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Preoperative MRI is one of the most important clinical results for the diagnosis and treatment of glioma patients.
The objective of this study was to construct a stable and validatable preoperative T2-weighted MRI-based radiomics model for predicting the survival of gliomas.
A total of 652 glioma patients across three independent cohorts were covered in this study including their preoperative T2-weighted MRI images, RNA-seq and clinical data. Radiomic features (1731) were extracted from preoperative T2-weighted MRI images of 167 gliomas (discovery cohort) collected from Beijing Tiantan Hospital and
then used to develop a radiomics prediction model through a machine learning-based method. The performance
of the radiomics prediction model was validated in two independent cohorts including 261 gliomas from the The
Cancer Genomae Atlas database (external validation cohort) and 224 gliomas collected in the prospective study
from Beijing Tiantan Hospital (prospective validation cohort). RNA-seq data of gliomas from discovery and external validation cohorts were applied to establish the relationship between biological function and the key radiomics
features, which were further validated by single-cell sequencing and immunohistochemical staining.
The 14 radiomic features-based prediction model was constructed from preoperative T2-weighted MRI images in
the discovery cohort, and showed highly robust predictive power for overall survival of gliomas in external and
prospective validation cohorts. The radiomic features in the prediction model were associated with immune response, especially tumour macrophage infiltration.
The preoperative T2-weighted MRI radiomics prediction model can stably predict the survival of glioma patients
and assist in preoperatively assessing the extent of macrophage infiltration in glioma tumours.
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Introduction
Glioma is the most common primary cancer in the CNS and a
highly lethal disease.1,2 Despite the same standardized treatment, the prognosis varies in different patients. Therefore,
evaluation of the prognosis is of great significance for the guid-

A radiomics prognostic model in glioma
Sample collection and data analyses were approved by Beijing
Tiantan Hospital institutional review board and written informed
consent was obtained from each participate.

Radiomic features extraction

Machine learning-based radiomics prediction model
construction
The risk prediction model was constructed based on RFs. To ensure
the stability of the prediction model, the RFs were strictly screened
in the discovery cohort with two steps. First, we randomly used 50%
of the samples as the training set and the remaining 50% of the
samples as the test set. To test the robustness of RFs selection in
building the prediction model, we randomly split the samples in the
discovery cohort into a training set and a test set at a ratio of 3:7, 4:6,
6:4, and 7:3, respectively. On the training set, we first performed a
preselection step to keep the top significant features correlated with
overall survival (univariate Cox model, likelihood ratio test,
P 5 0.05). Second, we applied the risk score formulation (risk score =
P
feature values  Cox efficient of feature) using the top significant
features selected in the first step to calculate an RF score value for
each sample in the test set, followed by separating the test set into
high and low groups by the median of the RF score. If the overall survivals of these two groups were significantly different (Kaplan–
Meier analysis, log rank P 5 0.05), the features used in the RF score
formulation were chosen. We repeated the above procedure 1000
times and selected the features which were chosen in more than
85% of the total of 1000 procedures.

LASSO-based feature selection
A standard multivariate approach, Cox-LASSO (least absolute
shrinkage and selection operator), was also applied for RFs selection in building the prediction models (Supplementary Fig. 1).
First, univariate Cox regression analysis was applied to extract
the features that were statistically significantly associated with
survival (adjusted P-value 5 0.01). For the prognostic features, a
Cox proportional hazards model (iteration = 1000) with a LASSO
penalty was used to find the best RF model utilizing an R package
called ‘glmnet’. A total of nine features were obtained.
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Random survival forests–variable hunting feature
selection
A random forest survival analysis was performed to screen RFs for
predictive model building. Specifically, univariate Cox proportional
hazards regression analysis was performed to screen out those RFs
with a significant relationship with patients’ overall survival in the
discovery cohort (adjusted P-value 5 0.01). Then, the random survival forests–variable hunting (RSFVH) algorithm was applied to
filter prognostic RFs. Finally, we obtained nine features.

Deep learning models
Three widely used deep learning models were built and trained in
discovery cohort, followed by independent evaluation in the TCGA
cohort and the prospective cohort. Specifically, a stringent criterion was adopted to select the prognostic RFs with the use of univariate Cox proportional hazards regression analysis in the
discovery cohort (adjusted P-value 5 0.005). A total of 25 prognostic RFs were extracted. The grouping results derived from hierarchical k-means clustering using prognostic RFs were labelled as 0
and 1, respectively. The prognostic RFs in the discovery cohort
were used as training data to train the deep learning model. The
input data were Z-score-transformed RFs to avoid a gradient disappearance problem. The first deep learning model (deep learning
model 1) was built with one hidden layer including eight nodes.
The second one (deep learning model 2) was built with two hidden
layers with each containing 16 and 8 nodes, respectively. The third
one (deep learning model 3), the LSTM (long short-term memory)
deep learning model, was built with two hidden layers, including
two LSTM layers, each layer containing 16 and 4 nodes, respectively. Sigmoid function was chosen as neuron activation function,
mean squared error as the loss function and Adam (adaptive
movement estimation algorithm) as the iterative optimizer. The
maximum number of iterations was set as 1000. The initial connection weights and biases of each layer were randomly generated
and end up reaching stable parameters through training iterations.
After determining the framework of the model, cross-validation
was a necessary step. The training data were separated into two
sections randomly with the proportion of training and testing sets
as 6 to 4. The training set was used to train the model to determine
the unknown parameters, while the test set was used to validate
the effect of the predicted parameters. To obtain the optimal
model, the above process was carried out 300 times. Kaplan–Meier
survival analysis was operated each time to see if the model can
divide the samples into two groups with a statistically significant
survival difference. Only groups with a P-value lower than or equal
to the threshold of 0.05 were regarded as statistically significant.
Among 300 times trials, the more significant stratifications, the
more stable our model is. The model with fixed parameters corresponding to the lowest P-value was selected as the optimal model.
To test the performance of the optimal model, the TCGA cohort
and prospective cohort were used as external test data, respectively. The optimal model divided patients in each cohort into longand short-term survival clusters. Kaplan–Meier analysis was conducted between the long- and short-term survival clusters in each
cohort to test the predictive performance of the optimal model for
glioma.

Functional annotation of radiomic features
Functional annotation of RFs was performed by Gene Set Variation
Analysis (GSVA) and Pearson correlation analysis. First, the biological process and pathway activation scores of each patient were
calculated by GSVA analysis based on tumour transcriptome
sequencing data. The gene sets of Gene Ontology (GO) and Kyoto
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The tumour region of interest was segmented on T2-weighted MR
images, because this sequence is well-accepted in the identification of regions of gliomas. Regions of interest were manually
delineated by two neuroradiologists (both with more than 10 years
of experience in neuroradiology) using MRIcron software (http://
www.mccauslandcenter.sc.edu/mricro). Regions of interest on the
T2 image were defined as abnormal hyperintense signals and cerebrospinal fluid signals were avoided. The range of regoin of interest did not refer to signals in other sequences of MRI. For each
patient, a total of 1731 RFs were extracted using the ‘PyRadiomics’
package implemented in Python.14 The extracted features were
divided into four groups: (i) first-order statistics: n = 18; (ii) shape
and size features: n = 13; (iii) textural features derived from texture
matrices including grey-level co-occurrence matrix, grey-level run
length matrix, grey-level size zone matrix, grey-level dependence
matrix: n = 68; and (iv) filter-derived features: filter ‘wavelet’:
n = 688; filter ‘LoG’: n = 258; filter ‘LBP’: n = 258; other filter (‘square’,
‘squareroot’, ‘logarithm’, ‘exponential’, ‘gradient’): n = 86  5 = 430.
The detailed calculation formula for each RF is provided on the official website (https://pyradiomics.readthedocs.io, accessed 1
December 2021).
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Encyclopedia of Genes and Genomes (KEGG) were downloaded
from Gene Set Enrichment Analysis (GSEA) web portals (http://soft
ware.broadinstitute.org/gsea/index.jsp, accessed 1 December
2021). Second, the correlation between biological process and pathway activation scores and RF values was calculated by Pearson correlation analysis. Functions and pathways, significantly correlated
with RF values (P 5 0.05), were used to annotate RFs. Classification
of biological functions was performed according to the classification in the AmiGO 2 portal (http://amigo.geneontology.org/amigo,
accessed 1 December 2021).

Single-cell RNA sequencing data analysis
Raw read counts were obtained from scRNA-seq data. Cells with
an abundance of reads count 4 1000 were kept for further analysis. The imputation of single cells was applied to scRNA-seq data
by Markov affinity-based graph imputation of cells.15 Then,
ComBat16 was performed to remove the batch effect of single-cell
data. Seurat was used to analyse the single-cell sequencing data
with default options (normalized with LogNormalize, variable

features found with vst, and 5000 high variable features kept).
Canonical cluster analysis as implemented in the Seurat package
was then performed on the 5000 common genes identified in this
manner. Non-linear dimensional reduction t-distributed stochastic neighbour embedding (tSNE) was applied on the scale data to
visualize and explore these datasets. Lastly, we used the cell
markers previously reported to determine the identification of the
cell types. Specifically, CD45 + was used to separate immune cells
from non-immune cells. Immune cells with CD11b + , CD14 + ,
CD16 + , CD68 + , CD86 + and CD163 + were macrophages. Immune
cells with CD14 + , CD16 + and CD163– were monocytes. Immune
cells with CD8 + , CD3 + and GZMA + were CD8 + T cells. Immune
cells with CD3 + were CD3 T cells.

Normalized enrichment score of immune cell
signatures
We curated a total of 295 different gene signatures for immune
cells and CNS from literature.17–21 To evaluate the enrichment of
each immune cell type in each sample, we used the normalized
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Figure 1 Work flow and radiomic feature screening. (A) Work flow of the machine learning method. (B) A total of 1293 RFs showed high intraclass correlation coefficient (ICC) between tumours sketched by radiologist or neurosurgeon. (C) The frequency of RFs chosen (univariate Cox model, likelihood ratio test, P 5 0.05, both in the feature value and the median of RF score) in the prediction models. (The peaks are in the 850 times.) (D) The RFs
of Kaplan–Meier P-values in the test groups and frequency. OS = overall survival; ROIs = region of interest.
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enrichment score of the Mann-Whitney Gene Set test.22,23 The
normalized enrichment score (NES) was determined as follows:
U
mn

(1)

mðm þ 1Þ
T
2

(2)

NES ¼ 1 
U ¼ nm þ

where m is the number of genes in a gene set, n is the number of
genes outside the gene set, and T is the sum of the ranks of the
genes in the gene set. Given a gene signature, the gene expression
data of a sample were separated into two sections comprising
genes expressed in the gene signature and the rest of the genes, respectively. The Wilcoxon rank-sum test was then applied to calculate the normalized enrichment score.

Immunohistochemical staining for macrophage
markers
Tumour samples for immunohistochemical staining were obtained
from patients in the discovery cohort (n = 62). The surgically removed
tumour tissues were stored in formalin immediately and embedded
in paraffin within 3 days. The immunohistochemical staining and

image capture were performed as previously described.24 The primary antibody for the detection of macrophage markers were as follows: MS4A4A (Sigma-Aldrich, HPA029323), STAB1 (Abcam, ab101035)
and COLEC12 (Invitrogen, PA5-30835). Immunohistochemical staining was performed as per the manufacturer’s protocol with recommended concentration. The proportion of positive cells was counted
using ImageJ (v1.52) software.

Statistical analyses
Statistical analyses and drawings were performed by software environment R (v3.5.0), SPSS software (v25.0, IBM) and Office 2016
(Microsoft). The Mann-Whitney U-test was used to validate differences between two variables. The chi-square test was used to assess the composition ratio differences between two groups. The
log-rank test was used to assess the statistical significance between survival groups in Kaplan–Meier survival analysis. P-values
less than 0.05 were considered statistically significant.

Data availability
All datasets used and/or analysed in this study have been uploaded.
The sequencing data, clinical and follow-up information of glioma
patients were uploaded to the CGGA portal (http://cgga.org.cn/,
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Figure 2 Clinicopathological and survival differences in different risk subgroups. (A and C) The differences of survival and clinical molecular pathology in patients in different risk groups are shown in heat maps. Patients in the discovery and external validation cohorts are arranged in ascending
order of RF scores of RFs. (B and D) Kaplan–Meier curves show the overall survival of patients in low-risk and high-risk groups. Overall survival of
patients in the high-risk group is significantly shorter in both discovery and external validation cohorts.

0.5494
0.5156
0.6084
0.2845

0.1166

1.175 (0.723–1.909)
0.850 (0.457–1.581)
1.374 (0.768–2.456)
8.93  10–7
0.8817
3.95  10–4
2.32  10–5

Patient clinical characteristics in the discovery (Tiantan), external
validation (TCGA) and prospective validation (Beijing Tiantan
Hospital) cohorts are shown in Supplementary Table 1. The composition of patients (especially age, IDH1 and 1p/19q status) was
significantly distinct among different cohorts and the main reason
for this inconsistency was the difference in tumour grade. The distribution of tumour grade was similar between the discovery cohort and the prospective validation cohort, while the majority of
tumours in the external validation cohort were grade IV gliomas.
As the radiomics prediction model was constructed from preoperative T2-weighted MRI images independent of tumour grade
and molecular features, the prediction efficiency might not be significantly affected by the difference between the discovery and
validation cohorts.

MRI radiomic features extraction and prediction
model construction

1.031 (0.689–1.542)
0.386 (0.228–0.654)
0.344 (0.210–0.564)

0.162 (0.017–1.574)
1.13  10–3

Two neuroradiologists independently reviewed the T2-weighted
MRI images and then delineated the tumour contour with mutual
concordance. Then, 1731 RFs were retrieved for the tumour area
from the T2-weighted MRI images, among which 1293 RFs with
high intraclass correlation coefficient (40.9) were retained in the
downstream analysis. A permutation-based machine learning
method was applied to screen RFs associated with overall survival
of gliomas from 167 glioma patients in the discovery cohort
(Tiantan; Fig. 1A and B). Fourteen RFs were identified as significantly associated with overall survival of gliomas (Fig. 1C and D).
To test the robustness of RFs selection in building the prediction
model, we randomly split the samples in the discovery cohort into
a training set and a test set at different ratios of 4:6, 3:7, 7:3, and
6:4, respectively. We discovered that the features selected at different scenarios were highly consistent (Supplementary Fig. 1A–C). A
risk prediction model was constructed based on the 14 prognostic
RFs. The predictive power of the risk prediction model was validated in an external data cohort consisting of 261 glioma patients
from the TCGA database. Two hundred and twenty-four glioma
patients were recruited in the prospective cohort from Beijing
Tiantan Hospital for further validating the performance of the RFbased risk prediction model. The association between biological
functions and the RF-based model was established through GSEA,
followed by experimental validation through single-cell sequencing of 1733 cells from four gliomas and immunohistochemical
staining of 62 samples in the discovery set.

b

Numerical variables.
Categorical variables.

Performance of the radiomics prediction model in
prognosis prediction in the retrospective analysis

a

1.132 (0.604–2.120)
0.605 (0.282–1.297)
0.634 (0.279–1.440)
4.26  10–13
0.3128
1.01  10–5
7.80  10–9
1.344 (0.757–2.388)
0.214 (0.108–0.425)
0.173 (0.096–0.314)

Cla = classical; Cod = co-deletion; Mes = mesenchymal; Neu = neural; PN = proneural.

0.650 (0.353–1.199)
1.43  10–3
0.390 (0.219–0.696)

0.4225
0.6989
0.1964
0.2764

0.098 (0.024–0.396)

24.425 (3.182–187.509)
77.776 (10.535–574.192)
0.050 (0.020–0.124)
1.372 (0.653–2.883)
3.195 (1.487–6.863)
0.567 (0.266–1.208)

1.049 (1.002–1.098)
1.032 (1.014–1.050)

2.387 (1.203–4.734)
9.714 (5.232–18.035)
0.163 (0.102–0.262)

0.1680

1.00  105 (1.63  10–35–6.17  1044)
5.02  104 (8.16  10–36–3.09  1044)
0.171 (0.045–0.651)

1.047 (1.009–1.085)
1.035 (1.019–1.052)

1.84  10–3
1.11  10–15
5.80  10–8
0.0021
1.97  10–5
7.87  10–11
1.046 (1.017–1.076)
1.056 (1.042–1.071)

0.0421
4.59  10–4
0.0030
0.4033
0.0029
0.1418

Clinical characteristics

1.07  10–6
2.14  10–9
6.66  10–14
0.0128
5.94  10–13
6.74  10–14
1.092 (1.054–1.132)
1.058 (1.039–1.077)

accessed 1 December 2021). The method has been uploaded to GitHub
(https://github.com/zhangjbig/RadioML, accessed 1 December 2021).

Results

RF scorea
Agea
WHO gradeb
III versus II
IV versus II
IDH1 statusb
Mutant versus wild-type
1p/19q statusb
Cod versus Non-Cod
TCGA subtypeb
Mes versus Cla
Neu versus Cla
PN versus Cla

HR (95% CL)

P-value

HR (95% CL)

P-value

HR (95% CL)

P-value

HR (95% CL)

Multivariate analysis
Univariate analysis

Multivariate analysis

Univariate analysis

External validation cohort (TCGA)
Discovery cohort (Tiantan)
Variable

G. Li et al.

The relationship between the RF scores of radiomics prediction
model and the clinicopathological features of patients is shown
in the heat maps (Fig. 2A and C). Patients were ranked in ascending order of RF scores in the discovery and external validation
cohorts. The median RF score (36.12) in the discovery cohort was
used as the cut-off value of risk subgroups in this study. Patients
with an RF score greater than 36.12 were classified into the highrisk subgroup and those with lower than 36.12 were classified
into the low-risk subgroup. WHO tumour grade and IDH1 mutation status in the discovery cohort and external validation cohort
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Table 1 Cox regression analysis of prognostic factors in discovery cohort and validation cohort

0.0136
1.51  10–5
0.1765
0.8054
0.8169
0.0096
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Table 2 Cox regression analysis of prognostic factors in prospective cohort
Variable

Univariate analysis
HR (95% CL)

a

RF score
Agea
WHO gradeb
III versus II
IV versus II
IDH1 statusb
Mutant versus wild-type
1p/19q statusb
Cod versus Non-Cod

1.110 (1.046–1.178)
1.039 (1.011–1.069)
1.751 (0.503–6.096)
6.949 (2.624–18.397)
0.115 (0.050–0.269)
0.020 (3.69  10–4–1.038)

Multivariate analysis
P-value
–4

5.93  10
7.18  10–3
4.52  10–5
0.3788
9.53  10–5
5.71  10–7

HR (95% CL)

P-value

1.088 (1.010–1.173)
1.020 (0.989–1.053)

0.0271
0.2122
0.2390
0.8847
0.2390
0.0016

0.900 (0.215–3.759)
2.158 (0.600–7.766)
0.209 (0.079–0.553)

0.0522

Cod = co-deletion
a

Numerical variables.

b

Categorical variables.

showed asymmetry distribution in different risk subgroups.
However, age, gender and 1p/19q status did not differ significantly between the two subgroups (Supplementary Tables 2 and 3).
Subsequently, Kaplan–Meier survival analysis in the discovery
and external validation cohorts showed that patients in the highrisk subgroup had shorter overall survival than those in the lowrisk subgroup (Fig. 2B and D). Univariate and multivariate Cox
regression analysis demonstrated that RF score was an independent prognostic factor after adjusting for other prognostic

factors in patients of both the Tiantan discovery cohort and the
TCGA validation cohort (Table 1).

Performance of the radiomics prediction model in
prognosis prediction in the prospective analysis
To further validate the concordance and reproducibility of the
radiomics prediction model, a single-institutional prospective
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Figure 3 The stability of the radiomics prediction models was validated in the prospective validation cohort. (A) Flow diagram of glioma patients in
the prospective group. A total of 224 glioma patients eligible for the study were screened from the sample of 438 glioma patients from November 2016
to August 2019. (B) The heatmap shows clinicopathological information of patients in different risk groups in the prospective validation cohort.
(C) Kaplan–Meier curves show the overall survival of patients in the high-risk group is significantly shorter than those in low-risk group in the
prospective validation cohort.

8

| BRAIN 2022: 00; 8–11

G. Li et al.

analysis was performed at Beijing Tiantan Hospital. Two hundred
and twenty-four of 438 glioma patients from November 2016 to
August 2019 were enrolled in the prospective cohort (Fig. 3A).
Based on the RF score of the radiomics prediction model, patients
were also divided into high- and low-risk subgroups by the same
method and cut-off value from the discovery cohort. The clinicopathological features of patients in different risk subgroups are
presented in Fig. 3B. The difference analysis of clinicopathological
factors found that there are significant differences between age,
WHO tumour grade and IDH1 mutation status in the high- and
low-risk groups (Supplementary Table 4). Survival analysis indicated that patients in the high-risk subgroup showed significantly
shorter overall survival than those in the low-risk subgroup
(Fig. 3C). In addition, the radiomics prediction model particularly
proved to be an independent prognostic risk factor in patients
from the prospective cohort by multivariate Cox regression analysis (Table 2).

The prognostic radiomic features were in close
correlation with tumour-infiltrating macrophages
To understand the relationship between the 14 prognostic RFs and
the biological functions, we calculated the enrichment score of
each biological function for each patient in the discovery cohort.
Pearson correlation analysis demonstrated that the immune system process was significantly related to the 14 RFs (Fig. 4A). The
GO terms of the immune system process were also highly shared
among the 14 RFs (Fig. 4B). To identify which immune cells may be
associated with the RFs, we curated the gene signatures for 295 immune cells from the literature. We then performed normalized enrichment score analysis on tumour transcriptome data to predict
the enrichment of immune cells in each patient, and found that
macrophages showed a distinct and strong correlation with the

prognostic RFs (Fig. 4C and D). Even if there were disparities in
demographic and tumour-grade distribution between Tiantan and
TCGA databases, we still observed a weak but non-negligible association between RFs and macrophages in the TCGA validation cohort (Supplementary Fig. 2). In conclusion, the radiomics
prediction model from preoperative T2-weighted MRI images could
help assess the tumour-infiltrating macrophages in glioma
patients.

Verification of the relationship between radiomic
features and tumour macrophage infiltration
To further validate the biological annotations of the prognostic
RFs, scRNA-seq and immunohistochemical staining were performed in representative patients of the prospective and discovery
cohort, respectively (Fig. 5A). Specifically, we performed scRNAseq on isolated cells of surgical specimens from four glioma
patients (named as PDC1, PDC7, PDC12, and PDC14) and a total of
1733 cell gene expression profiles were included in the analysis
(Fig. 5B).
To characterize the cell identity of the obtained clusters, we
applied the immune cell marker curated from the literature. More
concretely, CD45 + cells were immune cells and CD45– cells were
non-immune cells. Immune cells include macrophages (CD11b + ,
CD14 + , CD16 + , CD68 + , CD86 + , CD163 + ), CD8 T cells (CD8 + ,
CD3 + , GZMA + ), CD3 + T cells and monocytes (CD14 + , CD16 + ,
CD68–, CD163–). We confirmed that there were more tumour-infiltrating macrophages in patients with higher RF scores through imputation for scRNA-seq data (Supplementary Figs 3–6). It was
further indicated that tumour samples harbouring a high macrophage cell gene signature conferred a poorer survival than those
with low macrophage signature (Supplementary Fig. 7A and B).
The high-risk patients, PDC7 and PDC12, have more abundance of
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Figure 4 The relationship between prognostic RFs and tumour cell functions in the discovery cohort. (A) The Pearson correlation between RFs and tumour biological processes. (B) The networks among the features on the immune system process: the nodes are features and the edges are the counts
of immune system process overlap between the features. (C) The top 10 significant correlation between RFs and cell fractions. (D) The Pearson correlation between RFs and macrophage cell signatures.
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macrophage cell fractions compared with low-risk patients, PDC1
and PDC14 (Fig. 5B). In addition, the selected markers of MS4A4A,
STAB1 and COLEC12 reflecting tumour-infiltrating macrophages
were detected by immunohistochemical staining in the discovery
cohort. The results reconfirmed that tumour-infiltrating macrophages were highly enriched in patients with higher RF scores and
the increased expression of these macrophage-specific markers

were also indicators of poor prognosis in patients with gliomas
(Fig. 5C and Supplementary Fig. 7C–E). Furthermore, the patients
were divided into lower grade glioma (WHO II and III) and glioblastoma (WHO IV) groups according to the tumour grade. The
results showed that tumour-infiltrating macrophages were
enriched in the high-risk group in both lower grade glioma and
glioblastoma patients (Supplementary Figs 8 and 9).
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Figure 5 Experimental validation of RF-related tumour macrophage infiltration. (A) Scheme of the experimental workflow. (B) t-Distributed stochastic
neighbour embedding (tSNE) plot shows clustering of each patient’s cells based on gene expression. Point coordinates are based on tSNE dimensionality
reduction of the top principal components calculated from the 5000 most informative genes. Cell colour specifies assignment of cells to these clusters
inferred using shared nearest neighbour clustering. Pie charts demonstrate the distribution of the identified cell types across samples in each patient
and histograms show the macrophage cell abundance between high-risk and low-risk patients. (C) Immunohistochemical staining displays the RFrelated macrophage markers MS4A4A, STAB1 and COLEC12. The scatter diagram shows the expression level of these markers in high-risk and low-risk
samples. Kaplan–Meier survival analysis was performed between the samples with high and low expression of macrophage markers.
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Discussion

constructed a prediction model to assess tumour-infiltrating CD8
cells and immunotherapy response in cancers by conjoint analysis
of CT images and RNA-seq genomic data. Grossmann et al.37 have
examined the correlation between RFs and pathway scores,
obtained from GSEA, to define radiomic–pathway–clinical relationships. Combining the advantages of reported algorithms, functional annotation of the 14 predictive RFs was performed based on the
enrichment scores of 5917 biological processes and pathways
obtained from RNA-seq data. Consistent with previous reports in
other tumours,6,37,38 the predictive RFs were closely related to
immune response, especially tumour macrophage infiltration in
gliomas. There were significant differences in patient composition between Tiantan and TCGA databases and a weak but nonnegligible association between RF model and macrophage was
observed in the TCGA database. In addition, tumour samples
from patients of the prospective and retrospective cohort were,
respectively, collected for single-cell sequencing and immunohistochemical staining, and the RFs-related macrophage infiltration could be reconfirmed in patient-derived cells and surgical
specimens. Most interestingly, the correlation between predictive RFs and tumour macrophage infiltration was identified for
the first time in glioma patients. This result indicated that the
distinct survival benefits in glioma patients with the same
diagnosis and treatment may be due to the various tumour
microenvironments. The close relationship between tumour
microenvironments and RFs was most likely to be an intrinsic
mechanism by which the radiomics prediction model could accurately predict prognosis in glioma patients. T2-weighted MRI of
gliomas usually reflects the features of the tumours and surrounding areas, which is the most commonly used non-invasive
tool to exhibit the diversity of tumour microenvironment, while
the underlying mechanisms need to be further elucidated. Most
importantly, our finding suggested that the radiomics prediction
model might also provide potential clinical guidance for future
immunotherapy of gliomas.
In conclusion, we constructed an MRI radiomics model by machine learning to predict clinical outcomes in glioma patients. This
prediction model has great potential to guide clinical prognosis
prediction and decision-making for immunotherapy in the future.

Acknowledgements
We thank Ms Shuqing Sun and Hua Huang for tissue sample collection and clinical data retrieval.

Funding
This work was supported by grants from National Natural Science
Foundation of China (No. 82072768; W.Z.), The Medical and Health
Technology Innovation Project of the Chinese Academy of Medical
Sciences (2020-I2M-C&T-A-024; W.Z.), Sino-German Center
Cooperation and Exchanges Program (M-0020; W.Z.), The Pilot
Project for the Development and Reform of Medical Research
Institutes of the Beijing Municipal Health Commission
(PXM2019_026280_000002; W.Z.), the Youth Thousand Scholar
Program of China (J.Z.), Program for High-Level Overseas Talents,
Beihang University (J.Z.), National Natural Science Foundation of
China (NSFC)/Research Grants Council (RGC) Joint Research
Scheme (81761168038; T.J.) and Beijing Municipal Administration
of Hospitals’ Mission Plan (SML20180501; T.J.).

Competing interests
The authors declare no potential conflicts of interest.

Downloaded from https://academic.oup.com/brain/advance-article/doi/10.1093/brain/awab340/6524612 by guest on 09 February 2022

MRI is one of the most important clinical data for patients with gliomas. Preoperative MRI plays a central role in glioma diagnosis and
intraoperative neuronavigation-guided tumour resection. With the
development of radiomics analysis, some studies have found that
MRI can be used to predict the biological and genomic features of
tumours, such as therapeutic response,25 tumour recurrence,26 p53
mutation27 and other molecular markers.28–30 However, a radiomics
prediction model for the tumour microenvironment of gliomas is
still in development at present. Among the clinical routinely used
MRI sequences, the T2-weighted sequence is superior in identifying
the tumour boundary and detecting tumours and the surrounding
tumour microenvironment.10,27,30,31 In our previous studies and
other imaging studies, the identification of tumour regions of interest was mostly based on T2-weighted sequences, even in multimodal and glioblastoma imaging studies.32–34 In this study, we
constructed and prospectively validated a prognostic radiomics
model based on preoperative T2-weighted MRI images of glioma
patients for potential clinical application. Importantly, this prediction model was in close relationship with tumour-infiltrating macrophages, providing an explanation for patient survival benefit from
the current clinical management.
Radiomics analysis underwent remarkable progress along with
advances in radiological imaging, most notably in CNS tumours,
which would be a promising direction to advance personalized
medicine. In previous studies by us and others, some radiomicbased glioma prediction models have been established.10,35,36 Our
analysis builds on these studies in that we performed a rigorous
screening of RFs and a comprehensive validation of the prediction
model. A valuable prediction model was usually based on crucial
predictors, and variable factors were excluded by two steps in our
study. The first step excluded the influence of variations between
neuroradiologists on the extraction of RFs. The second step ensured
the reproductivity of the prediction model in different populations
and different image resources (Tiantan and TCGA databases). In the
verification of our prediction model, we not only set up an independent external validation cohort but also designed a prospective
validation cohort. All above results demonstrated that the radiomics
prediction model is a prognostic factor independent of traditional
prognostic factors (patient age, WHO tumour grade, IDH1 and 1p/19q
status), and can be used together with these factors to predict the
prognosis of glioma patients. Furthermore, the radiomics prediction
model has the advantages of non-invasive, economical and can
guide the clinical treatment of glioma before surgery. With the wide
clinical application, this easy and feasible model is a supplement to
the existing classic markers.
Many methods have been tried for the construction of the radiomics prediction model. We applied a standard multivariate approach, Cox-LASSO, to select RFS to construct a prediction model.
We also evaluated RSFVH to select RFs for model building. We found
the RFs selected by Cox-LASSO and RSFVH were quite different from
those selected by our prediction model. We barely found an association between macrophage enrichment and RFs derived from CoxLASSO or RSFVH (Supplementary Fig. 1A–C). In addition to traditional algorithms, deep learning algorithms have also been used to build
predictive models. Based on 25 RFs with prognostic value, three predictive models have been built by deep learning methods in the discovery cohort. The prediction results of the deep learning prediction
models consistently show that risk group is an independent prognostic factor in discovery and TCGA cohorts, but not in the prospective cohorts (Supplementary Figs 10–12), suggesting deep learning
models fit data with a larger sample size.
At present, functional annotation of RFs is still a scientific challenge in the current radiomics research. Sun et al.6 have
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