100
 80 v 100
 90 v 100

7.32
6.99
2.42
3.24

2.71–19.8
2.91–16.8
1.03–5.66
1.42–7.41

 < 0.001*
 < 0.001*
0.042*
0.0053*

5.00
5.02
2.42

1.82–13.8
2.04–12.4
1.04–5.63

0.0018*
 < 0.001*
0.041*

Age at BM diagnosis, years
  ≥ 63 v 63 < 

0.98 0.75–1.28 0.87

Sex
 Male v Female

1.15 0.87–1.50 0.32

ECM at BM diagnosis
 Present v Absent

0.68 0.36–1.28 0.23

Cancer type
 NSCLC-Ad v Breast
 NSCLC-Non-Ad v Breast
 SCLC v Breast
 Other † v Breast

0.52
0.80
1.13
3.80

0.29–0.92
0.38–1.66
0.63–2.37
1.76–8.23

0.024*
0.54
0.75
 < 0.001*

0.55
4.07

0.31–0.98
1.84–8.99

0.041*
 < 0.001*

Neurologic symptoms
 Positive v Negative

1.97 1.29–3.00 0.0016*

Timing of SRS
 Synchronous BM v Metachronous BM

0.52 0.36–0.73  < 0.001* 0.60 0.42–0.87 0.0066*

Diameter of the largest tumor, mm
 10–19 v < 10
 20–29 v < 10
  ≥ 30 v < 10

1.32
0.97
1.19

0.97–1.78
0.64–1.47
0.60–2.37

0.075
0.88
0.61

Total tumor volume, mL
  ≥ 2.58 v 2.58 < 

0.99 0.76–1.30 0.96

Mutations
 EGFR/ALK v Negative/other

0.58 0.44–0.76  < 0.001*

PD-L1 status (NSCLC-Ad)
 50–100% v Negative/Unknown
 1–49% v Negative/Unknown

0.49
0.75

0.34–0.72
0.54–1.04

 < 0.001*
0.084

Systemic regimens
 Negative (SRS alone) v Chemotherapy
 ICI v Chemotherapy
 Targeted therapy v Chemotherapy

1.12
0.54
0.57

0.75–1.67
0.34–0.85
0.40–0.80

0.59
0.0072*
0.0014*
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However, they were determined in each case and not stand-
ardized during the study period. Second, although there were 
no restrictions on tumor type in the study enrollment, most 
patients had NSCLC. Third, this study did not consider the 
specifics of ST regimens, adverse events including cognitive 
dysfunction, or quality of life in patients with BM.

In conclusion, SRS for patients with more than 10 BM 
was non-inferior compared to patients with 2–10 BM in 
terms of OS in a propensity-matched dataset. The results of 
this study suggest that SRS may be an effective local treat-
ment option for appropriately selected patients, even if they 
have more than 10 BM.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11060- 023- 04358-8.
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