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Immuno-inflammatory signature
for predicting therapeutic
response and survival after
stereotactic radiosurgery in
NSCLC patients with brain
metastases: a retrospective
cohort study
Huili Zhao1,2†, Shenao Zhang1†, Yinjiao Wang1†, Haiyan Zhang1*,
Peng Du1* and Aihong Cao1*

1Department of Radiology, The Second Affiliated Hospital of Xuzhou Medical University,
Xuzhou, China, 2Department of Radiology, Xinyi People’s Hospital, Xuzhou, China
Purpose: This study aimed to delineate critical factors, particularly immune-

inflammatory biomarkers, that predict therapeutic response and overall survival

(OS) in non-small cell lung cancer (NSCLC) patients with brain metastases (BM)

undergoing stereotactic radiosurgery (SRS), and to develop novel decision-tree

and nomogram models for prognostication.

Patients and methods: In this retrospective study, we analyzed data from 464

NSCLC patients with BM treated with SRS between February 2016 and November

2022. The cohort was randomly split into training and validation sets (7:3 ratio). A

C5.0 algorithm was employed to build a decision tree model for treatment

response. Prognostic factors for OS were identified via univariate andmultivariate

Cox regression, and subsequently used to construct graphical and online

nomograms. Model performance was assessed with calibration curves and the

C-index.

Results: The median OS for the entire cohort was 15.8 months (95% confidence

interval [CI]: 14.6 to 17.0 months). The decision tree model for treatment

response identified NLR as a key predictor, alongside volume of brain

metastases, Score Index for Radiosurgery (SIR), edema index (EI), and

maximum diameter. Multivariate Cox analysis identified age, volume of brain

metastases, EI, and SIR as independent prognostic factors for OS. Graphical and

dynamic nomograms were developed based on these factors (available at:

https://helloshinyweb.shinyapps.io/brain_metastasis_from_NSCLC/). The

calibration curves demonstrated good consistency between predicted and

actual survival, and the C-index indicated a moderate discriminative ability.
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Conclusions:We identified that immune-inflammatory profiles and radiological-

clinical factors are significant predictors for treatment response and OS in NSCLC

patients with BM undergoing SRS. The developed decision tree and nomogram

models, which incorporate immune-inflammatory profiles, provide user-friendly

tools to assist clinicians in optimizing personalized management for this

patient population.
KEYWORDS

brain metastases, immuno-oncology, inflammatory biomarkers, neutrophil-to-
lymphocyte ratio, nomogram model, non-small cell lung cancer, overall survival,
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Introduction

Lung cancer remains the predominant contributor to global

cancer mortality (1), with non-small cell lung cancer (NSCLC)

representing roughly 85% of all diagnosed cases (2). Clinical data

reveal that 57% of NSCLC patients demonstrate multiple metastatic

lesions at initial diagnosis, while 20% present with brain metastases

(BM) (3). Moreover, epidemiological studies indicate

approximately 40% of NSCLC patients will eventually develop

BM throughout their disease progression (4). The neurological

sequelae of BM, including significant cognitive impairment and

diminished quality of life, substantially compromise survival

outcomes (5), establishing BM as a critical determinant of

therapeutic failure in NSCLC management.

The progression and treatment response of BM are not solely

determined by tumor cell-intrinsic factors but are profoundly

influenced by the host ’s immune system and systemic

inflammatory status. The tumor immune microenvironment

(TIME) of brain metastases, characterized by infiltrating immune

cells and cytokine networks, plays a critical role in disease

progression and therapeutic outcomes (6). Furthermore, systemic

inflammatory markers, such as the neutrophil-to-lymphocyte ratio

(NLR), serve as accessible proxies of the host’s immune-

inflammatory balance and have been implicated in predicting

survival and treatment efficacy across various cancers, including

NSCLC (7).

Contemporary management of BM in NSCLC prioritizes

neurological symptom management and quality of life

preservation through multimodal interventions. Therapeutic

approaches encompass localized modalities (surgical resection,

whole brain radiotherapy [WBRT], stereotactic radiosurgery

[SRS]) and systemic regimens (chemotherapeutic agents,

molecularly targeted agents, immunotherapeutic strategies) (6).

Emerging evidence favors SRS implementation in patients with

oligometastatic intracranial disease (≤4 lesions) due to its superior

efficacy profile, abbreviated treatment schedules, and minimized

neurotoxicity compared to conventional radiotherapy (7, 8). Level 1
02
evidence establishes SRS monotherapy as the standard of care for

this patient population (9).

Precision medicine has driven the development of prognostic

stratification tools that serve as critical adjuncts for optimizing

oncological care. Decision tree models - supervised machine

learning algorithms - generate classification frameworks

for outcome prediction through recursive data partitioning.

Concurrently, nomograms statistically synthesize multidimensional

clinical parameters (demographic, histopathological, imaging, and

treatment variables) to compute personalized survival estimates (10,

11). The digital implementation of these calculators through web-

based platforms significantly enhances their clinical utility by enabling

real-time prognostic assessment.

This investigation conducted a retrospective cohort analysis of

NSCLC patients with BM receiving SRS to delineate determinants

of therapeutic response and survival outcomes, with a specific focus

on the role of immune-inflammatory biomarkers. Through this

analytical framework, we constructed and validated three

prognostic instruments: machine learning-derived decision trees,

clinically accessible nomograms, and the first reported web-

deployable calculator enabling real-time prognostic estimation in

this patient population.
Materials and methods

Data source and collection

Data from NSCLC patients with BM who underwent SRS

therapy at The Second Affiliated Hospital of Xuzhou Medical

University between February 2016 and November 2022 were

reviewed. This study was approved by the Institutional Review

Board of the Second Affiliated Hospital of Xuzhou Medical

University and conducted in accordance with relevant guidelines/

regulations and the Declaration of Helsinki. This study is a

retrospective study, and the used data collected as part of the

participants’ routine care. Written informed consent for
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https://doi.org/10.3389/fimmu.2025.1739812
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1739812
participation was waived for this study in accordance with the

national legislation and the institutional requirements.
Inclusion and exclusion criteria

Inclusion criteria: (1) Pathologically confirmed NSCLC; (2) No

more than four BM; (3) Exclusive SRS therapy; (4) KPS ≥ 70; (5)

Complete pre-therapy and follow-up MRI, including T1 weighted

imaging (T1WI), T2 weighted imaging (T2WI), diffusion weighted

imaging (DWI), and contrast enhanced T1 weighted imaging (CE-

T1WI); (6) Complete records of clinical, pathological, and

treatment information. Exclusion criteria: (1) Pathologically

confirmed combined with another primary cancer; (2) Prior

craniocerebral surgery or WBRT before SRS therapy; (3)

Concurrent chemotherapy or immune checkpoint inhibitor

therapy within one month before or after SRS; (4) Cystic or

cranial metastases.
Patients information collection

Patients information included: (1) Clinical information: sex,

age, KPS (before SRS therapy), Score Index for Radiosurgery (SIR),

neutrophil-to-lymphocyte ratio (NLR) (a key systemic

inflammatory marker measured from peripheral blood before

surgery), CEA (normal or abnormal), CA125 (normal or

abnormal), Cyfra-211 (normal or abnormal), pathological type

[ squamous ce l l ca rc inoma (SCC) , adenocarc inoma ,

adenosquamous carcinoma (AC), large cell carcinoma (LCC), or

others], Ki-67 (≤ 30% or > 30%), epidermal growth factor receptor

(EGFR) (mutation or non-mutation), anaplastic lymphoma kinase

(ALK) (mutation or non-mutation), mediastinal lymph node

metastases before surgery (yes or no) , postoperat ive

chemotherapy (yes or no), primary tumor control (yes or no),

interval between NSCLC confirmation and presence of BM (≤ 3

months or > 3 months), neurological symptoms (yes or no),

number of BM (1 or 2-4), extracranial metastasis (yes or no); (2)

Radiological information of BM: location, volume of brain

metastases (measured on CE-T1WI rather than the total tumor

burden), maximum diameter, edema index (EI), T1WI signal

intensity, T2WI signal intensity, DWI signal intensity, and

enhanced pattern.

For patients with multiple brain metastases, the sum of the

volumes of all measurable metastases (up to a maximum of 4, per

inclusion criteria) was calculated and used for analysis.

Volumetric measurements were performed manually by

contouring the border of each metastasis on every slice of the

axial CE-T1WI sequences using the PACS (Picture Archiving and

Communication System) software, which automatically

calculates the volume based on the contoured area and

slice thickness.
Frontiers in Immunology 03
Treatment and efficacy evaluation

Patients underwent SRS therapy using the Leksell Gamma

Knife® Perfexion™ (Elekta, Norcross, GA, USA). All patients

received the prescribed dose in a single fraction.

The prescription dose was individualized based on the tumor

volume and location, following our institutional protocol. The

median margin dose was 18 Gy (range 16–20 Gy), and the

specific distribution was as follows: 92 patients (19.8%) received

16 Gy, 301 patients (64.9%) received 18 Gy, and 71 patients (15.3%)

received 20 Gy. Key dosimetric parameters, including the

prescription isodose line (median 50%, range 50%-70%) and the

maximum dose, were recorded. A preliminary analysis found no

significant correlation between these dosimetric parameters and OS

or treatment response in our cohort, likely because the dose

variation was protocol-driven and relatively narrow. Therefore, to

maintain model parsimony and clinical applicability, they were not

included as candidate variables in the final predictive models.

Pre-therapy MRI served as the baseline for assessing treatment

response, with follow-up MRI performed every 3 months post-SRS.

All of the MRI examinations were conducted using a 1.5T MRI

system (uMR 588 1.5T; United Imaging Healthcare, Shanghai,

China) with an 8-channel phased-array head coil. MRI sequences

included T1WI, T2WI, DWI, and CE-T1WI.

Treatment responses were evaluated based on the pre-therapyMRI

and the MRI approximately 3 months post-SRS, using the Response

Assessment in Neuro-Oncology BrainMetastases (RANO-BM) criteria

(12).Patients were categorized into complete response (CR), partial

response (PR), stable disease (SD), and progressive disease (PD). OS

was defined as the time from BM diagnosis to the last follow-up or to

death, with a follow-up deadline of July 30, 2024.
Statistical analysis

Continuous variables such as age, volume of brain metastases,

maximum diameter, and EI were dichotomized to facilitate their

integration into the decision-tree model. The optimal cut-off points

for dichotomizing continuous variables were determined bymaximizing

the separation of survival curves using the maximally selected log-rank

statistics (via the ‘surv_cutpoint’ function from the ‘survminer’ package

in R). This approach was chosen over median split or ROC analysis

because it is specifically suited for identifying prognostically relevant

thresholds in time-to-event data. We acknowledge the exploratory

nature of this method. Therefore, a sensitivity analysis was conducted

using the original continuous variables to confirm the robustness of the

prognostic factors identified in the Cox model.

Patients were randomly divided into the training and validation

sets at a ratio of 7:3. Using the training sample, a decision tree

model was developed, by C5.0 algorithm. The depth of the decision

tree was limited within 5 layers. The relative importance of the

predictive factors was calculated by the C5.0 algorithm using the
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information gain metric. The analysis stream of decision tree

development and validation is available in Figure 1, including

processes of data input, data filtering, data type determination,

model training, and model testing. In the process of model testing, a

scatter plot was generated to evaluate the prediction accuracy of the

decision tree. After that, univariable Cox analysis was proceeded for

all predictive factors, to filter the potentially important prognosis

factors, which were contained in the multivariable Cox model.

Graphical and online nomograms were developed using significant

factors from the multivariate analysis. The graphical nomogram was

constructed based on the final multivariate Cox model. The points

assigned to each variable level in the nomogramwere derived by scaling

the corresponding regression coefficients (b), typically by the largest

coefficient among all predictors (13). These points are then summed to

obtain a ‘Total Points’ score, which is projected onto the bottom scales

to estimate survival probabilities and median survival time.

The online dynamic nomogram is hosted on a secure server, and

we commit to maintaining its availability and functionality for at least

two years from the date of publication. The code and underlying data

schema will be archived to ensure future reproducibility.

Calibration curve and C-index were used to assess model

accuracy and discrimination.

All statistical analyses were performed using R version 4.1.3,

with a significance level of 0.05.

The key R packages used for analysis included: rms (version 6.7-0)

for nomogram construction and calibration curves, survival (version

3.5-7) for Cox regression, time ROC (version 0.4) for time-dependent

ROC analysis, and dplyr (version 1.1.4) for data handling.
Results

Baseline characteristics

A total of 464 patients met the inclusion criteria, with 325 and

139 patients in the training and validation sets, respectively.
Frontiers in Immunology 04
Baseline characteristics are summarized in Table 1. The median

OS for the entire cohort was 15.8 months (95% confidence interval

[CI]: 14.6 to 17.0 months). The Log-rank test showed that the

optimum cut-off points for age, EI, maximum diameter and volume

of brain metastases were 48, 4.11, 3.15 cm and 3.10 cm3, respectively

(Supplementary Figure S1). The optimal cut-off for age (48 years)

was derived statistically to maximize survival curve separation,

which is lower than conventional clinical thresholds. Given that

the statistically derived cut-off for age was considerably lower than

the median age and conventional clinical thresholds, we performed

a sensitivity analysis using a clinically relevant cut-off of 60 years.

When the multivariate Cox model was refitted with age

dichotomized at 60 years, it remained an independent prognostic

factor (HR = 1.82, 95% CI: 1.25-2.65, P = 0.002), and the model’s C-

index was similar (0.66). This confirms that older age is a robust

predictor of poorer OS, though the magnitude of the effect is more

clinically plausible when using a conventional age cut-off.
Decision tree model development and
validation

The therapeutic response to SRS, evaluated at 3 months using

RANO-BM criteria, is summarized for both cohorts in

Supplementary Table S1. In the entire cohort, the objective

response rate (ORR, comprising CR and PR) was 68.1% (316/

464), while the disease control rate (DCR, comprising CR, PR, and

SD) was 89.4% (415/464). The distribution of responses was well-

balanced between the training and validation sets (ORR: 67.7% vs.

69.1%; DCR: 89.2% vs. 90.0%).

The importance of predictive factors for treatment response is

shown in Figure 2. Volume of brain metastases, SIR, EI, maximum

diameter, and NLR (a systemic immune-inflammatory marker)

were identified as the most influential predictors based on their

relative importance. The decision tree model for treatment response

is shown in Figure 3.
FIGURE 1

The analysis stream of decision tree development and validation, including processes of data input, data filtering, data type determination, model
training, and model testing.
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To illustrate the clinical utility and interpretability of the

decision tree model, we present two representative patient

pathways based on its specific splitting criteria: Case Example 1

(Predicted Favorable Responder): Consider a patient with a brain

metastasis volume of 2.5 cm3, classified as SIR grade II, and

presenting with mild peritumoral edema (EI = 2.5). This patient

would be stratified directly down the leftmost branch of the tree to a

terminal node associated with a high probability of CR or PR. This

prediction identifies a patient who is an excellent candidate for SRS
Frontiers in Immunology 05
monotherapy with a high anticipated likelihood of local control.

Case Example 2 (Predicted Poor Responder): Now, consider a

different patient also with a metastasis volume of 2.8 cm3 and SIR

grade II, but exhibiting significant peritumoral edema (EI = 5.5).

The tree would then further evaluate the lesion’s maximum

diameter. If the diameter measures 3.5 cm, and the pre-treatment

NLR is elevated at 3.8, the patient would be guided to a terminal

node dominated by SD or PD. This stratification alerts the clinician

to a substantially higher risk of suboptimal response to SRS. This
TABLE 1 Baseline characteristics of the enrolled patients.

Variables Whole cohort (n=464) Training sample (n=325) Validation sample (n=139) P value

Clinical Characteristics

Sex, n (%) 0.842

Female 240 (51.7%) 167 (51.4%) 73 (52.5%)

Male 224 (48.3%) 158 (48.6%) 66 (47.5%)

Age (years) 62 [55, 69] 62 [55, 69] 63 [56, 70] 0.415

KPS, n (%) 0.874

70-80 96 (20.7%) 68 (20.9%) 28 (20.1%)

90-100 368 (79.3%) 257 (79.1%) 111 (79.9%)

SIR, n (%) 0.589

I 64 (13.8%) 48 (14.8%) 16 (11.5%)

II 320 (69.0%) 220 (67.7%) 100 (71.9%)

III 80 (17.2%) 57 (17.5%) 23 (16.6%)

NLR 2.9 [2.0, 4.2] 3.0 [2.1, 4.3] 2.8 [1.9, 4.1] 0.187

Pathological type, n (%) 0.945

Adenocarcinoma 352 (75.9%) 247 (76.0%) 105 (75.5%)

SCC 72 (15.5%) 51 (15.7%) 21 (15.1%)

Others 40 (8.6%) 27 (8.3%) 13 (9.4%)

EGFR, n (%) 0.184

Mutation 255 (55.0%) 185 (56.9%) 70 (50.4%)

Wild-type 209 (45.0%) 140 (43.1%) 69 (49.6%)

Extracranial metastasis, n (%) 0.065

Yes 200 (43.1%) 131 (40.3%) 69 (49.6%)

No 264 (56.9%) 194 (59.7%) 70 (50.4%)

Radiological Characteristics

Number of BM, n (%) 0.788

1 245 (52.8%) 173 (53.2%) 72 (51.8%)

2-4 219 (47.2%) 152 (46.8%) 67 (48.2%)

Volume of BM (cm3) 2.00 [0.80, 4.80] 1.95 [0.78, 4.75] 2.10 [0.83, 4.90] 0.321

Maximum diameter
(cm)

2.5 [1.7, 3.5] 2.5 [1.7, 3.5] 2.6 [1.7, 3.6] 0.456

Edema Index (EI) 2.1 [1.4, 3.6] 2.0 [1.3, 3.5] 2.2 [1.5, 3.8] 0.274

(Continued)
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information could prompt considerations for more intensive post-

treatment monitoring, earlier follow-up imaging, or the discussion

of complementary or alternative treatment strategies at the outset.

Figure 4 shows the scatter plot for assessing the consistency between

predictive and actual treatment response, for training and validation

samples. Preferable consistency between the predictive and actual

survival status was presented in the 2 samples. Most of the scatters are

located on the diamond line, and the fitted line is closed to the diamond

line, demonstrating excellent consistency. The accuracy rates were

81.16% and 80.74% for the training and validation sets, respectively.

To further evaluate the model’s performance across all response

categories, the macro-averaged F1-score was calculated, yielding values

of 0.79 and 0.78 for the training and validation sets, respectively. This

indicates that the model maintains a good and consistent balance

between precision and recall for each class of therapeutic response.

To evaluate the model’s generalizability, we assessed its

discriminative ability (C-index) in key clinical subgroups within

the validation set. The model demonstrated consistent performance
Frontiers in Immunology 06
across most subgroups, including patients with and without EGFR

mutations, and with and without extracranial metastases (see

Supplementary Table S2).
Univariable and multivariable Cox analyses

Univariate analysis identified maximum diameter (HR = 2.331,

95%CI: 1.710-3.178, P < 0.001), EI (HR = 4.681, 95%CI: 3.294-

6.653, P < 0.001), age (HR = 1.726, 95%CI: 1.129-2.640, P = 0.012),

volume of brain metastases (HR = 6.332, 95%CI: 3.856-10.398, P <

0.001), enhanced pattern (HR = 1.213, 95%CI: 1.047-1.406, P =

0.010) and SIR (grade I vs. grade II: HR = 0.454, 95%CI: 0.288-

0.717, P < 0.001; grade I vs. grade III: HR = 0.206, 95%CI: 0.119-

0.357, P < 0.001) were identified to be significantly relevant to the

OS (P < 0.05).

The results of the univariate and multivariate Cox regression

analyses for OS are summarized in Table 2. In univariate analysis,
TABLE 1 Continued

Variables Whole cohort (n=464) Training sample (n=325) Validation sample (n=139) P value

Radiological Characteristics

Location, n (%) 0.887

Frontal lobe 88 (18.9%) 61 (18.8%) 27 (19.4%)

Occipital lobe 80 (17.3%) 50 (15.4%) 30 (21.6%)

Temporal lobe 71 (15.3%) 51 (15.7%) 20 (14.4%)

Parietal lobe 63 (13.6%) 47 (14.5%) 16 (11.5%)

Cerebellum 109 (23.5%) 76 (23.4%) 33 (23.7%)

Brainstem 32 (6.9%) 24 (7.4%) 8 (5.8%)

Others† 21 (4.5%) 16 (4.9%) 5 (3.6%)
Data are presented as n (%) for categorical variables and Median [IQR] for continuous variables.
KPS, Karnofsky Performance Status; SIR, Score Index for Radiosurgery; NLR, neutrophil-to-lymphocyte ratio; SCC, squamous cell carcinoma; BM, brain metastases; IQR, interquartile range.
†The ‘Others’ category for location included metastases located in the basal ganglia, thalamus, corpus callosum, and ventricular system.
*P values for continuous variables were calculated using the Mann-Whitney U test. P values for categorical variables were calculated using the Chi-square test or Fisher’s exact test. Fisher’s exact
test was used when more than 20% of the expected cell counts were less than 5.
FIGURE 2

The order of importance of the predictors for the decision tree model, as determined by the C5.0 algorithm using the information gain metric. BM,
brain metastases; SIR, Score Index for Radiosurgery; NLR, neutrophil-to-lymphocyte ratio.
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maximum diameter, EI, age, volume of brain metastases, enhanced

pattern, and SIR were significantly associated with OS. These

significant variables were subsequently incorporated into the

multivariate Cox model. After multivariable adjustment, age,

volume of brain metastases, EI, and SIR were ultimately identified

as independent prognostic factors for OS (Figure 5). Notably,

maximum diameter, which was significant in univariate analysis,

was not retained in the final multivariable model, likely due to its
Frontiers in Immunology 07
collinearity with the volume of brain metastasis and its

incorporation within the SIR score. A sensitivity analysis was

conducted using the original continuous variables for age, EI, and

volume in the multivariate Cox model. The results corroborated the

primary findings, with all factors retaining their independent

prognostic significance (see Supplementary Table S3). The

Kaplan-Meier survival curves for these significant factors are

shown in Figure 6.
FIGURE 4

The scatter plot for evaluating the consistency between predicted and actual treatment response, both for training (A) and validation (B) samples.
Most of the scatters are located on the diamond line, and the fitted line is closed to the diamond line, demonstrating excellent consistency.
FIGURE 3

The decision tree model established using the C5.0 algorithm. Volume of brain metastases, SIR, edema index, maximum diameter, and NLR were of
primary importance for treatment response prediction. Each node in the tree displays the number of patients (n) and the distribution of treatment
responses (CR/PR/SD/PD) for clarity. SIR, Score Index for Radiosurgery; NLR, neutrophil-to-lymphocyte ratio; MD, Maximum Diameter.
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Establishment and validation of the
nomogram model

Figure 7 presents the graphical nomogram for predicting 6-, 12-,

and 24-month survival and median survival time based on the four

independent prognostic factors.

The calibration curves at 6, 12, and 24 months, for training (A-C)

and validation (D-F) samples, are shown in Supplementary Figure S2.

The calibration curves demonstrated good agreement between

predicted and observed survival probabilities, with the fitted lines

closely approximating the ideal 45-degree line, indicating satisfactory

model calibration. The C-indexes were 0.67 (95%CI: 0.59-0.75) and

0.66 (95%CI: 0.53-0.80) for the training and validation samples,

respectively. This indicates a moderate yet consistent discriminative

ability of the nomogram in both cohorts. The relatively wide

confidence interval in the validation set suggests some instability in

model performance on external data, which highlights an area for

future refinement and validation in larger cohorts.

To benchmark the performance of our nomogram, we

compared its C-index in the validation set against that of the

Disease-Specific Graded Prognostic Assessment for lung cancer

using molecular markers (Lung-molGPA). The C-index of our

nomogram was 0.66 in the validation set, which represents a

moderate level of predictive accuracy. Although the C-index of

our nomogram (0.66) was comparable to or slightly higher than that

of the Lung-molGPA score (0.59) in our cohort, this finding

primarily establishes the clinical feasibility and utility of
TABLE 2 Univariate and multivariate Cox regression analyses of factors
associated with overall survival.

Variable

Univariate
analysis

Multivariate
analysis

HR
(95% CI)

P
value

HR
(95% CI)

P
value

Age (>48 vs. ≤48 years)
1.73 (1.13 -
2.64)

0.012
3.11 (1.67 -
5.77)

<0.001

Volume of BM (≥3.10
vs. <3.10 cm3)

6.33 (3.86 -
10.40)

<0.001
3.70 (2.17 -
6.31)

<0.001

Edema Index (≥4.11 vs.
<4.11)

4.68 (3.29 -
6.65)

<0.001
1.97 (1.16 -
3.34)

0.012

Maximum diameter
(≥3.15 vs. <3.15 cm)

2.33 (1.71 -
3.18)

<0.001 - -

SIR

Grade I (Reference) 1.00 1.00

Grade II vs. I
0.45 (0.29 -
0.72)

<0.001
0.40 (0.24 -
0.69)

0.001

Grade III vs. I
0.21 (0.12 -
0.36)

<0.001
0.20 (0.11 -
0.39)

<0.001

Enhanced pattern
1.21 (1.05 -
1.41)

0.010 - -
Only variables with a P value < 0.05 in the univariate analysis were included in the
multivariate Cox proportional hazards model.
HR, Hazard Ratio; CI, Confidence Interval; BM, Brain Metastases; SIR, Score Index for
Radiosurgery.
FIGURE 5

Forest plot for the multivariable Cox analysis of overall survival. Age, volume of brain metastases, edema index, and SIR were identified as the
significant prognostic factors. BM, brain metastases; SIR, Score Index for Radiosurgery.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1739812
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1739812
integrating radiological features and systemic inflammation

markers for prognosis in this patient population. We

acknowledge that there is room for improvement in the model’s

discriminative power. The moderate C-index underscores the

complex and multifactorial nature of overall survival, which is

influenced by unmeasured variables such as subsequent lines of

therapy and detailed molecular profiles. Nevertheless, this model

provides a solid foundation for future research. We envision that

incorporating dynamic changes in inflammatory markers, more

comprehensive genomic data, and features of the tumor immune

microenvironment could further enhance the model’s performance.
Online dynamic nomogram model
establishment

Based on the predictive factors identified by multivariable Cox

model and the graphical nomogram, an online dynamic nomogram
Frontiers in Immunology 09
model for OS was established. The online dynamic nomogram is

currently accessible as a demonstration version at: https://

helloshinyweb.shinyapps.io/brain_metastasis_from_NSCLC/.

Upon acceptance of the manuscript, the final tool will be migrated

to a stable institutional server with a long-term commitment to

maintenance. A screenshot of the online tool is shown in Figure 8.
Discussion

Lung cancer is the leading cause of cancer related deaths

worldwide, with NSCLC being the most common sub-type (14–

16). This immuno-oncology study retrospectively analyzed

clinicopathological, radiological, and immune-inflammatory data

of 464 NSCLC patients with BM treated with SRS to identify factors

influencing treatment response and OS, and to guide individualized

treatment planning. Our findings underscore the significant

prognostic value of integrating systemic immune-inflammatory
FIGURE 6

Kaplan-Meier survival curves for age (A), edema index (B), volume of brain metastases (C), and SIR (D) which were significantly associated with
overall survival in multivariable analysis. BM, brain metastases; SIR, Score Index for Radiosurgery.
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status and local radiological features in predicting outcomes for

these patients.

Adenocarcinoma is more likely to develop BM due to its

biological behavior and ability to metastasize via the bloodstream

(17–19). While this study did not find a significant correlation

between NSCLC pathological types and prognosis, possibly due to

the limited sample size, it is noteworthy that different histological

subtypes can exhibit distinct immune microenvironments, which

may influence metastatic patterns and treatment responses (20–22).

Future studies with larger cohorts are needed to explore this

relationship further from an immunological perspective.
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The presence or absence of EGFR and ALK mutations was

not found to be an independent prognostic factor for OS in this

study. The most plausible explanation for this finding is the lack

of detailed data on systemic therapies administered after SRS,

which is a key determinant of long-term survival and a major

limitation of our retrospective design. Other potential reasons

include the modulatory effect of the tumor immune

microenvironment, insufficient follow-up time to observe long-

term interactions, and the potential influence of other genomic

alterations or individual differences in anti-tumor immunity

(23–26).
FIGURE 8

The screenshot of the online prediction tool for overall survival.
FIGURE 7

The graphical nomogram model involving the four independent prognostic indicators (age, volume of brain metastases, edema index, and SIR) for
overall survival, to predict the patients’ 6-, 12-, and 24-month survival and median survival time. BM, brain metastases; SIR, Score Index for
Radiosurgery.
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The treatment response was evaluated at approximately 3

months post-SRS, a time point commonly used in clinical trials

and practice to allow for the full effect of radiation to manifest while

avoiding the confounding effects of later-occurring radionecrosis.

However, we recognize that early pseudoprogression, typically

occurring within the first 1–3 months, can sometimes mimic true

progression. While the RANO-BM criteria used in this study help

mitigate this issue by incorporating clinical and steroid-use status,

our retrospective design cannot entirely rule out misclassification in

a small number of cases. This is a known limitation of SRS response

assessment. Future studies with more frequent, serial MRI and

advanced imaging would be valuable to dynamically capture the

treatment response trajectory.

This study identified a combination of radiological parameters

and a systemic immune-inflammatory marker that predict

outcomes following SRS. Specifically, volume of brain metastases,

SIR, EI, maximum diameter, and NLR were key predictors of the

initial treatment response. For long-term survival, age, SIR, volume

of brain metastases, and EI were independent prognostic factors.

In our cohort, SRS demonstrated high efficacy, with a disease

control rate of 89.4% and an objective response rate of 68.1% at 3

months (Supplementary Table S1). This aligns with the established

efficacy profile of SRS for managing brain metastases. Beyond

reporting these overall efficacy rates, the primary aim of our study

was to develop a decision-tree model for predicting individual

patient response prior to treatment, using readily available clinical

and radiological factors. The high accuracy of our model

underscores its potential utility in clinical decision-making.

SIR, which incorporates tumor volume as a key component, was

a robust predictor. Larger tumor volume not only presents a

physical challenge for SRS but is also often associated with an

immunosuppressive microenvironment, hindering effective anti-

tumor immunity and contributing to poorer outcomes (27–31).

Our finding that maximum diameter is a key factor in a specific

patient subgroup further highlights the intricate relationship

between tumor geometry, the local environment, and likely, the

immune context.

EI, a measure of peritumoral edema, emerged as a significant

independent prognostic factor. We propose that EI serves as a

radiological surrogate for the local inflammatory and immune

response within the brain parenchyma. Peritumoral edema is a

manifestation of vasogenic edema, driven by inflammatory

mediators and cytokine release from the tumor and surrounding

stromal cells (6, 32–35). An elevated EI (≥4.11 for OS) likely reflects

a more pronounced pro-inflammatory and potentially

immunosuppressive peri-tumoral niche, which may facilitate

tumor progression and resistance to therapy (36–38). Therefore,

EI should be considered a significant parameter in the radiological

and immunological evaluation of BM.

Age was confirmed as an independent prognostic factor in our

model. The statistically derived cut-off of 48 years is lower than

conventional clinical thresholds. This may identify a subgroup of

younger patients with distinct tumor biology or resilience that

confers a pronounced survival advantage. However, the

robustness of age as a prognostic factor is strengthened by our
Frontiers in Immunology 11
sensitivity analysis, which demonstrated consistent significance

using a conventional cut-off of 60 years.

The prominence of NLR in our decision tree model for

treatment response underscores the critical role of systemic host

immunity and its interplay with the local tumor microenvironment

(39–41). A high NLR reflects a systemic state of neutrophilia and

relative lymphocytopenia. Neutrophils can promote an

immunosuppressive niche by secreting factors like arginase-1 and

reactive oxygen species, which inhibit the cytotoxic function of T

cells and NK cells, and by releasing pro-angiogenic factors like

VEGF (42–45). Conversely, lymphocytes, particularly cytotoxic T

cells, are essential for mediating anti-tumor immunity (46, 47).

The interplay between the systemic inflammatory state,

reflected by NLR, and the local peritumoral environment,

indicated by EI, is of particular interest. We postulate that these

factors are not independent but rather represent interconnected

components of a “systemic-local immune-inflammatory axis” in

BM. A elevated NLR may signify a state of systemic immune

dysregulation that fosters a permissive environment for the

development of pronounced peritumoral edema at the metastatic

site. Conversely, the inflammatory mediators driving vasogenic

edema in the brain parenchyma could further exacerbate systemic

inflammation. This vicious cycle could contribute to a more

aggressive disease phenotype and poorer outcomes. Our findings,

which identify both NLR and EI as key predictors, provide clinical

support for this concept and underscore the importance of

integrating both systemic and local inflammatory metrics for

comprehensive prognostic assessment.

SRS is known to induce immunogenic cell death, releasing

tumor antigens that can potentiate a systemic anti-tumor T-cell

response. A high pre-treatment NLR may indicate an immune

context that is less capable of mounting this effective anti-tumor

immune response post-SRS, thereby explaining its association with

poorer local control (48–51).

The finding that NLR was a key predictor for initial treatment

response in the decision tree but not an independent prognostic

factor for OS in the Cox model is noteworthy. This suggests that the

systemic inflammatory state reflected by the baseline NLR may have

a more direct impact on the immediate radiotherapeutic effect on

the tumor microenvironment. In contrast, long-term survival is

influenced by a more complex array of factors beyond initial local

control, including the efficacy of subsequent systemic therapies,

control of extracranial disease, and the development of

new metastases.

The finding that NLR predicted initial treatment response but

was not an independent prognostic factor for OS in our multivariate

model is intriguing but not uncommon. This apparent discordance

can be explained by the fact that long-term survival in patients with

BM is influenced by a complex array of factors beyond local control,

including the efficacy of subsequent systemic therapies, control of

extracranial disease, and the development of new metastases. A

robust initial response may not translate into a survival advantage if

these other factors are unfavorable. Furthermore, the immune

context reflected by baseline NLR may be more directly linked to

the immediate radiotherapeut ic effect on the tumor
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1739812
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1739812
microenvironment than to long-term survival determinants.

Importantly, our supplementary analysis confirmed that achieving

an early radiological response (CR/PR) was, as expected, a powerful

independent predictor of longer OS. This finding strongly supports

the clinical value of achieving a good initial response. While we

deliberately maintained a separation between our pre-treatment

prognostic tools (the nomogram for OS and the decision tree for

response) to enhance clinical clarity and methodological rigor, the

strong association between early response and survival opens a clear

path for future research to develop dynamic prediction models that

integrate post-treatment response data.

The C-index of our nomogram demonstrated moderate predictive

accuracy in both the training and validation cohorts. This establishes a

solid foundation for future research and indicates a clinically useful

level of discrimination, particularly when compared to existing tools

like the Lung-molGPA. This model provides a proof-of-concept for the

integration of radiological and immune-inflammatory metrics and a

solid foundation for future research in this patient population. Next, we

plan to expand the sample size, enrich sample diversity, incorporate

more direct immunological variables and optimize model parameters

to make model predictions more accurate.

To further validate and improve the generalizability of our model,

future multi-institutional external validation studies are planned.

Collaboration with other centers will enable assessment of the model’s

performance across diverse clinical settings and patient populations.

This study has several limitations inherent to its design. First, the

retrospective, single-center nature may introduce selection bias and

limits the generalizability of our findings, a concern compounded by

the lack of external validation. Second, the absence of detailed data on

systemic therapies administered before or after SRS represents a key

unmeasured confounder for overall survival. Third, our analysis lacked

comprehensive molecular profiling and detailed data on the tumor

immune microenvironment, which restricts the biological depth and

contemporary relevance of our cohort. Finally, the prognostic value of

systemic inflammation was assessed only by a single baseline NLR

measurement, failing to capture its potentially more informative

dynamic changes during treatment. Future studies should investigate

the role of serial NLR measurements in refining prognostic models.
Conclusion

In summary, immune-inflammatory (NLR) and radiological-

clinical (volume of BM, SIR, EI, maximum diameter, age) factors

were independent predictors for the efficacy of SRS therapy and OS

in NSCLC patients with BM. Novel user-friendly decision tree and

nomogram models were developed, which incorporate the systemic

immune-inflammation profile, to assist clinicians in optimizing

clinical management for this patient population.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Frontiers in Immunology 12
Ethics statement

The studies involving humans were approved by The

Institutional Review Board of the Second Affiliated Hospital of

Xuzhou Medical University. The studies were conducted in

accordance with the local legislation and institutional

requirements. Written informed consent for participation was not

required from the participants or the participants’ legal guardians/

next of kin in accordance with the national legislation and

institutional requirements.
Author contributions

HLZ: Writing – original draft, Writing – review & editing, Data

curation, Methodology, Conceptualization. SZ: Conceptualization,

Writing – original draft, Investigation, Writing – review & editing,

Software. YW: Writing – original draft, Formal Analysis,

Conceptualization, Data curation, Writing – review & editing.

HYZ: Writing – review & editing, Conceptualization, Investigation,

Methodology, Software. AC: Conceptualization, Software, Writing –

review & editing, Supervision, Investigation. PD: Formal Analysis,

Writing – original draft, Supervision, Writing – review & editing,

Methodology, Data curation, Funding acquisition.
Funding

The author(s) declared that financial support was received for

this work and/or its publication. This work was supported by Key R

& D Project of Xuzhou Science and Technology Bureau (grant

number: KC23208), Development Fund Project of Xuzhou Medical

University Affiliated Hospital (grant no: XYFY202460), Research

Project of Jiangsu Provincial Health Commission (grant no:

Z2024021), Clinical Technology Key Personnel Advanced

Training Program of Xuzhou (grant no: 2025GG020) and Open

Project of Jiangsu Provincial Key Laboratory (Xuzhou Medical

University) (grant no: XZSYSKF2025008).
Conflict of interest

The authors declared that this work was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Generative AI statement

The author(s) declared that generative AI was not used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1739812
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1739812
accuracy, including review by the authors wherever possible. If you

identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product
Frontiers in Immunology 13
that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1739812/

full#supplementary-material
References
1. Nooreldeen R, Bach H. Current and future development in lung cancer diagnosis.
Int J Mol Sci. (2021) 22:8661. doi: 10.3390/ijms22168661

2. Herbst RS, Morgensztern D, Boshoff C. The biology and management of non-
small cell lung cancer. Nature. (2018) 553:446–54. doi: 10.1038/nature25183

3. Duma N, Santana-Davila R, Molina JR. Non-small cell lung cancer: epidemiology,
screening, diagnosis, and treatment. Mayo Clin Proc. (2019) 94:1623–40. doi: 10.1016/
j.mayocp.2019.01.013

4. Ernani V, Stinchcombe TE. Management of brain metastases in non-small-cell
lung cancer. J Oncol Pract. (2019) 15:563–70. doi: 10.1200/JOP.19.00357

5. Suh JH, Kotecha R, Chao ST, Ahluwalia MS, Sahgal A, Chang EL. Current
approaches to the management of brain metastases. Nat Rev Clin Oncol. (2020) 17:279–
99. doi: 10.1038/s41571-019-0320-3

6. Kawabe T, Phi JH, Yamamoto M, Kim DG, Barfod BE, Urakawa Y. Treatment of
brain metastasis from lung cancer. Prog Neurol Surg. (2012) 25:148–55. doi: 10.1159/
000331188

7. Aoyama H, Shirato H, Tago M, Nakagawa K, Toyoda T, Hatano K, et al.
Stereotactic radiosurgery plus whole-brain radiation therapy vs stereotactic
radiosurgery alone for treatment of brain metastases: a randomized controlled trial.
JAMA. (2006) 295:2483–91. doi: 10.1001/jama.295.21.2483

8. Nieder C, Grosu AL, Gaspar LE. Stereotactic radiosurgery (SRS) for brain
metastases: a systematic review. Radiat Oncol. (2014) 9:155. doi: 10.1186/1748-717X-
9-155

9. Tsao MN, Rades D, Wirth A, Lo SS, Danielson BL, Gaspar LE, et al.
Radiotherapeutic and surgical management for newly diagnosed brain metastasis(es):
An American Society for Radiation Oncology evidence-based guideline. Pract Radiat
Oncol. (2012) 2:210–25. doi: 10.1016/j.prro.2011.12.004

10. Callegaro D, Miceli R, Bonvalot S, Ferguson P, Strauss DC, Levy A, et al.
Development and external validation of two nomograms to predict overall survival and
occurrence of distant metastases in adults after surgical resection of localized soft-tissue
sarcomas of the extremities: a retrospective analysis. Lancet Oncol. (2016) 17:671–80.
doi: 10.1016/S1470-2045(16)00010-3

11. El Sharouni MA, Ahmed T, Varey AHR, Elias SG, Witkamp AJ, Sigurdsson V,
et al. Development and validation of nomograms to predict local, regional, and distant
recurrence in patients with thin (T1) melanomas. J Clin Oncol. (2021) 39:1243–52.
doi: 10.1200/JCO.20.02446

12. Lin NU, Lee EQ, Aoyama H, Barani IJ, Barboriak DP, Baumert BG, et al.
Response Assessment in Neuro-Oncology (RANO) group. Response assessment
criteria for brain metastases: proposal from the RANO group. Lancet Oncol. (2015)
16:e270–8. doi: 10.1016/S1470-2045(15)70057-4

13. Iasonos A, Schrag D, Raj GV, Panageas KS. How to build and interpret a
nomogram for cancer prognosis. J Clin Oncol. (2008) 26:1364–70. doi: 10.1200/
JCO.2007.12.9791

14. Alexander M, Kim SY, Cheng H. Update 2020: management of non-small cell
lung cancer. Lung. (2020) 198:897–907. doi: 10.1007/s00408-020-00407-5

15. Li W, Yu H. Separating or combining immune checkpoint inhibitors (ICIs) and
radiotherapy in the treatment of NSCLC brain metastases. J Cancer Res Clin Oncol.
(2020) 146:137–52. doi: 10.1007/s00432-019-03094-9

16. Wang B, Guo H, Xu H, Yu H, Chen Y, Zhao G. Research progress and challenges
in the treatment of central nervous system metastasis of non-small cell lung cancer.
Cells. (2021) 10:2620. doi: 10.3390/cells10102620

17. Wang Y, Wang T, Zhang H, Yu G. A case of lung adenocarcinoma expressing
carbonic anhydrase IX and cluster of differentiation 10 antigen combined with renal
clear cell carcinoma. Cytojournal. (2024) 21:62. doi: 10.25259/Cytojournal_106_2024

18. Toriyama A, Kishikawa S, Sasaki S, Oh S, Tomita S, Yao T. Squamous cell
carcinoma of the bronchus associated with human papillomavirus infection. Respir
Med Case Rep. (2024) 53:102162. doi: 10.1016/j.rmcr.2024.102162
19. Yang L, Fan Y, Lu H. Pulmonary large cell neuroendocrine carcinoma. Pathol
Oncol Res. (2022) 28:1610730. doi: 10.3389/pore.2022.1610730

20. Akita T, Ariyasu R, Kakuto S, Miyadera K, Kiritani A, Tsugitomi R, et al.
Distinction of ALK fusion gene- and EGFR mutation-positive lung cancer with tumor
markers. Thorac Cancer. (2024) 15:788–96. doi: 10.1111/1759-7714.15268

21. Farago AF, Azzoli CG. Beyond ALK and ROS1: RET, NTRK, EGFR and BRAF
gene rearrangements in non-small cell lung cancer. Transl Lung Cancer Res. (2017)
6:550–9. doi: 10.21037/tlcr.2017.08.02

22. Weltman E, Salvajoli JV, Brandt RA, de Morais Hanriot R, Prisco FE, Cruz JC,
et al. Radiosurgery for brain metastases: a score index for predicting prognosis. Int J
Radiat Oncol Biol Phys. (2000) 46:1155–61. doi: 10.1016/S0360-3016(99)00549-0

23. Serizawa T, Higuchi Y, Nagano O, Hirai T, Ono J, Saeki N, et al. Testing different
brain metastasis grading systems in stereotactic radiosurgery: Radiation Therapy
Oncology Group’s RPA, SIR, BSBM, GPA, and modified RPA. J Neurosurg. (2012)
117:31–7. doi: 10.3171/2012.8.GKS12710

24. Venur VA, Ahluwalia MS. Prognostic scores for brain metastasis patients: use in
clinical practice and trial design. Chin Clin Oncol. (2015) 4:18. doi: 10.3978/j.issn.2304-
3865.2015.06.01

25. Baschnagel AM, Meyer KD, Chen PY, Krauss DJ, Olson RE, Pieper DR, et al.
Tumor volume as a predictor of survival and local control in patients with brain
metastases treated with Gamma Knife surgery. J Neurosurg. (2013) 119:1139–44.
doi: 10.3171/2013.7.JNS13431

26. Yamamoto M, Serizawa T, Shuto T, Akabane A, Higuchi Y, Kawagishi J, et al.
Stereotactic radiosurgery for patients with multiple brain metastases (JLGK0901): a
multi-institutional prospective observational study. Lancet Oncol. (2014) 15:387–95.
doi: 10.1016/S1470-2045(14)70061-0

27. Kim BW, Kim MS, Kim SW, Chang CH, Kim OL. Peritumoral brain edema in
meningiomas: correlation of radiologic and pathologic features. J Korean Neurosurg
Soc. (2011) 49:26–30. doi: 10.3340/jkns.2011.49.1.26

28. Barajas RF, Cha S. Imaging diagnosis of brain metastasis. Prog Neurol Surg.
(2012) 25:55–73. doi: 10.1159/000331174

29. Boire A, Brastianos PK, Garzia L, Valiente M. Brain metastasis. Nat Rev Cancer.
(2020) 20:4–11. doi: 10.1038/s41568-019-0220-y

30. Sacks P, Rahman M. Epidemiology of brain metastases. Neurosurg Clin N Am.
(2020) 31:481–8. doi: 10.1016/j.nec.2020.06.001

31. Jiang M, Zhang K, Zhang Z, Zeng X, Huang Z, Qin P, et al. PI3K/AKT/mTOR
axis in cancer: from pathogenesis to treatment. MedComm 2020. (2025) 6:e70295.
doi: 10.1002/mco2.70295

32. Bertolini F, Spallanzani A, Fontana A, Depenni R, Luppi G. Brain metastases: an
overview. CNS Oncol. (2015) 4:37–46. doi: 10.2217/cns.14.51

33. Zhao H, Zhang S, Chen L, Liu X, Cao A, Du P. Prognosticating salvage
stereotactic radiosurgery outcomes in relapsed primary central nervous system
lymphoma: A machine learning-driven decision tree analysis. Transl Oncol. (2025)
60:102482. doi: 10.1016/j.tranon.2025.102482

34. Du P, Liu X, Xiang R, Lv K, Chen H, Liu W, et al. Development and validation of
a radiomics-based prediction pipeline for the response to stereotactic radiosurgery
therapy in brain metastases. Eur Radiol. (2023) 33:8925–35. doi: 10.1007/s00330-023-
09930-4

35. Sahgal A, Aoyama H, Kocher M, Neupane B, Collette S, Tago M, et al. Phase 3
trials of stereotactic radiosurgery with or without whole-brain radiation therapy for 1 to
4 brain metastases: individual patient data meta-analysis. Int J Radiat Oncol Biol Phys.
(2015) 91:710–7. doi: 10.1016/j.ijrobp.2014.10.024

36. Zheng Y, Geng D, Yu T, Xia W, She D, Liu L, et al. Prognostic value of
pretreatment MRI texture features in breast cancer brain metastasis treated with
Gamma Knife radiosurgery. Acta Radiol. (2021) 62:1208–16. doi: 10.1177/
0284185120956296
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1739812/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1739812/full#supplementary-material
https://doi.org/10.3390/ijms22168661
https://doi.org/10.1038/nature25183
https://doi.org/10.1016/j.mayocp.2019.01.013
https://doi.org/10.1016/j.mayocp.2019.01.013
https://doi.org/10.1200/JOP.19.00357
https://doi.org/10.1038/s41571-019-0320-3
https://doi.org/10.1159/000331188
https://doi.org/10.1159/000331188
https://doi.org/10.1001/jama.295.21.2483
https://doi.org/10.1186/1748-717X-9-155
https://doi.org/10.1186/1748-717X-9-155
https://doi.org/10.1016/j.prro.2011.12.004
https://doi.org/10.1016/S1470-2045(16)00010-3
https://doi.org/10.1200/JCO.20.02446
https://doi.org/10.1016/S1470-2045(15)70057-4
https://doi.org/10.1200/JCO.2007.12.9791
https://doi.org/10.1200/JCO.2007.12.9791
https://doi.org/10.1007/s00408-020-00407-5
https://doi.org/10.1007/s00432-019-03094-9
https://doi.org/10.3390/cells10102620
https://doi.org/10.25259/Cytojournal_106_2024
https://doi.org/10.1016/j.rmcr.2024.102162
https://doi.org/10.3389/pore.2022.1610730
https://doi.org/10.1111/1759-7714.15268
https://doi.org/10.21037/tlcr.2017.08.02
https://doi.org/10.1016/S0360-3016(99)00549-0
https://doi.org/10.3171/2012.8.GKS12710
https://doi.org/10.3978/j.issn.2304-3865.2015.06.01
https://doi.org/10.3978/j.issn.2304-3865.2015.06.01
https://doi.org/10.3171/2013.7.JNS13431
https://doi.org/10.1016/S1470-2045(14)70061-0
https://doi.org/10.3340/jkns.2011.49.1.26
https://doi.org/10.1159/000331174
https://doi.org/10.1038/s41568-019-0220-y
https://doi.org/10.1016/j.nec.2020.06.001
https://doi.org/10.1002/mco2.70295
https://doi.org/10.2217/cns.14.51
https://doi.org/10.1016/j.tranon.2025.102482
https://doi.org/10.1007/s00330-023-09930-4
https://doi.org/10.1007/s00330-023-09930-4
https://doi.org/10.1016/j.ijrobp.2014.10.024
https://doi.org/10.1177/0284185120956296
https://doi.org/10.1177/0284185120956296
https://doi.org/10.3389/fimmu.2025.1739812
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1739812
37. Jiang M, Wang J, Li Y, Zhang K, Wang T, Bo Z, et al. EMT and cancer stem cells:
Drivers of therapy resistance and promising therapeutic targets. Drug Resist Update.
(2025) 83:101276. doi: 10.1016/j.drup.2025.101276

38. Du P, Chen H, Shen L, Liu X, Wu X, Chen L, et al. Analysis of key factors
associated with response to salvage high-dose methotrexate rechallenge in primary
central nervous system lymphoma with first relapse. Curr Oncol. (2022) 29:6642–56.
doi: 10.3390/curroncol29090522

39. Orozco-Morales M, Soca-Chafre G, Barrios-Bernal P, Hernández-Pedro N,
Arrieta O. Interplay between cellular and molecular inflammatory mediators in lung
cancer. Mediators Inflamm. (2016) 2016:3494608. doi: 10.1155/2016/3494608

40. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al. The
immune landscape of cancer. Immunity. (2018) 48:812–830.e14. doi: 10.1016/
j.immuni.2018.03.023

41. DiDonato JA, Mercurio F, Karin M. NF-kB and the link between inflammation
and cancer. Immunol Rev. (2012) 246:379–400. doi: 10.1111/j.1600-065X.2012.01099.x

42. Cannon NA, Meyer J, Iyengar P, Ahn C, Westover KD, Choy H, et al.
Neutrophil-lymphocyte and platelet-lymphocyte ratios as prognostic factors after
stereotactic radiation therapy for early-stage non-small-cell lung cancer. J Thorac
Oncol. (2015) 10:280–5. doi: 10.1097/JTO.0000000000000399

43. Li S, Xu H,WangW, GaoH, Li H, Zhang S, et al. The systemic inflammation response
index predicts survival and recurrence in patients with resectable pancreatic ductal
adenocarcinoma. Cancer Manag Res. (2019) 11:3327–37. doi: 10.2147/CMAR.S197911

44. Ma JY, Hu G, Liu Q. Prognostic significance of the lymphocyte-to-monocyte
ratio in bladder cancer undergoing radical cystectomy: A meta-analysis of 5638
individuals. Dis Markers. (2019) 2019:7593560. doi: 10.1155/2019/7593560
Frontiers in Immunology 14
45. Jiang M, Zhang K, Meng J, Xu L, Liu Y, Wei R. Engineered exosomes in service of
tumor immunotherapy: From optimizing tumor-derived exosomes to delivering
CRISPR/Cas9 system. Int J Cancer. (2025) 156:898–913. doi: 10.1002/ijc.35241

46. Gu XB, Tian T, Tian XJ, Zhang XJ. Prognostic significance of neutrophil-to-
lymphocyte ratio in non-small cell lung cancer: a meta-analysis. Sci Rep. (2015)
5:12493. doi: 10.1038/srep12493

47. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation.
Nature. (2008) 454:436–44. doi: 10.1038/nature07205

48. Pillay J, Kamp VM, van Hoffen E, Visser T, Tak T, Lammers JW, et al. A subset
of neutrophils in human systemic inflammation inhibits T cell responses through Mac-
1. J Clin Invest. (2012) 122:327–36. doi: 10.1172/JCI57990

49. Cho A, Kranawetter B, Untersteiner H, Khalaveh F, Dorfer C, Rössler K, et al.
Neutrophil-to-lymphocyte ratio is superior to other leukocyte-based ratios as a
prognostic predictor in non-small cell lung cancer patients with radiosurgically
treated brain metastases under immunotherapy or targeted therapy. World
Neurosurg. (2021) 151:e324–31. doi: 10.1016/j.wneu.2021.04.033

50. Du P, Wu X, Liu X, Chen J, Cao A, Geng D. Establishment of a prediction model
based on preoperative MRI radiomics for diffuse astrocytic glioma, IDH-wildtype, with
molecular features of glioblastoma. Cancers (Basel). (2023) 15:5094. doi: 10.3390/
cancers15205094

51. Du P, Liu X, Shen L, Wu X, Chen J, Chen L, et al. Prediction of treatment
response in patients with brain metastasis receiving stereotactic radiosurgery
based on pre-treatment multimodal MRI radiomics and clinical risk factors: A
machine learning model. Front Oncol . (2023) 13:1114194. doi: 10.3389/
fonc.2023.1114194
frontiersin.org

https://doi.org/10.1016/j.drup.2025.101276
https://doi.org/10.3390/curroncol29090522
https://doi.org/10.1155/2016/3494608
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1111/j.1600-065X.2012.01099.x
https://doi.org/10.1097/JTO.0000000000000399
https://doi.org/10.2147/CMAR.S197911
https://doi.org/10.1155/2019/7593560
https://doi.org/10.1002/ijc.35241
https://doi.org/10.1038/srep12493
https://doi.org/10.1038/nature07205
https://doi.org/10.1172/JCI57990
https://doi.org/10.1016/j.wneu.2021.04.033
https://doi.org/10.3390/cancers15205094
https://doi.org/10.3390/cancers15205094
https://doi.org/10.3389/fonc.2023.1114194
https://doi.org/10.3389/fonc.2023.1114194
https://doi.org/10.3389/fimmu.2025.1739812
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immuno-inflammatory signature for predicting therapeutic response and survival after stereotactic radiosurgery in NSCLC patients with brain metastases: a retrospective cohort study
	Introduction
	Materials and methods
	Data source and collection
	Inclusion and exclusion criteria
	Patients information collection
	Treatment and efficacy evaluation
	Statistical analysis

	Results
	Baseline characteristics
	Decision tree model development and validation
	Univariable and multivariable Cox analyses
	Establishment and validation of the nomogram model
	Online dynamic nomogram model establishment

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


