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Abstract
Aim  This study aimed to evaluate the clinical benefits of systemic therapy (ST) combined with stereotactic radiosurgery 
(SRS) for brain metastases (BM).
Methods  The patient data were extracted from the institutional disease database from 2016 to 2021. Surgical and whole-brain 
radiotherapy cases and poor Karnofsky performance status (KPS < 70) were excluded. The eligible patients were divided 
into monotherapy (SRS alone or ST alone) and combined therapy (SRS and ST, combined within a month). Univariate and 
multivariate Cox proportional hazards analyses were used to examine factors associated with increased risk of death and 
intracranial progression. The propensity score for selecting treatment was calculated based on existing prognostic covari-
ates. Two groups were matched 1:1 and compared for intracranial progression-free survival (PFS) and overall survival (OS).
Results  We identified 1605 patients and analyzed 928 (monotherapy: n = 494, combined therapy: n = 434). In a multivari-
able model, the combined therapy was independently associated with improved PFS and OS relative to the monotherapy. 
At the median follow-up of 383 days in the matched dataset, the combined therapy group showed significantly longer PFS 
(median, 7.4 vs. 5.0 months, P < 0.001) and OS (median, 23.1 vs. 17.2 months, P = 0.036) than the monotherapy group. 
The overall intracranial progression and mortality risk was reduced in the combined therapy group, with an estimated HR 
of 0.70 and 0.78.
Conclusions  Combined therapy exhibited longer PFS and OS than monotherapy in BM patients. The results support the 
recent trend toward combining systemic and local therapies, encouraging future clinical trials.
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Introduction

Radiotherapy (RT) and surgery have been established as 
effective local therapies in adults with brain metastases 
(BM), but the benefit of systemic therapy (ST) to the central 
nervous system (CNS) is limited. The ASCO-SNO-ASTRO 
guideline recommends that symptomatic BM patients should 
be offered local therapy regardless of systemic regimens 
(chemotherapy, immunotherapy, and targeted therapy) used 
for the systemic disease [1]. Local therapy may be delayed 
or skipped in unsuitable patients (e.g., Karnofsky Perfor-
mance Status [KPS] < 70 and no ST options or KPS ≤ 50) or 
patients with a chance to receive an established ST regimen 
[1–3]. BM from EGFR-, ALK-mutant non-small-cell lung 
cancer (NSCLC), HER2-positive breast cancer, or melanoma 
may be offered specific targeted agents such as Osimerti-
nib, Alectinib, the combination of Tucatinib, Trastuzumab, 
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and Capecitabin, or Ipilimumab plus Nivolumab [1–12]. A 
new generation of CNS-active targeted therapy (CNS-Tx) or 
immune checkpoint inhibitors (ICI) has emerged in multiple 
clinical trials, including BM patients [1–8, 13–19]. Unlike 
the older generation of targeted therapy or chemotherapy, it 
has produced many promising results.

No clear answer is whether ST should be combined with 
local therapy when considering treatment options for BM. 
However, most traditional chemotherapeutic drugs have lim-
ited CNS activity and are usually combined with local ther-
apy [20, 21]. In two small randomized controlled trials (78 
patients and 55 patients), the combination of whole-brain 
RT (WBRT) with temozolomide improved progression-free 
survival (PFS) in a population of BM patients not specific 
to a single cancer type [22, 23]. In Gamboa-Vignolle, et al., 
overall survival (OS) was also significantly improved [23]. 
Regardless of its CNS activity and evidence, various sys-
temic regimens for systemic diseases may be used before 
or after local therapy in clinical practice. Several recent 
reports have shown improved intracranial control and over-
all survival when SRS is combined with targeted therapy 
and immunotherapy [4, 24, 25]. Unfortunately, such reports 
are limited to retrospective observation with a small sample 
size, and differences in the patient background may have 
affected the results. In addition, although there has been 
much interest in the optimal sequencing of SRS and ST, the 
benefit of such a sequential or concurrent ST combination, 
including the optimal sequence, is still unclear [26, 27]. This 
study aims to evaluate the clinical benefits of SRS and ST 
combination therapy compared to SRS or ST monotherapy 
in BM patients. Also, a secondary analysis was performed 
to explore whether the benefits differ in the order of ST and 
RT treatment (upfront RT or upfront ST) in the combined 
therapy.

Methods

Study design, patient selection, and endpoint

This study is a retrospective, single-institutional study. Our 
institutional review board approved this study, and informed 
consent was obtained using the opt-out form that partici-
pants are included in this study unless they give their express 
decision to be excluded. All patient data for “brain metasta-
ses” or “leptomeningeal disease,” including suspicion, were 
extracted from the institutional disease database from 2016 
to 2021. All research was performed following the relevant 
guidelines and regulations. Patients met the following eli-
gibility and exclusion criteria analyzed in this study. The 
eligibility criteria are: (1) diagnosed with computed tomog-
raphy (CT) or magnetic resonance imaging (MRI), not only 
physical examination or just suspicion, and (2) treated the 

intracranial disease in 2016–2021. The exclusion criteria 
are: (1) treated with surgery or WBRT in the past or at this 
time, (2) KPS < 70 at BM diagnosis. The patient follow-up 
for this study ended on May 31, 2022, and patients who were 
alive or lost follow-up at this time were censored.

The following information was collected from eligible 
patients; age at BM diagnosis, gender, type of cancer, KPS 
at BM diagnosis, number of BM lesions, and extracranial 
metastases (ECM). In addition, some driver mutations 
(EGFR, ALK, and others) and programmed death-ligand 
1 (PD-L1) status of lung adenocarcinoma, HER2 status 
of breast cancer, and BRAF status of melanoma were also 
collected. PD-L1 expression ≥ 1% was considered positive 
(1–49% and 50–100%). BM progression was distinguished 
from adverse radiation effects (pseudoprogression) follow-
ing the Response Assessment in Neuro-Oncology Brain 
Metastases criteria [28]. Intracranial PFS was measured 
from the BM diagnosis to death or BM progression. OS was 
calculated from the BM diagnosis to death.

This study compared combined therapy as an experimen-
tal and monotherapy as the standard of care. The primary 
endpoint was defined as PFS in the propensity score match-
ing (PSM) dataset, and OS was the secondary endpoint. In 
addition, treatment timing between ST and RT was also 
specified and compared as a subgroup analysis: ST followed 
by RT (STRT, upfront ST) or RT followed by ST within a 
month (RTST, upfront RT).

Systemic regimens classification

We collected information about the ST regimen initiated 
after the BM diagnosis to treat the BM. According to CNS 
efficacy, the regimens were classified into the following four 
types: ICI, CNS-Tx, non-CNS targeted therapy (non-CNS-
Tx), and conventional non-CNS chemotherapy (non-CNS-
Cx). The details of the regimens are described in Table S1. 
The CNS-Tx includes new-generation anti-EGFR/ALK/
HER2 regimens from previous randomized controlled tri-
als and guidelines (Osimertinib and other third-generation 
TKIs, anti-ALK therapy, and the following anti-HER2 thera-
pies: Lapatinib, Neratinib, Trastuzumab emtansine, Trastu-
zumab deruxtecan, Tucatinib) [1–8, 13–19].

Statistical analysis

We used multivariable logistic regression to estimate the 
propensity score for selecting BM treatment based on the 
following covariates: the disease-specific graded prog-
nostic assessment (GPA) score, age, KPS, the number of 
BM, extracranial metastases (ECM), cancer type, HER2 in 
breast cancer, EGFR/ALK and PDL1 in lung adenocarci-
noma (NSCLC-Ad). Types of ST regimens were considered 
as a covariate in subgroup analyses. PSM was performed 
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in 1:1 matching without replacement, using calipers of a 
width equal to 0.2 of the standard deviation of the logit of 
the propensity score [29, 30]. The kernel density estimation 
curves were constructed to compare the propensity scores’ 
homogeneity.

GPA is an established tool for each cancer type to esti-
mate the survival time from BM diagnosis to death [31–33]. 
GPA has been covered with lung (NSCLC-Ad, NSCLC-non-
Ad, SCLC), breast, gastrointestinal (GI), kidney, and mela-
noma, but not all cancer types. The basic structure of the 
GPA consists of age, the number of BM, KPS, and ECM. 
The GPA score is 0–4.0 in 0.5-point increments, with 4.0 
representing the group with the best prognosis. EGFR/ALK 
and PDL1 status in NSCLC-Ad were considered in the latest 
version [29]. In addition, HER2 status in breast cancer and 
BRAF status in melanoma are also considered. The cancer 
types in this study are classified based on GPA, but renal cell 
carcinoma (n = 6) and melanoma (n = 13) are rare in the raw 
dataset and are grouped as uncommon diseases at this time.

We compared the patient characteristics in both groups 
with the chi-squared test for categorical variables and anal-
ysis of variance for continuous variables. Survival analy-
sis was performed using the Log-rank test, and survival 
curves were constructed using the Kaplan–Meier method. 
The assumption of the Cox proportional hazards between 
the groups (monotherapy versus combined therapy) was 
assessed visually using survival curves and Schoenfeld 
residuals plot, which did not indicate any significant vio-
lation. Univariate and multivariate Cox proportional haz-
ards analyses were used to examine factors associated with 
increased risk of death and BM progression. We used R 
software version 3.6.1 (The R Foundation for Statistical 
Computing, Vienna, Austria) for all statistical analyses. Sta-
tistical significance was set as P < 0.05, and all tests were 
2-tailed.

Results

Dataset

We identified 1605 patients from the institutional disease 
database from 2016 to 2021, and 928 met the eligibility cri-
teria: 494 in the monotherapy group and 434 in the combined 
therapy group (Fig. 1). A total of 677 were excluded (Sur-
gery in 238, WBRT in 198, KPS < 70 in 241). Table 1 shows 
the patient characteristics in the raw and matched datasets. 
Between the two groups in the raw dataset, the monother-
apy group tends to have a worse GPA score (P = 0.007), 
worse KPS (P < 0.001), more likely LMD (P < 0.001), more 
BM numbers (P = 0.024), less lung cancer (P < 0.001), and 
less PD-L1 expression (P = 0.007). Newly diagnosed BM 
included 235 patients in the monotherapy group and 198 in 

the combined therapy group (P = 0.60). SRS was used in 625 
cases (67.3%) and ST in 737 patients (79.4%).

Based on the propensity score, 710 patients were 1:1 
matched between the monotherapy and combined therapy 
groups (355 in each group). The propensity score distribu-
tions between the two groups in the raw and matched data-
sets are shown in Figure S1. The kernel density estimation 
shows an initial dissimilarity across the two groups. After 
PSM, the propensity score distributions were relatively 
homogenous and better balanced. As shown in Table 1, 
covariates were well-balanced, with no significant differ-
ences in the groups.

Survival analysis in the matched dataset

At the end of the last follow-up date, 511 death and 758 
disease progression were observed. The median follow-up 
period for OS was 383 days in the matched dataset. After 
controlling for significant covariables in a multivariable 
model, including sex, GPA, KPS, age, ECM, number of 
BM, recurrent status, cancer type, HER2, and EGFR/ALK 
mutation, the combined therapy was independently associ-
ated with better PFS relative to the monotherapy (adjusted 
hazard ratio, 0.70; 95% CI, 0.59 to 0.83; P < 0.001; Table 2). 
Similarly, combined therapy was independently associated 
with better OS versus monotherapy (adjusted hazard ratio, 
0.78; 95% CI, 0.60 to 0.92; P = 0.0019; Table 3). Figure 2 
shows PFS and OS estimated by the Kaplan–Meier method. 
PFS for patients in the combined therapy group was signifi-
cantly longer than those in the monotherapy group (median 
PFS, 7.4 months vs. 5.0 months, P < 0.001, Fig. 2A). OS 
for patients in the combined therapy group was also signifi-
cantly longer than those in the monotherapy group (median 
OS, 23.1 months vs. 17.2 months, P = 0.036, Fig. 2B). Simi-
larly, in the raw dataset, the combined therapy group showed 
better PFS (7.2 months vs. 5.0 months, P < 0.001) and OS 

Fig. 1   Consort diagram of this study. KPS Karnofsky performance 
status; RT radiotherapy; ST systemic therapy; PSM propensity score 
matching
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Table 1   Patient characteristics in the raw and matched dataset

Characteristic Raw dataset (N = 928) Matched dataset (N = 710)

Monotherapy (%) Combined therapy (%) P Monotherapy (%) Combined therapy (%) P

Sample size, No. 494 434 355 355
GPA at BM diagnosis
 0–1 111 (22.5) 60 (13.8) 0.007* 55 (15.5) 55 (15.5) 0.714
 1.5–2.0 186 (37.7) 174 (40.1) 140 (39.4) 151 (42.5)
 2.5–3.0 166 (33.6) 170 (39.2) 140 (39.4) 126 (35.5)
 3.5–4.0 31 (6.3) 30 (6.9) 20 (5.6) 23 (6.5)

KPS at BM diagnosis
 100 53 (10.7) 57 (13.1)  < 0.001* 47 (13.2) 42 (11.8) 0.865
 90 209 (42.3) 238 (54.8) 176 (49.6) 181 (51.0)
 80 111 (22.5) 89 (20.5) 77 (21.7) 82 (23.1)
 70 121 (24.5) 50 (11.5) 55 (15.5) 50 (14.1)

Age at BM diagnosis, 
 years 65.7 (23– 63.2 (25– 0.103 64.5 (23– 65.1 (25– 0.747
 Median value (range) 90) 85) 90) 85)

Sex
 Male 245 (49.6) 221 (50.9) 0.694 173 (48.7) 181 (51.0) 0.599
 Female 249 (50.4) 213 (49.1) 182 (51.3) 174 (49.0)

ECM at BM diagnosis
 Present 429 (86.8) 394 (90.8) 0.062 321 (90.4) 318 (89.6) 0.803
 Absent 65 (13.2) 40 (9.2) 34 (9.6) 37 (10.4)

LMD at BM diagnosis
 Present 55 (11.1) 13 (3.0)  < 0.001* 8 (2.3) 13 (3.7) 0.376
 Absent 439 (88.9) 421 (97.0) 347 (97.7) 342 (96.3)

No. of BM at BM diagnosis
 1–3 262 (53.0) 235 (54.1) 0.024* 192 (54.1) 193 (54.4) 0.958
 4–10 91 (18.4) 104 (24.0) 74 (20.8) 76 (21.4)

 > 10 141 (28.5) 95 (21.9) 89 (25.1) 86 (24.2)
Cancer type
 NSCLC-Ad 277 (56.1) 287 (66.1)  < 0.001* 223 (62.8) 236 (66.5) 0.883
 NSCLC-Non-Ad 32 (6.5) 36 (8.3) 29 (8.2) 29 (8.2)
 SCLC 33 (6.7) 38 (8.8) 32 (9.0) 28 (7.9)
 Breast 50 (10.1) 41 (9.4) 37 (10.4) 30 (8.5)
 GI 41 (8.3) 11 (2.5) 14 (3.9) 11 (3.1)
 Uncommon disease† 61 (12.3) 21 (4.8) 20 (5.6) 21 (5.9)
HER2 status (Breast cancer)
 HER2-positive 31 (62.0) 21 (51.2) 0.395 14 (37.8) 13 (43.3) 0.803
 HER2-negative 19 (38.0) 20 (48.8) 23 (62.2) 17 (56.7)

Driver mutations (NSCLC-Ad)
 EGFR/ALK-positive 188 (67.9) 199 (69.3) 0.931 150 (67.3) 157 (66.5) 0.949
 Non-EGFR/ALK ††- positive 34 (12.3) 33 (11.5) 28 (12.6) 32 (13.6)
 Negative 55 (19.9) 55 (19.2) 45 (20.2) 47 (19.9)

PD-L1 status (NSCLC-Ad)
 50–100% 60 (12.1) 68 (15.7) 0.007* 57 (16.1) 51 (14.4) 0.736
 1–49% 80 (16.2) 97 (22.4) 67 (18.9) 74 (20.8)
 Negative/Unknown 354 (71.7) 269 (62.0) 231 (65.1) 230 (64.8)

Systemic regimens
 ICI/CNS targeted therapy§ 132 (43.6) 191 (44.0) 0.962 103 (44.8) 141 (39.7) 0.478
 Non-CNS targeted therapy 87 (28.7) 127 (29.3) 68 (29.6) 112 (31.5)
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(24.3 months vs. 16.1 months, P < 0.001) than the mono-
therapy group.

Subgroup analysis

Two groups exist in the combination therapy group: upfront 
RT (RTST) and upfront ST (STRT). Therefore, we com-
pared newly-matched STRT and RTST groups to explore the 
optimal treatment order. The new propensity score calcula-
tion included ST regimens regarding CNS activity. Table S2 
shows the patient backgrounds for STRT and RTST in the 
matched dataset. Based on the propensity score, 434 patients 
were newly matched between the RTST and STRT groups 
(134 in each group, Table S2). Figure S2 shows PFS and OS 
estimated by the Kaplan–Meier method. PFS for patients 
in the RTST group was significantly longer than those in 
the STRT group (median PFS, 8.3 months vs. 6.3 months, 
P = 0.038, Figure S2A). However, OS for patients in 
both groups was not significantly different (median OS, 
23.6 months vs. 24.8 months, P = 0.35, Figure S2B).

Discussion

This study compared RT or ST alone with combined therapy 
in BM patients, aiming to evaluate combined therapy’s clini-
cal benefits. The strength of this study is that it examined 
a large BM population of 928 patients. Surgical cases were 
excluded because the indications for treatment are limited 
compared to radiation therapy as a local therapy (e.g., num-
ber and location of BM, the possibility of general anesthe-
sia), which could complicate the considerations. Further-
more, patients with KPS < 70 were excluded because they 
frequently had difficulty undergoing local therapy or ST 
[1–3]. However, it was not limited to any cancer type not to 
lose external validity in the clinical setting. Also, the study 
was limited to BM cases diagnosed in the recent five years, 
considering driver mutations and PDL1 status, which are 

included in the latest predictive models [31, 32]. In addi-
tion, the study compared 355 patients in each group who 
were adjusted by propensity score matching for background 
factors related to clinical importance and prognosis. Based 
on the previous literature review, CNS-active agents were 
limited; Temozolomide having known to be effective [22, 
23], not specific to cancer type, and some immunotherapy or 
targeted agents for NSCLC-ad, breast cancer, and melanoma 
[1, 4–12]. The proportion of BM patients treated with ST 
has been unclear. However, in the present study population, 
80% of patients were treated with ST alone or in combina-
tion with RT. Although the lack of adequate evidence for ST 
alone or in combination with BM patients, this study dem-
onstrated the use of ST is not uncommon in clinical practice.

The results of this study show that PFS and OS in 
the combination therapy group were significantly better 
than those in the monotherapy group in both the raw and 
matched datasets. In a multivariable model, the combined 
therapy was independently associated with better PFS and 
OS (Table 2–3). Although the MST is higher than previ-
ously reported, we believe this is not surprising since our 
cohort includes NSCLC-ad in 65% of the data set. For 
example, in the latest report on GPA in lung cancer, the 
MST for NSCLC-ad was 17 months and 30–52 months 
on a better GPA population (GPA > 2.0). The propen-
sity scores of the two groups were calculated based on 
multiple prognostic factors; as shown in Figure S1, PSM 
successfully homogenized the patient characteristics in 
both groups. In the combined therapy group, ST was initi-
ated no later than a month after RT and was not limited 
to those CNS-activity. ECM was detected in 90% of the 
raw data set, suggesting that ST may have been mainly 
aimed at treating systemic disease. It is considered that 
prompt ST from BM diagnosis may reduce intracranial 
progression and death. Randomized controlled trials are 
desirable to determine the benefit of combination therapy. 
Still, given the lack of evidence for ST in BM patients, 
this study may contribute to the selection of BM therapy. 

GPA graded prognostic assessment, KPS Karnofsky performance status, BM brain metastases, ECM extracranial metastases, NSCLC non-small 
cell lung cancer, Ad adenocarcinoma, SCLC small cell lung cancer, GI gastrointestinal cancer, HER2 human epidermal growth factor receptor 2, 
EGFR epidermal growth factor receptor, ALK anaplastic lymphoma kinase, PD-L1 programmed death-ligand 1, ICI immune Checkpoint Inhibi-
tor, CNS central nervous system. †Renal cell carcinoma, Melanoma, Sarcoma, and other types of cancer
†† BRAF, HER2, KRAS, MET, RET, ROS1
§ New-generation anti-EGFR or HER2 targeted therapy were classified as CNS-active targeted therapy (e.g., Osimertinib, Trastuzumab emtan-
sine). Prior to Osimertinib generation or other types of regimens were non-CNS targeted therapy
*Statistically significant (P < 0.05)

Table 1   (continued)

Characteristic Raw dataset (N = 928) Matched dataset (N = 710)

Monotherapy (%) Combined therapy (%) P Monotherapy (%) Combined therapy (%) P

 Non-CNS chemotherapy 84 (27.7) 116 (26.7) 59 (25.7) 102 (28.7)
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Larger ongoing clinical trials compared with ST alone and 
ST plus SRS will assist in further addressing these end-
points. Osimertinib, Nivolumab, and other ICI in NSCLC-
ad (NCT03497767, NCT03769103, NCT02978404), 
Ipilimumab and Nivolumab in melanoma (ABC-X: 
NCT03340129), and Pembrolizumab, Abemaciclib, and 
T-DM1 in breast cancer (NCT03449238, NCT04923542, 

NCT03190967) are ongoing clinical trials compared to 
SRS combined therapy in BM patients.

A new matching between the RTST and STRT groups 
was performed as a subgroup analysis in the combination 
therapy group, which had better PFS and OS in the pri-
mary analysis. Results showed that PFS was better in the 
RTST group, but no significant difference in OS existed. 

Table 2   Univariate and 
multivariate analyses of 
variables associated with 
intracranial progression-free 
survival

GPA Graded Prognostic Assessment, KPS karnofsky performance status, BM brain metastases, ECM 
extracranial metastases, LMD leptomeningeal disease, NSCLC non-small cell lung cancer, Ad adenocar-
cinoma, SCLC small cell lung cancer, GI gastrointestinal cancer, HER2 human epidermal growth factor 
receptor 2, EGFR epidermal growth factor receptor, ALK anaplastic lymphoma kinase, PD-L1 programmed 
death-ligand 1, SHR subdistribution hazard ratio
† Renal cell carcinoma, Melanoma, Sarcoma, and other types of cancer
*Statistically significant (P < 0.05)

Variable Univariate analysis Multivariate analysis

SHR 95% CI P SHR 95% CI P

Combined therapy v Monotherapy 0.71 0.61–0.82  < 0.001* 0.70 0.59–0.83  < 0.001*
Sex
 Female v Male 0.87 0.74–1.02 0.082

GPA
 1.5–2.0 v 0–1.0 0.82 0.67–0.99 0.044*
 2.5–3.0 v 0–1.0 0.63 0.51–0.77  < 0.001*
 3.5–4.0 v 0–1.0 0.38 0.26–0.51  < 0.001* 0.54 0.33–0.88 0.014*

KPS at BM diagnosis
 70 v 100 2.82 2.13–3.73  < 0.001* 1.94 1.34–2.83  < 0.001*
 80 v 100 1.85 1.41–2.42  < 0.001*
 90 v 100 1.65 1.30–2.11  < 0.001* 1.33 1.01–1.76 0.0041*

Age at BM diagnosis, years
  > 64.5 v 64.5 <  1.00 0.85–1.17 0.98

ECM at BM diagnosis
 Present v Absent 1.45 1.15–1.83  < 0.001*

LMD at BM diagnosis
 Present v Absent 1.44 1.10–1.88 0.0082*

No. of BM at BM diagnosis
 1–3 v > 10 0.62 0.52–0.73  < 0.001* 0.67 0.53–0.83  < 0.001*
 4–10 v > 10 0.78 0.63–0.96 0.018*

Cancer type
 NSCLC-Ad v Breast 1.04 0.81–1.34 0.75
 NSCLC-Non-Ad v Breast 1.45 1.02–2.06 0.037* 1.74 1.17–2.59 0.0059*
 SCLC v Breast 1.67 1.18–2.36 0.0039* 1.91 1.29–2.82 0.0012*
 GI v Breast 1.41 0.96–2.08 0.083 2.49 1.47–4.21 < 0.001*
 Uncommon diseases† v Breast 1.88 1.35–2.61  < 0.001* 2.30 1.49–3.56  < 0.001*
HER2 status (Breast cancer)
 Positive v Negative 0.54 0.33–0.90 0.017*

Driver mutations (NSCLC-Ad)
 EGFR/ALK-positive v -negative 0.73 0.62–0.85  < 0.001*
 Non-EGFR/ALK positive v - negative 0.84 0.64–1.10 0.20

PD-L1 status (NSCLC-Ad)
 50–100% v Negative/Unknown 0.91 0.76–1.10 0.33
 1–49% v Negative/Unknown 0.85 0.68–1.05 0.14
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Because both groups included drugs with differential CNS 
activity as ST content, ST regimens were also included 
as an adjustment factor; as shown in Table S1, 40% of 
the analyzed population was treated with ICIs or CNS-
targeted therapies. Even though PSM could adjust patient 
background between the two groups, how patients were 
selected for any treatment modality was not random. For 

patients with EGFR/ALK-positive NSCLC-Ad and HER2-
positive breast cancer, there are options to delay local 
therapy with new generation EGFR-TKIs and Anit-HER2 
therapy, and the content of ST is considered to have a sig-
nificant impact on treatment choice. The optimal sequence 
of combining targeted therapies or immune checkpoint 
inhibitors (ICI) with RT is still unknown, with conflicting 

Table 3   Univariate and 
multivariate analyses of 
variables associated with overall 
survival

GPA Graded Prognostic Assessment, KPS karnofsky performance status, BM brain metastases, ECM 
extracranial metastases, LMD leptomeningeal disease, NSCLC non-small cell lung cancer, Ad adenocar-
cinoma, SCLC small cell lung cancer, GI gastrointestinal cancer, HER2 human epidermal growth factor 
receptor 2, EGFR epidermal growth factor receptor, ALK anaplastic lymphoma kinase, PD-L1 programmed 
death-ligand 1, SHR subdistribution hazard ratio
† Renal cell carcinoma, Melanoma, Sarcoma, and other types of cancer
*Statistically significant (P < 0.05)

Variable Univariate analysis Multivariate analysis

SHR 95% CI P SHR 95% CI P

Combined therapy v Monotherapy 0.81 0.67–0.99 0.036* 0.78 0.60–0.89 0.0019*
Sex
 Female v Male 0.72 0.59–0.87  < 0.001* 0.75 0.61–0.92 0.0067*

GPA
 1.5–2.0 v 0–1.0 0.69 0.51–0.88 0.0044*
 2.5–3.0 v 0–1.0 0.53 0.40–0.71  < 0.001*
 3.5–4.0 v 0–1.0 0.11 0.047–0.25  < 0.001* 0.26 0.10–0.65 0.0043*

KPS at BM diagnosis
 70 v 100 6.07 4.01–9.19  < 0.001* 5.00 3.16–7.93  < 0.001*
 80 v 100 2.93 1.98–4.33  < 0.001* 2.27 1.50–3.42  < 0.001*
 90 v 100 1.81 1.26–2.61  < 0.001* 1.54 1.06–2.23 0.022*

Age at BM diagnosis, years
  > 64.5 v 64.5 <  1.21 0.99–1.48 0.055

ECM at BM diagnosis
 Present v Absent 2.59 1.70–3.95  < 0.001* 1.93 1.18–3.15 0.0083*

LMD at BM diagnosis
 Present v Absent 0.80 0.40–1.61 0.53

No. of BM at BM diagnosis
 1–3 v > 10 0.89 0.67–1.07 0.17
 4–10 v > 10 0.99 0.75–1.30 0.92

Cancer type
 NSCLC-Ad v Breast 0.94 0.66–1.34 0.71
 NSCLC-Non-Ad v Breast 2.13 1.37–3.33  < 0.001*
 SCLC v Breast 1.71 1.07–2.74 0.026* 2.38 1.12–2.91  < 0.001*
 GI v Breast 2.49 1.34–4.64 0.0040* 2.26 1.17–4.34 0.022*
 Uncommon diseases† v Breast 2.45 1.51–4.00  < 0.001* 2.16 1.31–3.56  < 0.001*
HER2 status (Breast cancer)
 Positive v Negative 0.48 0.23–0.99 0.048*
 Driver mutations (NSCLC-Ad)
 EGFR/ALK-positive v -negative 0.45 0.37–0.56  < 0.001*
 Non-EGFR/ALK positive v -negative 0.73 0.52–1.03 0.070

PD-L1 status (NSCLC-Ad)
 50–100% v Negative/Unknown 1.06 0.83–1.36 0.61
 1–49% v Negative/Unknown 0.73 0.54–0.99 0.048*
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published results [20]. Upfront ST has sometimes been 
preferred to avoid delays in ST for systemic disease or by 
the expectation of its high CNS activity enough to con-
trol intracranial lesion progression [4–7]. Conceptually, 
however, upfront SRS can disrupt the blood–brain barrier 
and improve the CNS penetration of targeted drugs [34], 
or impaired tumor cells generate new antigens to evoke 
the immune response, causing an abscopal effect outside 
the irradiated field [35, 36]. Magnuson et al. compared 

upfront RT, upfront erlotinib, and erlotinib alone for 
NSCLC-Ad. Upfront RT showed the most prolonged OS 
in this study [4]. In addition, one study reported that in 
melanoma BM patients, upfront ipilimumab had a higher 
partial response rate than upfront RT [37]. However, the 
results from another report conflicted that upfront RT had 
better survival and intracranial control rates than upfront 
ICI [38]. In their systematic review, Yang et al. found that 
the ICI’s combination timing is defined within two weeks 

Fig. 2   Kaplan–Meier survival curves of progression-free survival (PFS) and overall survival (OS) in the raw dataset (A, B) and the propensity 
score-matched dataset (C, D)
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or one month of SRS in most previous studies [39]. The 
combinational approach of SRS plus ICI was supported 
by many retrospective data [20, 21, 38, 40]. But the tim-
ing and sequencing of ST and RT should be evaluated 
urgently through ongoing or future prospective studies. A 
randomized trial of SRS timing with ICI in patients with 
untreated BM from NSCLC (NCT04650490) is ongoing 
and will assist in further addressing the optimal sequence.

The limitations of this study are as follows: This study 
included a patient population from a single institution, 
which may have low external validity due to inter-institu-
tional imbalances in patient backgrounds. We identified all 
the institutional patients in this study to reduce potential 
patient selection bias. Next, the result of this study may be 
confounded by other unobserved variables. Although we 
used a strict statistical method to adjust for baseline char-
acteristics between the groups with PSM, such unobserved 
confounders could be unbalanced across the groups, possi-
bly affecting the survival difference. Therefore, our results 
should be interpreted carefully, especially the details of 
RT and ST and their selection process (e.g., WBRT or 
SRS/SRT, what drug was used, and the dose of each treat-
ment) were not considered. Even though PSM could adjust 
patient background between the two groups, how patients 
were selected for any treatment modality was not random. 
There may be an immortal time bias that monotherapy 
patients were given the option to delay ST. It is unclear 
whether the monotherapy patients initially selected it or 
whether the combination was originally planned but was 
withdrawn. In addition, the analysis did not consider the 
potential toxicity and quality of life impacts of BM treat-
ment. Furthermore, a new treatment is added to each BM 
diagnosis in case of repeated disease progression, and 
repeated cases are counted as duplicates.

In conclusion, RT and ST combined therapy for BM dem-
onstrated the potential for PFS and OS improvement com-
pared to RT or ST alone on our propensity score-matching 
dataset. The results support the recent trend toward com-
bining systemic and local therapies and encourage future 
randomized controlled trials to investigate the optimal RT 
and treatment for each cancer type.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11060-​022-​04132-2.
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