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Clinical outcomes of patients 
with multiple courses 
of radiosurgery for brain 
metastases from non‑small cell 
lung cancer
Won‑Jae Lee, Jung‑Won Choi, Doo‑Sik Kong, Ho Jun Seol, Do‑Hyun Nam & Jung‑Il Lee*

We investigated the long-term clinical outcomes of patients who underwent multiple courses (≥ 5) 
of gamma knife radiosurgery (GKRS) due to recurrent brain metastases (BM) from non-small cell 
lung cancer (NSCLC). Between December 2001 and July 2019, consecutive 2571 patients underwent 
GKRS for BM from NSCLC. Clinical and radiological outcomes were investigated in 76 patients 
who underwent GKRS ≥ 5 times. The median follow-up period after the diagnosis of NSCLC was 
54.6 months (range 14.5–159.1 months). The median number of GKRS procedures per patient was six 
(range 5–15). Actuarial post-GKRS survival rates at 1, 2, 3, 4, and 5 years following initial GKRS were 
88.1%, 79.5%, 65.3%, 51.4%, and 37.3%, respectively. No significant difference in overall survival 
was observed between patients (n = 22) with whole-brain radiotherapy (WBRT) and patients (n = 54) 
without WBRT (p = 0.076). The incidence of radiation-induced leukoencephalopathy was 64% and 18% 
in patients with and without WBRT, respectively (p < 0.0001). Multiple courses of SRS are a tolerable 
and effective treatment option for recurrent BM from NSCLC. Repeat SRS may be an alternative 
treatment option to avoid or delay WBRT.

The lungs are the most common primary site of malignancy, resulting in brain metastases (BM)1 and approxi-
mately 30–50% of lung cancer patients develop BM2. Stereotactic radiosurgery (SRS), such as gamma knife 
radiosurgery (GKRS), is a well-established treatment option for BM. Based on the evidence established by 
multiple randomized trials, SRS has been used as a primary treatment for patients with limited (< 4) BM3–6. 
Although whole-brain radiotherapy (WBRT) has been shown to be greater distant control of BM than SRS alone, 
there was no significant benefit to the overall survival (OS)7–10. Further, the negative impact of WBRT on the 
cognitive functions of the patients makes the use of WBRT a matter of debate, especially for patients with good 
performance status5,6,11. Recently, the number of BM is no longer considered as a limiting factor for SRS10,12–15. 
Instead, many studies revealed that the tumor volume plays a role in the prognosis of BM after SRS16–19. With the 
advancement of systemic therapy improving the survival of cancer patients, the incidence of BM is increasing 
because the patients have a longer time window for cancer dissemination20,21. For those long-term survivors, the 
brain remains a site for continued distant relapse22–24. However, there is no generalized consensus regarding the 
optimal re-treatment option for patients with recurrent BM25. Although many centers currently adopted repeated 
SRS as a salvage treatment for local and distant recurrent BM, only limited literature reported their experience 
about multiple courses of SRS and long-term clinical information is lacking24,26–28.

In the present study, we investigated the long-term clinical outcomes of patients who underwent multiple 
courses (≥ 5 times) of GKRS due to recurrent BM from non-small cell lung cancer (NSCLC) to evaluate the 
efficacy and feasibility of multiple repeat GKRS.

Materials and methods
Study population.  This retrospective study was approved by the Institutional Review Board (IRB) of our 
institute (Samsung Medical Center Institutional Review Board [IRB number: 2020-02-062]) and conducted 
according to the ethical guidelines of the Declaration of Helsinki. The requirement for informed consent was 
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waived off. Between December 2001 and July 2019, a total of 2571 consecutive patients underwent GKRS for BM 
from lung cancer in our center. The patients were stratified based on the total number of GKRS procedures they 
underwent; clinical and radiological outcomes were investigated in 76 patients with NSCLC who underwent 
GKRS ≥ 5 times (Fig. 1).

Radiosurgery technique.  SRS was performed using Leksell Gamma Knife type B, type C, Perfection, and 
Icon (Elekta AB, Stockholm, Sweden). According to the institutional standard protocol, as described previously, 
contrast-enhanced T1-weighted images with a slice thickness of 1.0  mm and T2-weighted fluid-attenuated 
inversion recovery (FLAIR) images with a slice thickness of 2.0 mm were acquired29,30. Target volume (TV) 
was defined as the contrast-enhanced volume of the tumor on T1-weighted post-contrast magnetic resonance 
images (MRI) scan without a margin of the surrounding brain tissue31. The tumor margin was delineated on 
each MRI scan to calculate the TV using the Gamma Plan software (Elekta AB, Stockholm, Sweden). Treatment 
planning, including the dose prescription, was performed by the neurosurgeons. Based on the institutional own 
practice, the prescription dose to the tumor margin was selected considering multiple factors: TV, location of the 
lesions, beam-on time, patient’s medical condition, and previous history of WBRT. Generally, maximum toler-
able dose for each GKRS procedure was determined according to the guidelines of Radiation Therapy Oncology 
Group (RTOG) protocol 90–05, published by Shaw et al.31. The prescription dose was adjusted on a case-by-case 
basis, if necessary. The isodose line (IDL) was adjusted to acceptable tumor coverage. The most common selec-
tion was a 50% IDL. For large cystic lesions, Ommaya reservoir placement was performed to reduce the TV, 
before the GKRS32.

The fractionated treatment scheme (counted as a single procedure in this study) was selected for a patient 
who had a large tumor (> 40 mm) or a tumor adjacent to the eloquent area or cranial nerves at risk. Adaptive 
planning was performed if necessary30.

If a patient with numerous (> 10) brain metastases (BM) could not endure a long treatment time, a two-
stage treatment scheme (counted as two procedures in this study) was chosen, as described previously29. Briefly, 
numerous lesions were treated separately on 2 days. The time interval between each procedure of the two-stage 
treatment scheme was approximately 2 weeks. Large lesions in the eloquent area were of higher priority. The 
beam-on time for each procedure was usually limited to 120 min. All lesions, untreated in the first session or 
newly appearing were treated in the second procedure. The time limit of this treatment strategy based on our 
center’s own experience was not a strict policy. If the patient was expected to be able to endure long treatment 
time, all lesions were treated in a single session. The main purpose of the two-staged treatment was to avoid 
WBRT by cover every lesion with minimal normal brain radiation. To investigate the cumulative effect of repeat 
GKRS regarding the radiation induced complications, the two-staged treatment was counted as two separate 
procedures in this study.

The patients treated with GKRS were followed up with MRI at 2-month intervals, and the cumulative radio-
logical response after each GKRS procedure was investigated. Systemic therapy was conducted according to the 
judgment of the medical oncologist based on the patients’ conditions. If there were distant new lesions (distant 
failure) or regrowth of the previously irradiated lesion (local failure), multidisciplinary approaches such as sur-
gery, WBRT, repeat GKRS, or a combined approach was taken into consideration based on the patients’ condi-
tions. Local failure was defined as a histologically proven recurrence or a 25% increase in the area of enhancement 
with corresponding increased perfusion on perfusion-weighted MRI33.

Figure 1.   Flowchart showing the numbers of included and excluded patients.
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An illustrative case of our treatment strategy was shown in Fig. 2. Repeat GKRS was a primary treatment 
modality for the patient with consecutive relapse of BM despite of multidisciplinary treatment. The use of WBRT 
was determined as a poor medical condition that could not endure the surgery or radiosurgical procedure, dif-
fuse leptomeningeal dissemination, and rapidly progressive and miliary BM, which overwhelmed the treatment 
capacity of the two-stage treatment scheme.

Outcomes assessment.  Demographic data, clinical and radiological findings, parameters of GKRS, OS, 
and GKRS-related morbidities were reviewed. The cumulative number of targets for each patient was defined as 

Figure 2.   The clinical course of the a 36-year-old woman experiencing 15 GKRS procedures for BM from 
lung cancer. The patient was diagnosed with synchronous BM with adenocarcinoma of the lung. (a) Contrast-
enhanced T1-weighted MR images for GKRS treatment. Target volume (red solid line) and prescription isodose 
volume (PIV) (yellow solid line) have appeared on each treatment planning image. PIVs of previously irradiated 
BM by gamma knife is marked with blue solid lines. The numerous lesions are indicated with white arrowheads 
resulting in an additional WBRT after the fifth GKRS. An Ommaya reservoir is inserted into a large cystic BM 
at the sixth GKRS. The newly developed hemorrhagic BM is shown in the cerebellum of the patient, resulting 
in metastasectomy and ventriculo-peritoneal shunt surgery after the 14th GKRS. (b) The chest X-rays showing 
lung cancer (black arrowhead) without systemic progression until the 15th GKRS (114 months after the first 
GKRS). Chest X-ray showing a large amount of pulmonary effusion on the left side after her death, following 
acute respiratory failure due to septic shock subsequent to 8 months of the last GKRS. *Data from the 9th GKRS 
session are lost.
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the sum of the number of lesions treated at each GKRS procedure. Similarly, the cumulative prescription isodose 
volume (PIV) for each patient was defined as the summation of the PIV at each GKRS procedure. The median 
prescription dose for each patient during the course of GKRS treatment was investigated. If the patient had a 
heterogeneous prescription dose profile in a single procedure due to multiple lesions, the maximal value was 
used as the prescription dose for that procedure. For patients who underwent fractionated GKRS, the cumula-
tive marginal dose was considered as the prescription dose of the procedure. The median value of the median 
prescription dose was investigated in each patient group stratified, based on the number of GKRS procedures 
they underwent.

The presence of radiation-induced leukoencephalopathy (RIL) was investigated in all patients and classified 
into four grades using the cerebral white matter (WM) change grading system developed by Fazekas et al.34. 
Figure 3 shows the newly developed hyperintense signal abnormalities surrounding the ventricles and the deep 
white matter (DWM) on FLAIR sequence after brain irradiation (0 = absence, 1 = “caps” or pencil-thin lining, 
2 = smooth “halo”, 3 = irregular periventricular hyperintensity (PVH) extending into the DWM). Pre-irradiation 
WM signal changes, such as aging-related changes35 or peritumoral edema, were not regarded as RIL.

The cause of death in uncensored observations was investigated in two categories: neurological death and 
systemic disease progression. Neurological death was defined as death caused by progressive neurologic dys-
function due to uncontrolled BM. Patients with both intra- and extracranial tumor progression were included 
in neurological death because they indicated the treatment failure of repeat GKRS. Patients were considered to 
have died of systemic disease progression if they died due to progressive vital organ failure without neurologic 
dysfunction36.

The Karnofsky Performance Status (KPS) score was used to evaluate the ability of patients to maintain their 
health-related quality of life (HRQoL)37.

Radiation induced morbidities were categorized using the toxicity grading system of the RTOG and the 
European Organization for Research and Treatment of Cancer (EORTC)38.

Statistical analysis.  Data are presented as the median or mean and range for continuous variables, and as 
frequency and percentages for categorical variables. Median values and frequency comparisons were performed 
using Student’s t-test, chi-square (χ2) test, Fisher’s exact test, or Mann–Whitney U test, as appropriate. Univari-
ate statistical analyses (logistic regression) were performed to assess the categorical and continuous variables. 
Variables with p < 0.1, in univariate analysis, were selected for multivariate models. The follow-up time and 
time-to-event outcomes were calculated from the date of the first GKRS to the date of the last follow-up or to the 
event of interest (e.g., death). The standard Kaplan–Meier method was used to estimate the OS. Statistical analy-
ses were performed using SPSS Statistics, version 25 software (IBM Corporation, Armonk, New York, USA). 
Statistical significance was set at p < 0.05.

Conference presentation.  Part of this work was presented at “The 39th Annual Meeting of the Korean 
Neurosurgical Society” on 1 May 2021.

Ethical approval.  All procedures performed in studies involving human participants were in accordance 
with the ethical standards of the institutional and/or national research committee (Samsung Medical Center 
Institutional Review Board) and with the 1964 Helsinki declaration and its later amendments or comparable 
ethical standards. For this type of study formal consent is not required.

Results
The characteristics of the 76 patients who underwent multiple courses (≥ 5) of the GKRS are described in Table 1. 
A total of 481 GKRS procedures were conducted, and the median number of GKRS procedures per patient was six 
(range 5–15). The median time interval between each GKRS procedure was 4.6 months (range 0.2–64.9 months).

Figure 3.   Fluid attenuation inversion recovery (FLAIR) images showing the white matter signal change. 
Radiation-induced leukoenchepalopathy (RIL) is classified into four grades using the grading system34. Tumor-
related edema is not regarded as the RIL (white arrowheads).
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Before the first GKRS procedure, eight patients (11%) underwent WBRT. The cumulative radiation dose of 
WBRT ranged from 20 to 30 Gy. The use of WBRT was determined due to miliary BM in five patients, and diffuse 
leptomeningeal dissemination in three patients. Three (4%) patients underwent pre-GKRS metastasectomy and 
subsequently underwent the first GKRS at the tumor resection bed.

During the follow-up period after the first GKRS procedure, 14 patients (18%) underwent WBRT as salvage 
treatment due to the rapid dissemination of BM. Intracerebral progression was observed in all 14 patients, and 3 
of the 14 patients showed additional leptomeningeal dissemination. Further, 14 (18%) patients underwent salvage 
surgery; eight were pathologically proven to have tumor recurrence (one patient due to distant failure and seven 
patients due to local failure). The other six patients underwent surgery due to radiation-induced necrosis (RIN) of 
previously irradiated lesions, causing an increase in the intracranial pressure. The genetic alterations of oncogenes 

Table 1.   Characteristics of the 76 patients who underwent multiple courses (≥ 5) of GKRS. GKRS gamma 
knife radiosurgery, PIV prescription isodose volume, WBRT whole-brain radiotherapy, KPS Karnofsky 
Performance status. a Cumulative radiological responses were investigated in 405 cases of repeated GKRS 
procedures.

Factors Value

No. of patient (%) 76 (100)

Median age (range), years 57 (30–75)

Female:male 37:39

Median follow-up time from the diagnosis of NSCLC (range), months 54.6 (14.5–159.1)

Median follow-up time from the first GKRS (range), months 39.5 (12.3–136.0)

Pathology (%)

Adenocarcinoma 76 (100)

Total no. of GKRS procedures 481

Median no. of GKRS procedure per patient (range) 6 (5–15)

Median cumulative no. of target per patient (range) 29.5 (5–103)

Median cumulative PIV per patient (range), cm3 17.2 (2.0–93.8)

Median time interval between each session (range), months 4.6 (0.2–64.9)

WBRT (%)

Before the first GKRS 8 (11)

After the first GKRS 14 (18)

Metastasectomy (%)

Before the first GKRS 3 (4)

After the first GKRS 14 (18)

No. of patient with oncogene mutation (%) 47 (62)

Targeted therapy (%) 41 (54)

Frequency of mutated oncogene (%)

EGFR 32 (42)

ALK 13 (17)

BRAF 2 (3)

KRAS 2 (3)

Immunotherapy (%) 13 (17)

Intrathecal chemotherapy (%) 3 (4)

Hydrocephalus (%) 9 (12)

Cumulative radiological responses after each GKRS procedure (%), n = 405a

Distant failure 280 (69)

Local failure 44 (11)

Both 81 (20)

KPS score at first GKRS (%)

< 70 1 (1)

≥ 70 75 (99)

KPS score at last GKRS (%)

< 70 12 (16)

≥ 70 64 (84)

Changes of KPS score

Improved 8 (11)

No change 23 (30)

Worsened 45 (59)
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were observed in 47 (62%) patients and EGFR mutation was the most frequent. Forty-one (54%) patients with 
oncogene mutation underwent targeted therapy. In addition, another 12 (16%) also received various target agents 
regardless of the presence of oncogene mutations. Thirteen (17%) patients underwent immunotherapy. Three 
(4%) patients underwent intrathecal chemotherapy due to diffuse leptomeningeal dissemination of BM. Nine 
(12%) patients underwent ventriculoperitoneal shunt (VPS) surgery for hydrocephalus (HCP) which occurred 
due to progressive BM (e.g., diffuse leptomeningeal seeding) in eight of nine patients. The other patient had an 
obstructive HCP due to peritumoral edema which was caused by RIN of a cerebellar lesion.

Except for the first 76 procedures of GKRS, the cumulative radiological response after each GKRS was inves-
tigated in 405 repeat GKRS procedures. Distant failure was observed in 361 patients (89%) following GKRS 
procedures. At the time of first GKRS procedure, 75 (99%) patients had the KPS score ≥ 70. During the follow-up 
period, the KPS scores improved in 8 (11%) patients, worsened in 45 (59%) patients, and did not change in 23 
(30%) patients. At the time of last GKRS procedure, 64 (84%) patients had the KPS score ≥ 70.

GKRS-related complications included 12 (16%) cases of RIN and one (1%) case of seizure. Six out of 12 RIN 
patients underwent surgical resection of the lesion, while the other six patients underwent steroid therapy. One 
patient had generalized seizures a day after GKRS and was treated with an anti-epileptic drug. Five (7%) patients 
experienced Grade ≥ 3 toxicity according to the RTOG/EORTC grading system (Table 2).

The radiosurgical parameters of each patient group based on the total number of GKRS procedures are 
described in Table 3. The number of BM at each GKRS procedure was shown in Supplementary Fig. 1.

The OS.  The median OS from the diagnosis of NSCLC was 65.6 months (95% confidence interval [CI] 53.42–
77.78) (Fig. 4a). Actuarial survival rates at 1, 2, 3, 4, and 5 years were 86.8%, 73.0%, 66.7%, 54.8%, and 41.3%, 
respectively. The median OS from the first GKRS procedure was 52.3 months (95% CI 41.47–63.13) (Fig. 4b). 
The actuarial post-GKRS survival rates at 1, 2, 3, 4, and 5 years after the initial GKRS were 88.1%, 79.5%, 65.3%, 
51.4%, and 37.3%, respectively.

In total, 56 patients died at the date of the closing of the study. Among the 44 uncensored observations, 37 
(84%) patients died due to systemic disease progression and seven (16%) suffered a neurological death. As per 
the National Statistical Office database from Statistics Korea, death was confirmed for the rest 12 patients but 
the cause remained undetermined.

The median OS from the first GKRS procedure in patients with WBRT and patients without WBRT was 
35.9 months (95% CI 31.09–40.71) and 56.0 months (95% CI 42.34–69.66), respectively (Fig. 4c). However, 
no significant difference in OS was observed (p = 0.076). There was no statistically significant difference in the 
baseline characteristics between the two groups, except for the patient’s age (Table 4).

Table 2.   GKRS-related complications. a RTOG/EORTC toxicity grading system9.

Factors Value

Complication (%)

Radiation induced necrosis 12 (16)

Seizure 1 (1)

Acute toxicitya

Grade 2 3

Grade 3 2

Late toxicitya

Grade 1 4

Grade 2 1

Grade 3 3

Table 3.   Parameters of radiosurgery. GKRS gamma knife radiosurgery, PIV prescription isodose volume. 
a Data from the 9th GKRS session were lost.

Total no. of GKRS 
procedure No. of patients, n = 76 (%)

Median cumulative no. of 
target per patient (range)

Median cumulative PIV 
per patient (range), cm3

Median value of the 
median prescription dose 
(range), Gy

Median follow up time 
after the first GKRS 
(range), months

5 31 (41) 24 (5–69) 14.2 (2.0–41.3) 18.0 (12.0–25.0) 31.9 (12.3–136.0)

6 20 (26) 27.5 (8–59) 15.6 (3.9–50.9) 19.5 (16.0–25.0) 43.5 (13.1–134.8)

7 13 (17) 34 (7–63) 18.9 (6.4–93.8) 20 (13.0–24.0) 48.0 (22.6–96.3)

8 5 (7) 38 (13–76) 32.0 (24.3–59.8) 18.5 (14.5–20.0) 59.3 (22.6–96.3)

9 3 (4) 68 (39–86) 40.9 (22.2–44.6) 18 (14–19) 39.3 (31.0–40.6)

11 3 (4) 92 (60–103) 45.1 (27.5–47.6) 16 (15–18) 73.2 (39.6–109.8)

15a 1 (1) 70 45.3 20.5 113.9
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Figure 4.   Kaplan–Meier survival curves. (a) A survival curve from the diagnosis of NSCLC. The median OS 
is 65.6 months (95% CI 53.42–77.78 months). (b) A survival curve from the first GKRS procedure. The median 
OS is 52.3 months (95% CI 41.47–63.13 months). (c) The median OS from the first GKRS procedure in patients 
with WBRT and the patients without WBRT is 35.9 months (95% CI 31.09–40.71 months) and 56.0 months 
(95% CI 42.34–69.66 months), respectively (p = 0.076). (d) The survival curves from the second GKRS in 
64 patients without WBRT before the first GKRS. The median OS after the second GKRS in the 10 patients 
with salvage WBRT and the 54 patients without salvage WBRT was 27.0 months (95% CI 2.83–51.17) and 
42.9 months (95% CI 28.97–56.83), respectively (p = 0.32). *The median OS is marked using a black dotted line 
in each figure. OS overall survival, NSCLC non-small cell lung cancer, GKRS gamma knife radiosurgery, WBRT 
whole-brain radiotherapy.

Table 4.   Comparison of the baseline characteristics of the two groups of patients according to the WBRT 
status. GKRS gamma knife radiosurgery, PIV prescription isodose volume, WBRT whole brain radiotherapy, CI 
confidence interval.

Variables

WBRT

p-value 95% CI of the predicted differencesYes (n = 22) No. (n = 54)

Median age (range), years 57 (32–74) 60 (30–75) 0.001 − 14.09 to − 3.66

No. of females (%) 10 (45.5) 27 (50) 0.803 –

Median no. of GKRS procedure per patient (range) 6 (5–15) 6 (5–11) 0.462 − 1.24 to 0.57

Median cumulative no. of target (range) 29.5 (8–70) 28 (5–103) 0.494 − 7.07 to 14.52

Median cumulative PIV (range), cm3 17.2 (4.3–50.9) 16.9 (2.0–93.8) 0.974 − 8.29 to 8.57

Median value of median prescription dose (range), 
Gy 19 (12–24) 19 (13–25) 0.082 − 3.02 to 0.18
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In 68 patients without WBRT before the first GKRS, the median time interval from the first GKRS to the 
first distant failure was 7.3 months (range 1.0–89.2 months). Salvage WBRT was performed for the 14 patients 
at a various timing (Fig. 5). After the first distant failure, 2 patients underwent salvage WBRT, and the other 
66 patients underwent second GKRS. The median OS after the second GKRS in the 10 patients with salvage 
WBRT and the 54 patients without salvage WBRT was 27.0 months (95% CI 2.83–51.17) and 42.9 months (95% 
CI 28.97–56.83), respectively (p = 0.32) (Fig. 4d). The actuarial survival rates of the 54 patients without salvage 
WBRT at 1, 2, 3, and 4 years after the second GKRS were 88.4%, 74.7%, 55.8%, and 37.5%, respectively.

RIL cases.  At the time of the first GKRS, a grade 1 RIL was observed in one of the eight patients who under-
went WBRT before the first GKRS (Table 5). At the last follow-up, 24 (32%) patients had a RIL greater than 
grade 1. The incidence of RIL was 64% and 18% in patients with and without WBRT, respectively (p < 0.0001). 
The median time interval from the second GKRS to development of RIL in the 10 patients without WBRT was 
23.1 months (range 9.0–89.8 months). The variables associated with RIL were analyzed separately for the all-
patient group and the patient without WBRT group (Table 6). In the all-patient group, only WBRT was associ-
ated with RIL (p < 0.0001, odds ratio [OR] 7.70, 95% CI 2.55–25.30). In the group of patients without WBRT, 
age (p = 0.015, OR 1.15, 95% CI 1.03–1.29) and female sex (p = 0.05, OR 5.26, 95% CI 1.00–27.69) were found 
to be associated with RIL in univariate analyses. In multivariate analyses, only age (p = 0.04, OR 1.12, 95% CI 
1.005–1.254) was found to be associated with RIL.

Discussion
This study showed the favorable salvage outcomes of the multiple courses of GKRS for the patients with recurrent 
BM from NSCLC. Repeat GKRS showed durable local control, and low neurological death (16%) was observed. 
Hence, it appears to be feasible salvage treatment option in the patients with recurrent BM. The role of SRS in the 
management of BM has expanded; in contrast, the use of WBRT is relatively decreasing39. Improvement in sys-
temic therapies is allowing longer survival of cancer patients with BM, thereby preserving the cognitive functions, 
which is considered an important treatment goal for maintaining the HRQoL37,40. Several studies have revealed 
that SRS is superior in preserving the cognitive functions in patients with BM as compared to WBRT5,6,11,41. In 
the present study, a detailed assessment of the cognitive functions of the patients was not conducted. Neuro-
cognitive decline was evaluated indirectly using the development of RILs and KPS scores due to retrospective 

Figure 5.   Timeline of the 14 patients who underwent salvage WBRT due to distant failure after the first GKRS. 
The diamond symbols indicate the repeat GKRS. The black arrow heads indicate the salvage WBRT. The cross 
“X” indicates the time of death. GKRS gamma knife radiosurgery, WBRT whole-brain radiotherapy.

Table 5.   Radiation-induced leukoencephalopathy. WBRT whole brain radiotherapy, GKRS gamma knife 
radiosurgery. a A grade 1 RIL was observed in one patient who underwent WBRT before the first GKRS.

Grade

All patients (n = 76)

WBRT

Yes (n = 22) No (n = 54)

At the first GKRS 
(%)

At the last 
follow-up (%)

At the first GKRS 
(%)

At the last 
follow-up (%)

At the first GKRS 
(%)

At the last 
follow-up (%)

0 75 (99) 52 (68) 21 (95) 8 (36) 54 (100) 44 (82)

1 1 (1)a 12 (16) 1 (5) 5 (23) – 7 (13)

2 – 2 (3) – 1 (5) – 1 (1)

3 – 10 (13) – 8 (36) – 2 (4)
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nature. Although RILs have been roughly defined by cognitive dysfunction associated with diffuse WM change, 
clinical and neuropsychological investigation should be accompanied42,43. Nevertheless, the radiation-induced 
adverse effects due to WM integrity alteration have been well validated and the cognitive dysfunction is one of the 
most common and serious delayed complication of cerebral radiation44–46. Trifiletti et al. demonstrated that the 
addition of WBRT to SRS was associated with RIL47. Previous studies47 have indicated the association of the use 
of pre-SRS WBRT with an early RIL development. In the present study, WBRT was found to be associated with 
RIL, and patients with WBRT had a higher grade of RIL than patients without WBRT (Table 4). The incidence 
of RIL was significantly lower in patients without WBRT than in those with WBRT.

Increasing reports of cognitive decline following WBRT have resulted in increasing use of SRS as the sole 
treatment for BM28. A previously conducted prospective study (JLGK0901) reported that SRS without WBRT 
as the initial treatment in patients with multiple BM (5–10) is non-inferior to that of the patients with limited 
BM (2–4) in terms of OS48. The update of the JLGK0901 study focusing on cognitive functions and irradiation-
related complications demonstrated the long-term safety of SRS alone in those with 5–10 BM49. Although SRS 
has no prophylactic effect for distant failure, this study showed that repeated SRS with short-term radiological 
follow-up could sufficiently overcome this concern. The survival outcome data also suggested that repeat SRS 
is a reasonable option for multiple recurrent BM. Patients with prolonged survival experienced a continuous 
relapse of BM (Table 2); however, additional WBRT had no impact on OS compared to SRS alone. The major 
cause of death in the uncensored observations was systemic disease progression, and repeated GKRS effectively 
controlled the intracranial burden of lung cancer. At the time of last GKRS procedure, 84% of the patients had 
the KPS score ≥ 70. Long-term self-care ability, measured by the KPS score, was relatively tolerable.

Over the past several decades, many centers have adopted SRS for patients with multiple (≥ 5) BM, and the 
number of BM itself was no longer a determinant for SRS eligibility10,12,15,50. Yamamoto et al. also demonstrated 
that the number of BM was not positively associated with SRS-related complications12,50. In the present study, 
SRS was performed as an initial or a salvage treatment for multiple BMs. For patients who underwent SRS as an 
initial treatment for BM, WBRT, which is generally considered to be unrepeatable, was reserved for miliary BM 
or leptomeningeal dissemination. In subgroup analysis, multiple BM developed in 67 (88%) patients, of which 
45 (59%) patients could avoid the WBRT by repeating SRS (Supplementary Fig. 2). Although there are no ran-
domized controlled trials evaluating the use of SRS alone in patients with multiple BM, SRS has moved into the 
mainstream treatment for multiple BM51. The results of our study encouraged the use of repeat SRS as a salvage 
treatment for multiple BMs to avoid radiation-induced brain damage. Multiple repeat SRS did not significantly 
increase the risk of RIL (Table 5). Recent technical advances in SRS have allowed a short treatment time for 
multiple lesions. The repeatability of SRS was a strong advantage in the management of recurrent distant failure. 
Repeat SRS at short intervals, such as a two-stage treatment scheme, can be considered as an alternative treatment 
methodology to replace WBRT. Given the HRQoL of patients, the decision to offer WBRT should be made on an 
individual basis. However, age was associated with RIL in patients who did not undergo WBRT. Physicians should 
be aware that elderly patients are vulnerable to radiation-induced cognitive decline, even if WBRT is omitted.

This study has several limitations. First, as a retrospective study, well-selected groups of patients might 
result in biased outcomes of multiple courses of GKRS. In addition, the effect of systemic therapy according to 
cancer biology, which could affect the prognosis of patients, was not evaluated. The regimens of chemotherapy, 
targeted therapy, and immunotherapy varied extremely among cases. Therefore, we were not able to use the 
systemic therapy as an independent variable. The survival outcome data may have time related bias that reflect 
the relatively superior outcome of systemic therapy in later years of the study. Future study considering the effect 
of systemic therapy will be needed to obtain more definitive results. The indications for initial or salvage WBRT 
should have been clearly defined. Moreover, cumulative radiation doses to the whole brain could not be deter-
mined due to technical limitations. Despite these limitations, this study reported long-term clinical outcomes 
of multiple courses of SRS in a single disease. Our results provide useful clinical information about the role of 
repeat SRS in patients with recurrent BM from NSCLC.

Table 6.   Factors associated with development of radiation-induced leukoencephalopathy based on univariate 
and multivariate analyses. GKRS gamma knife radiosurgery, PIV prescription isodose volume, WBRT whole 
brain radiotherapy, OR Odds ratio, CI confidence interval.

Variables

All-patient group (n = 76) Patient group without WBRT (n = 54)

Univariate Univariate Multivariate

Age, years 0.49 0.015 (OR 1.15, 95% CI 
1.03–1.29)

0.03 (OR 1.14, 95% CI 
1.011–1.282)

Sex (female) 0.26 0.05 (OR 5.26, 95% CI 
1.00–27.69) 0.15

WBRT < 0.0001 (OR 7.70, 95% CI 
2.55–23.30) –

No. of GKRS 0.35 0.43

Cumulative no. of target 0.95 0.79

Cumulative PIV, cm3 0.66 0.78

Median prescription dose, Gy 0.18 0.68
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Conclusions
Repeat SRS is a reasonable and effective treatment option for multiple recurrent BM from NSCLC. Additional 
WBRT increased the risk of RIL with no OS outcome. Short-term radiological follow-up is advocated in this 
treatment strategy to overcome the high risk of distant failure. The rate of symptomatic RIN was acceptable, 
and post-SRS HRQoL was tolerable. Multiple courses of SRS for recurrent BM may be an alternative treatment 
strategy to avoid or delay WBRT.
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