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ORIGINAL RESEARCH
SPINE IMAGING AND SPINE IMAGE-GUIDED INTERVENTIONS

Automated Determination of the H3 K27-Altered Status in
Spinal Cord Diffuse Midline Glioma by Radiomics Based on

T2-Weighted MR Images
Junjie Li, YongZhi Wang, Jinyuan Weng, Liying Qu, Minghao Wu, Min Guo, Jun Sun, Geli Hu, Xiaodong Gong,

Xing Liu, Yunyun Duan, Zhizheng Zhuo, Wenqing Jia, and Yaou Liu

ABSTRACT

BACKGROUND AND PURPOSE: Conventional MR imaging is not sufficient to discern the H3 K27-altered status of spinal cord dif-
fuse midline glioma. This study aimed to develop a radiomics-based model based on preoperative T2WI to determine the H3 K27-
altered status of spinal cord diffuse midline glioma.

MATERIALS AND METHODS: Ninety-seven patients with confirmed spinal cord diffuse midline gliomas were retrospectively recruited
and randomly assigned to the training (n¼ 67) and test (n¼ 30) sets. One hundred seven radiomics features were initially extracted
from automatically-segmented tumors on T2WI, then 11 features selected by the Pearson correlation coefficient and the Kruskal-Wallis
test were used to train and test a logistic regression model for predicting the H3 K27-altered status. Sensitivity analysis was performed
using additional random splits of the training and test sets, as well as applying other classifiers for comparison. The performance of the
model was evaluated through its accuracy, sensitivity, specificity, and area under the curve. Finally, a prospective set including 28
patients with spinal cord diffuse midline gliomas was used to validate the logistic regression model independently.

RESULTS: The logistic regression model accurately predicted the H3 K27-altered status with accuracies of 0.833 and 0.786, sensitiv-
ities of 0.813 and 0.750, specificities of 0.857 and 0.833, and areas under the curve of 0.839 and 0.818 in the test and prospective
sets, respectively. Sensitivity analysis confirmed the robustness of the model, with predictive accuracies of 0.767–0.833.

CONCLUSIONS: Radiomics signatures based on preoperative T2WI could accurately predict the H3 K27-altered status of spinal
cord diffuse midline glioma, providing potential benefits for clinical management.

ABBREVIATIONS: AUC ¼ area under the curve; CE ¼ contrast-enhanced; DMG ¼ diffuse midline glioma; HR ¼ hazard ratio; LR ¼ logistic regression; NPV ¼
negative predictive value; OS ¼ overall survival; PPV ¼ positive predictive value; SC-DMG ¼ spinal cord diffuse midline glioma; WHO ¼ World Health Organization

D iffuse midline glioma (DMG), which occurs in both children
and young adults, is a rare type of glioma first recognized as a

new entity in the 2016 World Health Organization (WHO)
Classification of CNS Tumors as DMGH3 K27M-mutant. Recently,

it has been renamed DMGH3 K27-altered status in the 2021 WHO
Classification.1-4 Previous evidence demonstrated that H3 K27-
altered was a poor prognostic biomarker for DMG, while a recent
clinical trial showed that GD2-directed chimeric antigen receptor T-
cell therapy had a promising value in reducing tumor volume of
DMGH3 K27-altered tumors.3,5-11

Currently, the criterion standard techniques to accurately
determine the H3 K27-altered status rely on gene sequencing or
immunohistochemistry through invasive biopsy or surgical resec-
tion.12 Tissue sampling bias due to intertumoral heterogeneity
may reduce the sensitivity and accuracy of H3 K27-altered status
determination. Therefore, a noninvasive method using whole-tu-
mor information is warranted to accurately predict the H3 K27-
altered status preoperatively.

MR imaging can provide various morphologic and physio-
logic features to comprehensively characterize glioma heteroge-
neity.13 Recently, radiomics based on medical images has become
a promising tool for noninvasively assessing the molecular geno-
types of gliomas in several studies, providing potential benefits
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for personalized and effective treatment plans.14,15 Several studies
have efficiently predicted the H3 K27-altered status by using
radiomics in diffuse midline gliomas in the brainstem.16,17

However, few studies have focused on spinal cord diffuse midline
glioma (SC-DMG) due to its rarity. Conventional features such
as hemorrhage and syringohydromyelia appear to have limited
predictive value for SC-DMG H3 K27-altered status.18,19

Developing an accurate, accessible, robust, and noninvasive
radiomics approach for detecting the H3 K27-altered status in
SC-DMG remains clinically feasible. This study aimed to predict
the H3 K27-altered status of SC-DMG by using radiomics from
retrospective and prospective cohorts based on T2WI.

MATERIALS AND METHODS
Study Design and Patients
This study was approved by the institutional review board of Beijing
Tiantan Hospital, Capital Medical University, and written informed
consent was obtained from all patients or their legal guardians.

A total of 128 patients with histopathologic diagnosis of dif-
fuse glioma in the spinal cord from December 2013 to October
2019 were retrospectively enrolled. A total of 97 patients was
finally included on the basis of the following inclusion criteria: 1)
preoperative sagittal T2WI scans with adequate image quality; 2)
available H3 K27-altered status. Exclusion criteria were the fol-
lowing: 1) a history of biopsy or an operation before MR imaging;
2) poor image quality (eg, obvious motion artifacts, distortion,
and signal loss); 3) unknown H3 K27-altered status (Fig 1). From
November 2019 to June 2022, thirty-nine patients with suspected
SC-DMG were prospectively recruited for independent valida-
tion. Inclusion criteria were the following: 1) SC-DMG pathologi-
cally confirmed by biopsy or surgical resection; 2) no treatment
history before MR imaging; 3) available H3 K27-altered status.
Exclusion criteria were the following: 1) pathologic confirmation
of other diseases; 2) poor image quality; 3) unknown H3 K27-
altered status (Fig 1). MR images, including sagittal T2WI, T1WI,
and contrast-enhanced (CE) CE-T1WI, as well as clinical varia-
bles, including patient demographics, treatment information, sur-
vival status, and detailed pathologic data, were obtained.

After applying the inclusion and exclusion criteria, the final
study cohort consisted of 97 patients in the retrospective cohort
who were divided into a training set (n¼ 67, including 31 H3
K27-altered and 36 non-H3 K27-altered cases) and a test set
(n¼ 30, including 14 H3 K27-altered and 16 non-H3 K27-altered
cases) to build a H3 K27-altered predictive model. Then, an inde-
pendent prospective cohort of 28 patients, including 16 H3 K27-
altered and 12 non-H3 K27-altered cases, was enrolled to validate
the predictive model. Further survival analysis was performed to
confirm the clinical prognostic prediction value of the H3 K27-
altered status of SC-DMG.

Neuropathology Analysis
All tumor histopathologic grading was evaluated following the
2016 WHO Classification using formalin-fixed/paraffin-embedded
samples with H&E staining. The H3 K27-altered (H3 K27Mmuta-
tion) status was assessed through immunohistochemistry using the
corresponding specific antibody (ABE419; MilliporeSigma;1:800).

MR Imaging Acquisition
Spinal cord MR images were acquired using 6 MR imaging scan-
ners: SIGNA HDe and Discovery 750 (GE Healthcare), Ingenia CX
(Philips Healthcare), and Verio, Magnetom Trio, and Magnetom
Prisma (Siemens). MR imaging protocols (T2WI, T1WI, and CE-
T1WI) for intramedullary spinal cord lesions and parameters are
found in the Online Supplemental Table 1.

MR Image Preprocessing
For all patients whose images were used with tumor segmentation,
T2WI was first corrected for N4 bias using the SimpleITK python
package (https://pypi.org/project/SimpleITK/). The image signal
intensities were normalized by subtracting the mean value and
dividing by the SD of the signal intensity.

Assessment of MR Imaging Characteristics
Conventional MR imaging features, including tumor location,
length, edema, cystic/necrosis, contrast-enhancement status, and
syringohydromyelia, were assessed by a senior neuroradiologist
(Y.D., with .13 years of experience in neuroradiology) and a

FIG 1. Flowchart of the included patients in this study.
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junior neuroradiologist (M.G., with.4 years of experience in neu-
roradiology) who were blinded to clinicopathologic data. Because
there were high interrater agreements (K-values ranged from 0.71
to 1) on the MR imaging assessments, we presented the MR imag-
ing assessments by the senior neuroradiologist in the main text
and provided those by the junior neuroradiologist in the Online
Supplemental Table 2. Tumor location was classified as cervical,
cervicothoracic, thoracic, thoracolumbar, or lumbar vertebral, on
the basis of the area involving the main component of the tumor.
Tumor length was defined as the number of tumor-involved verte-
brae. Edema was reflected by greater signal intensity than in the tu-
mor noncontrast portion, lower signal intensity than in the CSF,
and unclear boundaries on the T2WI.20 The presentation of cystic
or necrosis was well-defined as high-T2WI and low-T1WI signals
essentially matching the CSF signals and nonenhanced wall.
Compared with T1WI, the tumor CE pattern was classified as no
enhancement (including mild enhancement) and obvious enhance-
ment on CE-T1WI. Syringohydromyelia was defined as cystic dila-
tion of the central portion of the spinal cord on T2WI without wall
enhancement.20,21

Radiomics Feature Extraction
Tumor segmentation on T2WI was automatically performed by a
deep learning model developed by our research team (the mean
Dice score of tumor segmentation was 0.852) and visually checked
by a senior neuroradiologist (Y.D.) (8 of 97 patients in the retro-
spective cohort required additional manual review and correc-
tion).22,23 Radiomics features of tumors were then extracted using
Feature Analysis Explorer (FAE, Version 0.5.2; https://github.
com/salan668/FAE) software. One hundred seven original radio-
mics features, including 14 shape-based features, 18 first-order
features, 24 gray-level co-occurrence matrix features, 14 gray-level
dependence matrix features, 16 gray-level run length matrix fea-
tures, 16 gray-level size zone matrix features, and 5 neighboring
gray tone difference matrix features, from T2WI were extracted.

Feature Processing and Selection
Using FAE, we adopted an up-sampling strategy to balance the
H3 K27-altered and non-H3 K27-altered cases in the training set.
Z score transformation was used for feature normalization. The
Pearson correlation coefficient assessment was performed for fea-
ture-dimension reduction by randomly removing one of the
paired features with high similarity (Pearson correlation coeffi-
cient . 0.99), followed by the Kruskal-Wallis method for selec-
tion of the optimal features.

Model Development
Logistic regression (LR) was used to determine the H3 K27-
altered status by using the selected radiomics features. Five-fold
cross-validation was performed for model parameter optimiza-
tion in the training set. Then, we evaluated the performance of
the model in the test set, by determining the classification accu-
racy, sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV), and area under the curve (AUC).

Sensitivity Analysis
Sensitivity analysis was performed to support the main findings
using the LR radiomics model in the test set: 1) We compared the

other 2 conventional MR imaging radiomic features, T1WI and CE-
T1WI, to assess whether this additional information could improve
the performance of the model. 2) To exclude potential bias in sepa-
rating the training and test sets, we repeated the pipeline with 4 addi-
tional random splits of the training and test sets. 3) We included 4
classifiers, including support vector machine, least absolute shrink-
age, and selection operator regression; linear discriminant analysis;
and the Gaussian process for comparison to support the perform-
ance of the LR model. 4) We evaluated the predictive performance
of combined original radiomics features and their variant features in
comparison with the original radiomic features.

Survival Analysis
The overall survival (OS) of a subset of 79 patients was finally
available, including 33 H3 K27-altered and 46 non-H3 K27-
altered cases. The therapeutic regimen (eg, extent of tumor resec-
tion and postoperative treatment) was obtained from the medical
records and follow-up visits. The extent of tumor resection was
classified as total, subtotal, partial resection, or biopsy on the basis
of medical records. Postoperative treatment included chemother-
apy and radiation therapy.

Statistical Analysis
Statistical analysis was performed with SPSS (SPSS for Windows,
Version 26.0; IBM) and the R statistical and computing software
(Version 4.2.1; http://www.r-project.org/). Categoric variables
were expressed as frequency and compared using the x 2 test or
Fisher exact test. Continuous variables were expressed as mean
(SD) and compared using the Student t test or Mann-Whitney U
test. P, .05 was considered statistically significant. Classification
accuracy, sensitivity, specificity, PPV, NPV, and AUC were calcu-
lated to evaluate the performance of the model. OS was estimated
by Kaplan-Meier survival curve analysis and the logrank test
using the survminer package in R (https://cran.r-project.org/web/
packages/survminer/index.html). Using the coxph package (https://
www.rdocumentation.org/packages/survival/versions/3.5-7/topics/
coxph), the univariate and multivariate Cox proportional hazards
models were used to evaluate the model’s performance with the
WHO grade that integrating the H3 K27-altered status and histo-
logic grade, and other clinical variables in predicting OS. P, .05
was considered statistically significant.

RESULTS
Demographic and MR Imaging Characteristics
Detailed demographic and MR imaging characteristics are shown
in Online Supplemental Data. In the retrospective cohort, no differ-
ences were observed between the H3 K27-altered and non-H3 K27-
altered groups in age, sex, tumor location, tumor length, and tumor
enhancement. As for MR imaging characteristics, non-H3 K27-
altered SC-DMG cases exhibited higher rates of edema, cystic/ne-
crosis, and syringohydromyelia compared with the H3 K27-altered
group (P, .05). There were no significant differences in terms of
demographic andMR imaging features in the prospective set.

Prediction of H3 K27-Altered Status by Radiomics. Figure 2 shows
6 representative cases (4 correctly predicted cases and 2 wrongly
predicted cases) and their corresponding predicted probability
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calculated by the cutoff value of the LR model. The LR predic-
tive model based on 11 radiomics features achieved an accuracy
of 0.833, a sensitivity of 0.813, a specificity of 0.857, a PPV of
0.867, a NPV of 0.800, and an AUC of 0.839 in the test set (Fig 3A
and Online Supplemental Data). In the independent prospective
set, the predictive model achieved an accuracy of 0.786, a sensitiv-
ity of 0.750, a specificity of 0.833, a PPV of 0.857, a NPV of 0.714,
and an AUC of 0.818 (Fig 3B and Online Supplemental Data). The
11 important radiomics features are shown in Fig 3C and the
Online Supplemental Table 3.

Sensitivity Analysis
The predictive performance of other conventional models (T1WI
and CE-T1WI) was lower than that of the LR model (accuracy
range of 0.553–0.700) (Online Supplemental Data and Online
Supplemental Table 4). Another 4 random splits of the training and
test sets demonstrated comparable predictive abilities (accuracy

range of 0.767–0.833) (Online Supplemental Data). Other classi-
fiers had comparable performance to predict SC-DMG H3 K27-
altered status with accuracies ranging from 0.767 to 0.800 (Online
Supplemental Data). Different age and field strength subgroups
had comparable performance, with accuracies ranging from 0.750
to 0.818 (Online Supplemental Table 5). The combined original
radiomics features and their variant features had comparable
performance with an accuracy of 0.821 in the test set (Online
Supplemental Table 6).

Survival Analysis
Kaplan-Meier curve analysis revealed that patients with SC-DMG
H3 K27-altered status had worse OS than those with non-H3
K27-altered tumors (logrank test, P, .001) (Fig 4), with a median
OS in non-H3 K27-altered cases of 40.7 (SD, 26.4)months versus
24.3 (SD, 17.6) months in H3 K27-altered cases (Online
Supplemental Table 7). Univariate Cox regression analysis showed

FIG 2. Six representative patients with SC-DMG in the test and validation sets, including 4 correctly predicted cases and 2 wrongly predicted
cases. Immunohistochemistry (IHC) showed the H3 K27-altered status of each patient. The predicted probability and predicted molecular status
were calculated by using the LR model. Red overlay indicates the tumor segmentation.

FIG 3. A and B, Receiver operating characteristic curve analysis of the LR model for predicting the H3 K27-altered status in the retrospective
cohort (A) and in the independent prospective cohort (B). C, The 11 selected radiomics features with the highest average importance.
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that sex, age, syringohydromyelia, extent of resection, and WHO
grades were risk factors for OS, with hazard ratios (HRs) of 0.44
(95% CI, 0.23–0.86; P¼ .016), 1.02 (95% CI, 1.00–1.05; P¼ .010),
0.14 (95% CI, 0.03–0.592; P¼ .007), 1.93 (95% CI, 1.21–3.09;
P¼ .006), and 3.19 (95% CI, 1.97–5.16; P¼ .001), respectively.
Multivariate Cox regression analysis showed the WHO grade as
an independent risk factor for OS (HR¼4.48, 95% CI, 1.90–10.59;
P¼ .001). We also analyzed the H3 K27-altered status and histo-
logic grade factors by Cox analysis (Online Supplemental Tables 8
and 9).

DISCUSSION
In the current study, we constructed an LR predictive model on
the basis of T2WI-based radiomics features in SC-DMG for pre-
operatively and accurately predicting the H3 K27-altered status.
This model using only T2WI showed a robust performance in
predicting the H3 K27-altered status, with an accuracy of 0.833 in
the test set and 0.767 in the independent prospective cohort.

Age and sex showed no differences between H3 K27-altered
and non-H3 K27-altered SC-DMG, which corroborated previous
reports.9,18,19,24 The conventional MR imaging presentations of
H3 K27-altered or non-H3 K27-altered SC-DMG are still unclear
due to limited sample sizes (n, 25) in most previous stud-
ies.3,10,25-29 Compared with non-H3 K27-altered SC-DMG, only
a few studies reporting H3 K27-altered SC-DMG showed more
hemorrhage and less syringohydromyelia.18,19 In this study, con-
ventional MR imaging presentations, including edema, cyst/ne-
crosis, and syringohydromyelia, showed differences between H3
K27-altered SC-DMG and non-H3 K27-altered SC-DMG in the
retrospective cohort, but they had an insufficient predictive abil-
ity with a low accuracy of 53.5%. In addition, no difference in

these features was observed in the pro-
spective validation cohort. These find-
ings indicated that the conventional
MR imaging features may have limited
value for the determination of the H3
K27-altered SC-DMG. Further studies
with large samples are warranted to
confirm the current findings and iden-
tify specific MR imaging features of H3
K27-altered SC-DMG.

Previous studies have focused on pre-
dicting the H3 K27-altered status in
brain gliomas by MR imaging.16,17,25,30,31

Our study predicted the H3 K27-altered
status of SC-DMG using MR imaging–
based radiomics, which demonstrated
superior performance compared with
conventional features. The predictive
model had an accuracy of 0.833 and an
AUC of 0.839 in the test set. This finding
was further supported by an accuracy
of 0.786 and an AUC of 0.818 in an in-
dependent prospective set. The high
diagnostic performance based on 11
radiomics features extracted from T2WI

associated with the distribution of pixel intensity, the relative posi-
tion of the various gray levels, and the description of patterns or
the spatial distribution of voxel intensities may help determine SC-
DMG H3 K27-altered status. These findings showed that T2WI
may be the most helpful imaging technique, because it could clearly
depict high-signal lesions, swelling, cavities, and edema features,
while, presumably, enhancement characteristics may play little role,
as indicated by the lower value of CE-T1WI in the determination of
H3K27-altered SC-DMG.

Sensitivity analysis demonstrated the robustness of the LR
predictive model. The primary results (accuracy of 0.833 in the
test set) were better than those in other models using conven-
tional MR imaging features and radiomics features from T1WI
and CE-T1WI (accuracies ranging from 0.533 to 0.700 in the test
set). Comparable predictive performance (accuracies ranging
from 0.767 to 0.833) using random splits of the training and test
sets indicated the absence of sample bias for the training and test
splits in the primary findings. The predictive performance of
other classifiers (accuracies ranging from 0.767 to 0.800) was
comparable with that of our LR radiomics model, which indi-
cated little model selection bias and the robustness of the MR
imaging features for predicting H3 K27-altered status. Subgroup
analyses in children and adults (accuracies ranging from 0.750 to
0.773) and the analysis of field strength (accuracies ranging from
0.737 to 0.818) demonstrated its generalizability for clinical prac-
tice. The combined original radiomics features and their variant
features achieved a predictive accuracy of 0.821 in the test set,
with performance comparable with that of the main results.

H3 K27-altered status in SC-DMG initiates tumorigenesis by
affecting epigenetic regulation, transcriptional changes, and onco-
genic activation.32 In the current study, a relatively large sample
size of 79 SC-DMG cases with grades 2–4 was included, and SC-

FIG 4. Kaplan-Meier survival curves for H3 K27-altered and non-H3 K27-altered SC-DMG.
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DMG H3 K27-altered status was identified as a poor prognostic
factor, consistent with several previous studies confirming the dele-
terious role of H3 K27-altered status in SC-DMG.10,19 However,
some studies have shown that patients with SC-DMG with H3
K27-altered status have a better prognosis.7,9 This discrepancy may
be explained by potential sample selection bias in their smaller
samples (n, 30) and the effects of other unreported genetic altera-
tions in addition to the H3 K27-altered status.24

The present study had several limitations. First, all patients
were from a single center in this study. More extensive studies
and external validations are required in prospective and multi-
institutional settings. Second, the main variants of histone H3,
the H3.1 (HIST1H3B/C) and H3.3 (H3F3A) mutations, which
represent distinct subgroups with different prognostic and phe-
notypic patterns in glioma, were not analyzed.33 Only H3 K27M
mutation and wild-type status were assessed in the current study,
and the H3 K27-altered status of some patients before 2016 was
analyzed according to the 2016 WHO Classification, which may
have introduced a potential selection bias. Third, the pathophysi-
ologic processes underlying T2WI-based radiomics features and
their mechanisms need to be determined for reasonable interpre-
tation. Last, the reproducibility of the radiomics method and the
heterogeneity across various MR imaging devices and sequences,
such as spectral presaturation with inversion recovery (SPIR),
STIR, and Dixon, should be considered.

CONCLUSIONS
The radiomics signatures based on T2WI could noninvasively
predict H3 K27-altered status of SC-DMG. These could serve as a
noninvasive tool providing reliable molecular information to aid
in the clinical treatment of SC-DMG.
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