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Abstract
Purpose Gamma Knife radiosurgery (GKRS) is a non-invasive procedure for the treatment of brain metastases. This study 
sought to determine whether radiomic features of brain metastases derived from pre-GKRS magnetic resonance imaging 
(MRI) could be used in conjunction with clinical variables to predict the effectiveness of GKRS in achieving local tumor 
control.
Methods We retrospectively analyzed 161 patients with non-small cell lung cancer (576 brain metastases) who underwent 
GKRS for brain metastases. The database included clinical data and pre-GKRS MRI. Brain metastases were demarcated by 
experienced neurosurgeons, and radiomic features of each brain metastasis were extracted. Consensus clustering was used 
for feature selection. Cox proportional hazards models and cause-specific proportional hazards models were used to correlate 
clinical variables and radiomic features with local control of brain metastases after GKRS.
Results Multivariate Cox proportional hazards model revealed that higher zone percentage (hazard ratio, HR 0.712; P = .022) 
was independently associated with superior local tumor control. Similarly, multivariate cause-specific proportional hazards 
model revealed that higher zone percentage (HR 0.699; P = .014) was independently associated with superior local tumor 
control.
Conclusions The zone percentage of brain metastases, a radiomic feature derived from pre-GKRS contrast-enhanced 
T1-weighted MRIs, was found to be an independent prognostic factor of local tumor control following GKRS in patients 
with non-small cell lung cancer and brain metastases. Radiomic features indicate the biological basis and characteristics of 
tumors and could potentially be used as surrogate biomarkers for predicting tumor prognosis following GKRS.
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Introduction

Brain metastases (BMs) are the most frequent malignant 
intracranial tumors, and the most common primary origin 
is lung cancer [1, 2]. Non-small cell lung cancer (NSCLC) 
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constitutes approximately 80% of all lung cancers, and 
25–50% of patients with metastatic NSCLCs are affected 
by BMs during the course of their disease [3, 4]. BMs 
remain a leading cause of morbidity and mortality despite 
advances in systemic therapy and improved survival rates 
for patients with advanced NSCLC. The mean survival of 
patients with untreated BMs is 1–3 months [5].

Gamma Knife radiosurgery (GKRS) is a promising, 
non-invasive procedure for the management of BMs. The 
primary objective of GKRS is local tumor control [6–9]. 
However, new or recurrent BMs develop in approximately 
25–50% of patients within the first 6–12 months after 
GKRS [10–13]. Several clinical factors are related to local 
control of BMs after GKRS, including tumor volume [14, 
15] and epidermal growth factor receptor (EGFR) muta-
tion status [16, 17]; however, relatively few studies have 
focused on the correlation between pre-GKRS imaging 
traits and local tumor control.

Radiomics is a field of study in which image analysis is 
used to extract quantitative features from medical images. 
Radiomics has been proposed as a means to explore cor-
relations between imaging traits and clinical outcomes.
[18–20]. Radiomic features provide valuable information 
pertaining to tumor phenotype and microenvironment, 

which can be used for tumor classification, prognosis 
prediction, and treatment response prediction for various 
cancers, such as BM, lung cancer, head and neck cancer, 
and glioblastoma multiforme [21–23].

Our objective in this study was to identify radiomic 
features of BMs derived from pre-GKRS magnetic reso-
nance imaging (MRI) as well as the clinical variables 
that correlate with local tumor control following GKRS.

Methods

Patients

This retrospective review was based on clinical data and 
MRI of patients with BMs who underwent GKRS at Tai-
pei Veterans General Hospital between 2012 and 2017. 
Our research protocol was approved and monitored by 
the Taipei Veterans General Hospital Institutional Review 
Board (IRB, IRB number: 2017-09-010BC). A total of 
161 patients satisfied the following criteria: (1) Diagnosis 
with NSCLC confirmed by lung biopsy or open surgery; 
(2) Diagnosis of one or more BMs confirmed by MRI 

Fig. 1  Analytic pipeline. a Axial contrast-enhanced T1-weighted 
pre-GKRS MRI used in analysis. Preprocessing included skull strip-
ping and Z-score intensity normalization. b Tumor regions of inter-
est (ROIs), as demarcated by experienced neurosurgeons. c A total 
of 107 radiomic features were extracted from ROIs using the open-

source software Pyradiomics. d Consensus clustering was performed 
for feature selection. e Clinical variables were also used for further 
analysis. f Survival analysis of progression-free survival of tumors 
was performed using the Cox proportional hazards models and cause-
specific proportional hazards models
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without brainstem BMs; (3) Treatment with GKRS and 
no treatment with whole brain radiotherapy (WBRT); (4) 
At least one clinical and neuroimaging follow-up. The 
subsequent analytic pipeline was summarized in Fig. 1.

GKRS procedures

GKRS procedures were performed using the Leksell Gamma 
Unit Model 4C or the Perfexion stereotactic radiosurgery 
device (Elekta AB, Stockholm, Sweden). The techniques 
employed at our institution have been detailed in previ-
ous papers [24–28]. Following stereotactic Leksell frame 
placement under monitored anesthesia, all patients under-
went pre-GKRS MRI. Dose planning was performed using 
Gamma Plan software. All GKRS treatment parameters were 
recorded, including margin and maximum dose.

Radiation dose scheme

We adopted the methods proposed by the Radiation Ther-
apy Oncology Group (RTOG) and the Japanese study group 
guidelines for the determination of dose schemes. For 
patients who underwent GKRS in conjunction with WBRT, 
we followed the dose planning guidelines of RTOG 95-08 
[29]: WBRT dose was 37.5 Gy in 15 fractions, and GKRS 
boost dose was adjusted according to lesion size (24 Gy, 
18 Gy, and 15 Gy for BMs measuring < 20 mm, 20–30 mm, 
and 30–40 mm, respectively). In accordance with the guide-
lines proposed by Aoyama [30], GKRS dose was (1) varied 
according to the size of the lesion (22–25 Gy for BMs meas-
uring < 20 mm, 18–20 Gy for BMs measuring > 20 mm) and 
(2) reduced by 30% in cases where WBRT was adminis-
tered. In accordance with the guidelines provided by RTOG 
90-05 [31] pertaining to GKRS use in the treatment of 
recurrent, previously irradiated BMs, we evaluated doses in 
terms of maximum BM diameter: 18 Gy for BMs measur-
ing ≤ 20 mm, 15 Gy for BMs measuring 21–30 mm, and 
12 Gy for BMs measuring 31–40 mm.

MRI acquisition

All pre-GKRS MRI data were collected using a Signa 
HDxt 1.5 T (GE healthcare Milwaukee, WI) scanner with 
an eight-channel phased-array neurovascular coil to obtain 
images. Pre-GKRS contrast-enhanced T1-weighted images 
were used for analysis. The parameters used to acquire 
contrast-enhanced T1-weighted spin-echo images were as 
follows: repetition time (TR) = 450–666.668 ms, echo time 
(TE) = 8–9 ms, field of view (FOV) = 258.85–261.06 mm, 
number of excitations (NEX) = 2, slice thickness = 3 mm, 
and pixel spacing = 0.5 mm.

Radiomic feature extraction

Tumor regions of interest (ROIs) were demarcated 
manually by experienced neurosurgeons (CC Lee and 
HC Yang). Preprocessing, including skull stripping and 
Z-score intensity normalization, was performed using 
Statistical Parametric Mapping 12 (SPM12, Wellcome 
Department of Cognitive Neurology, London, UK, https 
://www.fil.ion.ucl.ac.uk/spm/) and Python (version 3.6.7). 
Feature extraction was performed on all tumor ROIs using 
the PyRadiomics package (version 2.0.1) with resam-
pling of all images to 1 × 1 × 1  mm3 [32]. A total of 107 
radiomic features were obtained (using a bin size of 25), 
including 14 shape features, 18 first order features, and 75 
texture features, such as gray level co-occurence matrix 
(GLCM), gray level dependence matrix (GLDM), gray 
level run length matrix (GLRLM), gray level size zone 
matrix (GLSZM), and neighboring gray tone difference 
matrix (NGTDM) features (Supplementary Table 1). All 
features were extracted in 3D and converted to Z-scores 
for normalization.

Consensus clustering

Feature selection was performed to reduce redundancy in 
extracted radiomic features [20, 33]. This was achieved 
using consensus clustering, which is a methodology based 
on resampling [22, 34, 35]. An appropriate number of 
clusters was selected from delta area plots. For each clus-
ter, we obtained the medoid, which is the representative 
feature with highest average pairwise correlation within 
a cluster. The medoids, which represent the clusters they 
belong to, were regarded as potential promising radiomic 
signatures and were used as independent variables in sub-
sequent statistical analyses. Using the R package Consen-
susClusterPlus (v 1.46.0) [36], consensus clustering was 
performed using hierarchical clustering and a dissimilarity 
measure based on Pearson correlation (1 − r), with 80% 
item resampling and 1000 resampling iterations.

Outcomes and follow‑ups

Follow-up neuroimaging (including contrast-enhanced, 
thin-sliced MRIs of the whole brain) and clinical evalua-
tions (including symptoms related to chemotherapy/target 
therapy) were performed at 3-month intervals. Note that 
neuroimaging studies were independently reviewed by 
experienced neurosurgeons. Tumor response was assessed 
by comparing follow-up MRIs to pre-GKRS MRIs. The 
results were categorized as follows: (1) regression (> 10% 
decrease in tumor volume); (2) stable (< 10% increase or 

https://www.fil.ion.ucl.ac.uk/spm/
https://www.fil.ion.ucl.ac.uk/spm/
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Table 1  Clinical characteristics 
of 576 brain metastatic tumors 
in 161 NSCLC patients

Characteristic Medians or 
frequencies

Ranges or percentages IQRs for 
continuous 
variables

Per patient (n = 161)
 Age (y/o) 61.50 29.17–89.17 52.36–69.74
 Sex (male: female) 65:96 40.37:59.63%
 Number of intracranial metastases
  1 47 29.19%
  2 36 22.36%
  3 19 11.80%

  > 3 59 36.65%
 Extracranial metastases 68 42.24%
 KPS score 90 60–100 90–90
 Neurological deficits
  Long tract signs 25 15.53%
  Cerebellar signs 10 6.21%
  Cranial nerve palsy 20 12.42%
  High cortical dysfunction 3 1.86%
  Asymptomatic 112 69.57%

 Image follow-up (months) 12.7 0.4–63.8 6.1–21.2
 Clinical follow-up (months) 10.5 0.0–64.7 5.8–22.6
 Prior craniotomy 9 5.59%
 Chemotherapy use 88 54.66%
 EGFR-TKI use before GKRS 101 62.73%
 EGFR-TKI use after GKRS 120 74.53%
 Tumor histology
  Pure adenocarcinoma 158 98.14%
  Squamous cell carcinoma 1 0.62%
  Adenocarcinoma + Squamous cell carcinoma 1 0.62%
  Adenocarcinoma + Large cell carcinoma 1 0.62%

 EGFR mutation type
  No mutation 44 27.33%
  L858R point mutation 48 29.81%
  Exon 19 deletion 40 24.84%
  G719X point mutation 3 1.86%
  Exon 21 point mutation 2 1.24%
  Exon 20 insertion 2 1.24%
  T790M point mutation 1 0.62%
  S768I point mutation 1 0.62%

 Inconclusive 4 2.48%
 Combined mutations
  L858R and T790M 10 6.21%
  Exon 19 deletion and T790M 5 3.11%
  L858R and S768I 1 0.62%

 Survival (months) 14.7 0.7–64.7 9.2–25.0
Per tumor (n = 576)
 Tumor volume (mL) 0.14 0.02–32.43 0.07–0.52
 Location of tumor
  Frontal lobe 191 33.16%
  Parietal lobe 97 16.84%
  Temporal lobe 81 14.06%
  Occipital lobe 79 13.72%
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decrease in tumor volume); and (3) progression (> 10% 
increase in tumor volume). Local tumor control included 
stable tumor responses and/or tumor regression [17, 37].

Statistical analysis

Descriptive statistics for continuous variables were reported 
as medians, ranges and interquartile ranges (IQRs). Cate-
gorical variables were reported as frequencies and percent-
ages. Progression-free survival (PFS) was defined as the 
time from GKRS to tumor progression. Survival analysis 
of PFS (i.e., local tumor control) was assessed using Cox 
proportional hazards models and cause-specific proportional 
hazards models [38, 39], due to the presence of mortality as 
the competing risk, to identify potential prognostic factors. 
Variables that were found to be significant at the 0.10 level 
in univariate analyses were entered into multivariate models. 
Statistical significance was defined as P < 0.05. All statisti-
cal analyses were performed using SPSS (version 24, IBM 
Corporation, Armonk, NY) and the R package survival (v. 
2.44-1.1) [40, 41].

Results

Patient characteristics

This study investigated a series of 161 patients treated with 
GKRS with a total of 576 BMs. Patient characteristics, 
tumor characteristics, and GKRS data are summarized in 
Table 1.

The patient cohort comprised 65 males and 96 
females. Median patient age was 61.50  years (range: 
29.17–89.17  years, IQR: 52.36–69.74  years), and 
median Karnofsky Performance Scale (KPS) score was 90 
(range: 60–100, IQR: 90–90). A total of 158 patients were 
diagnosed with pure adenocarcinoma, while 1 patient had 
squamous cell carcinoma, 1 patients had mixed adenocarci-
noma and squamous cell carcinoma, and 1 patient had mixed 

adenocarcinoma and large cell carcinoma. With regard to 
EGFR mutation status, 44 patients had wild-type EGFR 
(no mutations), whereas the other patients had EGFR muta-
tions, most of which comprised L858R point mutations, fol-
lowed by Exon 19 deletion mutations. Most patients were 
asymptomatic; however, 25 patients presented with long 
tract signs, 10 patients presented with cerebellar signs, 20 
patients had cranial nerve palsy, and 3 patients showed high 
cortical dysfunction. In addition, 47, 36, 19, and 59 patients 
respectively had 1, 2, 3, and > 3 intracranial metastases, and 
68 patients had extracranial metastases. Prior to GKRS, 
9 patients had undergone a craniotomy. Furthermore, 88 
patients underwent chemotherapy, and 101 and 120 patients 
respectively used EGFR-tyrosine kinase inhibitors (EGFR-
TKIs) before and after GKRS. The median lengths of neu-
roimaging and clinical follow-ups were 12.7 months (range: 
0.4–63.8 months, IQR: 6.1–21.2 months) and 10.5 months 
(range: 0.0–64.7 months, IQR: 5.8–22.6 months), respec-
tively, and median survival was 14.7  months (range: 
0.7–64.7 months, IQR: 9.2–25.0 months).

The median tumor volume of BMs was 0.14 mL (range: 
0.02–32.43 mL, IQR: 0.07–0.52 mL). The locations of the 
576 BMs were as follows: frontal lobe (191), parietal lobe 
(97), temporal lobe (81), occipital lobe (79), insula (15), 
basal ganglia and thalamus (25), and cerebellum (88). The 
median margin dose was 20.0 Gy (range: 12.0–30.0 Gy, 
IQR: 18.0–21.0 Gy), and the median maximal dose was 
30.0 Gy (range: 20.0–50.0 Gy, IQR: 26.9–32.7 Gy).

Clustering

Consensus clustering resulted in 8 distinct radiomic feature 
clusters, based on the delta area plot (Supplementary Fig. 1) 
(size: 1 to 62 features per cluster). Details regarding cluster 
size, associated radiomic features, and the medoids of each 
cluster are provided in Supplementary Table 2.

EGFR epidermal growth factor receptor, GKRS Gamma knife radiosurgery, Gy gray, IQR interquartile 
range, KPS Karnofsky Performance Scale, TKI tyrosine-kinase inhibitor, y/o years old

Table 1  (continued) Characteristic Medians or 
frequencies

Ranges or percentages IQRs for 
continuous 
variables

  Insula 15 2.60%
  Basal ganglia and thalamus 25 4.34%
  Cerebellum 88 15.28%

SRS protocol
 Margin dose (Gy) 20.0 12.0–30.0 18.0–21.0
 Maximum dose (Gy) 30.0 20.0–50.0 26.9–32.7
 Isodose level (%) 65.5 50.0–95.0 60.0–78.3
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Prognostic factors associated with local tumor 
progression using Cox proportional hazards models

Variables that proved significant at the 0.10 level in univari-
ate Cox proportional hazards models were considered poten-
tial prognostic factors and were entered into a multivariate 
Cox proportional hazards model.

In univariate Cox proportional hazards models, among 
clinical variables, positive EGFR mutation (hazard 
ratio, HR 0.586; P = 0.059) and number of intracranial 
metastases (HR 0.947; P = 0.072) were associated with 
a better tumor control, while tumor volume (HR 1.000; 
P = 0.004) and prior craniotomy (HR 2.386; P = 0.044) 
were associated with a poorer tumor control. Among radi-
omic features, higher low gray level zone emphasis (orig-
inal_glszm_LowGrayLevelZoneEmphasis) (HR 0.757; 
P = 0.068) and higher zone percentage (original_glszm_
ZonePercentage) (HR 0.673; P = 0.005) of BMs were 
associated with a better tumor control in univariate Cox 
proportional hazards models. These variables were thus 
input into a multivariate Cox proportional hazards model.

The multivariate Cox proportional hazards model 
revealed that higher zone percentage (HR 0.712; 

P = 0.022) was independently associated with the favora-
ble local control of BMs.

Univariate and multivariate Cox proportional hazards 
models pertaining to the local control of BMs are sum-
marized in Table 2.

Prognostic factors associated with local tumor 
progression using cause‑specific proportional 
hazards models

Since patients’ survival in our cohort was relatively short, 
cause-specific proportional hazards models were also per-
formed due to the presence of mortality as the compet-
ing risk. Variables that proved significant at the 0.10 level 
in univariate cause-specific proportional hazards models 
were considered potential prognostic factors and were 
entered into a multivariate cause-specific proportional 
hazards model.

In univariate cause-specific proportional hazards models, 
among clinical variables, female sex (HR 0.664; P = 0.096) 
and number of intracranial metastases (HR 0.928; P = 0.009) 
were associated with a better tumor control, while tumor 

Table 2  Prognostic factors associated with local tumor progression (derived using Cox proportional hazards models)

CI confidence interval, EGFR epidermal growth factor receptor, GKRS Gamma Knife radiosurgery, HR hazard ratio, KPS Karnofsky Perfor-
mance Scale, TKI tyrosine-kinase inhibitor
+ p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001

Factors Univariate Multivariate

p value HR 95% CI p value HR 95% CI

Clinical variables
Age 0.430 0.992 0.972–1.012
Sex (female vs. male) 0.159 0.706 0.435–1.145
EGFR mutation +0.059 0.586 0.336–1.021 +0.095 0.618 0.351–1.087
Tumor volume **0.004 1.000 1.000–1.000 0.365 1.000 1.000–1.000
Tumor location (infratentoiral vs. supratentorial) 0.285 1.407 0.752–2.633
Prior craniotomy *0.044 2.386 1.023–5.567 0.135 1.930 0.816–4.569
Chemotherapy use 0.203 0.726 0.443–1.189
EGFR-TKI use before GKRS 0.131 0.687 0.422–1.119
EGFR-TKI use after GKRS 0.431 0.767 0.397–1.483
Number of intracranial metastases +0.072 0.947 0.893–1.005 0.342 0.970 0.911–1.033
KPS score 0.622 1.008 0.977–1.039
Radiomic features
original_shape_Elongation 0.137 1.216 0.939–1.575
original_firstorder_Mean 0.258 1.135 0.912–1.413
original_shape_Sphericity 0.785 1.033 0.818–1.305
original_glszm_LowGrayLevelZoneEmphasis +0.068 0.757 0.562–1.021 0.305 0.859 0.643–1.148
original_firstorder_Minimum 0.584 0.938 0.744–1.181
original_firstorder_Kurtosis 0.425 1.091 0.881–1.352
original_glcm_Id 0.473 1.091 0.861–1.382
original_glszm_ZonePercentage **0.005 0.673 0.510–0.888 *0.022 0.712 0.533–0.951



445Journal of Neuro-Oncology (2020) 146:439–449 

1 3

volume (HR 1.000; P = 0.001) and prior craniotomy (HR 
2.355 P = 0.047) were associated with a poorer tumor con-
trol. Among radiomic features, higher low gray level zone 
emphasis (HR 0.716; P = 0.030) and higher zone percentage 
(HR 0.648; P = 0.002) of BMs were associated with a bet-
ter tumor control in univariate cause-specific proportional 
hazards models. These variables were thus input into a mul-
tivariate cause-specific proportional hazards model.

The multivariate cause-specific proportional hazards 
model revealed that higher zone percentage (HR 0.699; 
P = 0.014) was independently associated with the favorable 
local control of BMs.

Univariate and multivariate cause-specific proportional 
hazards models pertaining to the local control of BMs are 
summarized in Table 3.

Case illustration

Zone percentage is a means of measuring the coarseness of 
texture by taking the ratio of the number of zones and the 
number of voxels in the tumor. A higher zone percentage 
indicates that a larger proportion of the tumor comprises 

small zones and that the tumor has a finer texture. In con-
trast-enhanced T1-weighted MR images, a higher zone 
percentage indicates that the enhancement pattern of the 
tumor is more homogeneous. In this study, we observed that 
there was a higher likelihood of local tumor control follow-
ing GKRS in NSCLC-BMs with higher zone percentages. 
Tumors with lower zone percentages are coarser, which 
means that their enhancement patterns are more heteroge-
neous, suggestive of punctate-, nodular-, or ring-enhancing 
patterns. We observed that there was a lower likelihood of 
local tumor control (following GKRS) in NSCLC-BMs with 
lower zone percentages. Overall, these findings suggest that 
radiomic features could potentially be used as prognosis fac-
tors for local tumor control.

One example of NSCLC-BMs with a lower zone percent-
age is described in the following: A 51-year-old female pre-
sented with lung adenocarcinoma (EGFR mutation (−)) and 
BMs. One BM was found at the left frontal lobe. Due to the 
ring-enhancement pattern of this BM in contrast-enhanced 
T1-weighted MRI prior to GKRS, it can be inferred that its 
zone percentage was low (0.226, Z-score =  − 1.246). Based 
on low zone percentage of this BM, it is unlikely that this 
BM would respond favorably to GKRS. After undergoing 

Table 3  Prognostic factors associated with local tumor progression (derived using cause-specific proportional hazards models)

CI confidence interval, EGFR epidermal growth factor receptor, GKRS Gamma Knife radiosurgery, HR hazard ratio, KPS Karnofsky Perfor-
mance Scale, TKI tyrosine-kinase inhibitor
+  p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001

Factors Univariate Multivariate

p value HR 95% CI p value HR 95% CI

Clinical variables
Age 0.648 0.995 0.976–1.015
Sex (female vs. male) +0.096 0.664 0.410–1.076 0.362 0.793 0.482–1.306
EGFR mutation 0.166 0.677 0.389–1.176
Tumor volume **0.001 1.000 1.000–1.000 0.382 1.000 1.000–1.000
Tumor location (infratentoiral vs. supratentorial) 0.386 1.319 0.706–2.464
Prior craniotomy *0.047 2.355 1.013–5.476 0.160 1.861 0.783–4.422
Chemotherapy use 0.454 0.830 0.509–1.352
EGFR-TKI use before GKRS 0.713 0.884 0.458–1.705
EGFR-TKI use after GKRS 0.388 0.808 0.499–1.310
Number of intracranial metastases **0.009 0.928 0.877–0.981 0.128 0.954 0.897–1.014
KPS score 0.219 1.020 0.989–1.052
Radiomic features
original_shape_Elongation 0.133 1.217 0.942–1.573
original_firstorder_Mean 0.184 1.162 0.932–1.448
original_shape_Sphericity 0.978 0.997 0.796–1.249
original_glszm_LowGrayLevelZoneEmphasis *0.030 0.716 0.529–0.968 0.349 0.870 0.650–1.165
original_firstorder_Minimum 0.420 0.909 0.721–1.146
original_firstorder_Kurtosis 0.450 1.082 0.883–1.325
original_glcm_Id 0.407 1.101 0.877–1.384
original_glszm_ZonePercentage **0.002 0.648 0.495–0.848 *0.014 0.699 0.526–0.929
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GKRS, this patient received regular follow-ups that included 
an MRI every 3 months. At 9 months after GKRS, tumor 
progression was diagnosed, thereby confirming our predic-
tion (Fig. 2).

Another example is described in the following: A 76-year-
old female presented with lung adenocarcinoma (EGFR 
mutation (+), Exon 19 deletions) and BMs, one of which 
was found at the right thalamus. Given the homogeneous 
enhancement pattern associated with this BM, we can infer 
that its zone percentage was high (0.440, Z-score = 0.407). 
Based on high zone percentage of this BM, it is likely that 
this BM would respond favorably to GKRS. This patient 
received regular follow-ups that included an MRI every 
3 months. At 18 months after GKRS, this BM was still under 
control (Fig. 3).

Discussion

This study investigated relationships between radiomic fea-
tures and the prognosis of NSCLC-BMs after GKRS. For 
this, we applied consensus clustering to 107 quantitative 
radiomic features extracted from MRI scans of 576 NSCLC-
BMs, and then selected the medoids for survival analysis. 
Our results indicated that, after adjusting for important clini-
cal variables, NSCLC-BMs with a higher zone percentage 
were more likely to respond favorably to GKRS (local tumor 
control).

Other features in the cluster associated with the zone 
percentage are also highly correlated to it (Supplementary 

Table 2). For example, the feature referred to as ‘short run 
emphasis’ (original_glrlm_ShortRunEmphasis) indicates 
the distribution of short run lengths, where a greater value 
indicates a finer texture. Another feature referred to as ‘small 
area emphasis’ (original_glszm_SmallAreaEmphasis) indi-
cates the distribution of small size zones, where a greater 
value indicates a finer texture. We found that these features 
could perhaps be used as prognostic factors for local tumor 
control in NSCLC-BM patients following GKRS; however, 
we selected zone percentage as the medoid in subsequent 
analyses because this feature showed the highest average 
pairwise correlation within this cluster.

Previous studies on the prognosis of BM patients treated 
with GKRS have identified several clinical prognostic fac-
tors for local tumor control, including tumor volume [14, 15] 
and EGFR mutation status [16, 17]. Although relatively little 
research has focused on the correlation between pre-GKRS 
imaging traits and local tumor control, one study revealed 
that baseline homogeneous enhancement patterns correlated 
with local tumor control in BM patients following GKRS 
[42]. This finding is consistent with our results. However, 
our study employed a radiomic approach, which is a more 
quantitative and objective way to describe enhancement 
patterns. Another study showed that tumor necrosis in pre-
treatment contrast-enhanced MR or computed tomography 
images was a prognostic factor for survival in BM patients 
treated using GKRS, but was not predictive of local control 
[43]. Those authors claimed that the lack of an association 
between necrosis and local control might be due to statistical 
anomalies. That study failed to provide evidence supporting 

Fig. 2  Example case 1. A 51-year-old female with lung adenocarci-
noma (EGFR mutation (−)) and BMs treated with GKRS. a Axial 
contrast-enhanced T1-weighted MRI of one of the BMs prior to 
GKRS, zone percentage = 0.226 (Z-score =  − 1.246). b Three con-

secutive axial slices of contrast-enhanced T1-weighted MRI of the 
tumor prior to GKRS and at 3, 6, 9, and 12 months after GKRS (left 
to right). Tumor progression was diagnosed at 9 months after GKRS
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an association between necrosis and local tumor control; 
however, our results provide evidence to support the asser-
tion because zone percentage could be used to measure the 
degree of necrosis in tumors.

Radiomic features of tumors provide information related 
to their underlying pathophysiology, microenvironment, 
phenotype, and even genotype [18–20]. Our results revealed 
that zone percentage and other related radiomic features are 
associated with local tumor control of NSCLC-BMs follow-
ing GKRS. This implies that there may be fundamental phe-
notypic or genotypic differences among BMs with different 
value of these radiomic features. One possible explanation 
may be related to the effect of hypoxia on radiosensitivity. 
Specifically, necrosis results in hypoxia, which reduces radi-
osensitivity and is associated with poorer local tumor control 
after radiotherapy or radiosurgery [44]. This hypothesis is 
supported by findings from several studies on head and neck 
tumors [45, 46]. The link between zone percentage and the 
level of tumor necrosis suggests that zone percentage could 
potentially be used as a surrogate marker for tumor progno-
sis following radiotherapy or radiosurgery, including GKRS.

This study had several limitations. Firstly, it was sub-
ject to the inherent shortcomings of the retrospective study 
design. For example, this study was subject to selection bias, 
as the decision to initiate GKRS treatment was made at the 
discretion of physicians and patients. Besides, MRI proto-
cols were not standardized for every patient. Furthermore, 
because this study was based on patients in a single center, 
an external validation cohort is required to further confirm 
our results. Finally, only contrast-enhanced T1-weighted 
images were used in this study. Therefore, additional 

analyses to identify links between other MRI sequences and 
clinical outcomes should be pursued.

Conclusions

This study demonstrated that the zone percentage of BMs, a 
radiomic feature derived from pre-GKRS contrast-enhanced 
T1-weighted MRIs, was found to be an independent prog-
nostic factor of local tumor control following GKRS in 
NSCLC-BM patients. Radiomic features indicate the bio-
logical basis and characteristics of tumors and could poten-
tially be used as surrogate biomarkers for predicting tumor 
prognosis following GKRS.
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