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INTRODUCTION

The integration of molecular characteristics into the 2021 
World Health Organization (WHO) classification facilitates 
research on imaging correlates for diffuse gliomas, leading 
to a more precise imaging-based classification. The primary 
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focus of imaging correlates is the prediction of isocitrate 
dehydrogenase (IDH) mutations and deletion of chromosome 
arms 1p and 19q (1p19q co-deletion [1p19q-codel]) 
according to tumor location, necrosis/cysts, calcification, 
contrast enhancement, and T2/FLAIR mismatch sign [1-5]. 
The presence of calcifications or cysts is associated with 
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MATERIALS AND METHODS

Study Population 
This retrospective study was approved by the local ethics 

committee and institutional review board of the Asan 
Medical Center (local approval number: 2021-1499), and the 
requirement for written informed consent was waived. We 
included 141 patients from The Cancer Genome Atlas (TCGA, 
https://portal.gdc.cancer.gov) and 131 patients from the 
Asan Medical Center with WHO grade 2/3/4 diffuse gliomas 
as the training and validation sets, respectively. 

For the training set, we included patients from TCGA 
who were initially diagnosed with and had untreated WHO 
grade 2/3/4 diffuse gliomas. The inclusion criterion was the 
availability of presurgical MRI, which included T1, T2, FLAIR, 
and contrast-enhanced T1-weighted images. Of the 141 
patients, 17 had IDHmut/1p19q-codel, 53 had IDHmut, and 
71 had IDHwt, according to the 2021 WHO classification. 
Survival information was available for all patients. 

A validation set was formed from patients with 
available IDH and 1p19q genetic test results and available 
pretreatment MRI scans acquired at Asan Medical Center 
between January 2018 and December 2019. The exclusion 
criteria were as follows: 1) previous treatment for glioma 
(n = 20); 2) missing, inconclusive, or ambiguous molecular 
results (e.g., IDHwt/1p19q-codel; n = 23); 3) prolonged 
(> 1 year) interval between MRI and surgery (n = 5); and 
4) missing images (n = 1). Of the 131 patients, 19 had 
IDHmut/1p19q-codel, 24 had IDHmut, and 88 had IDHwt, 
according to the 2021 WHO classification. The included 
patients are shown in the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) diagram in 
Figure 1. The patients in the validation set overlapped with 
those included in a previous study on identifying imaging 
parameters for the prediction of pathology-based glioma 
molecular diagnosis, with a focus on individual imaging 
parameters without survival information [7]. 

MRI Acquisition Protocol
The MRI protocols for the training set can be found in 

a public information repository. For detailed protocols, 
please refer to www.cancerimagingarchive.net. The MRI 
protocol for the validation set included the acquisition of 
T2-weighted, T2-weighted FLAIR, and T1-weighted images 
obtained before and after the administration of gadolinium-
based contrast material. MRI was acquired pre- and post-
surgically in all patients (24 examinations at 1.5 T and 

1p19q-codel [6]. The T2/FLAIR mismatch sign is associated 
with IDH-mutant astrocytoma, which also has a negative 
1p19q non-co-deletion [4]. A recent study [7] showed 
that the reproducible imaging parameters for predicting 
molecular diagnosis included the presence of necrosis, T2/
FLAIR mismatch, internal cysts, and predominant contrast 
enhancement.

Imaging-based survival stratification deserves more 
attention than just for the prediction of specific 
molecular diagnoses that allow for survival-stratified 
management. This is especially the case in patients who 
undergo a difficult biopsy where tumors are deep or when 
an insufficient surgical specimen is acquired and an 
inconclusive molecular diagnosis of not otherwise specified 
(NOS) is received [8]. However, no single imaging feature is 
representative of a certain molecular diagnosis, and even a 
strong imaging parameter such as the T2/FLAIR mismatch 
sign, which exhibits an almost 100% positive predictive value 
for IDH-mutant astrocytoma [4], can have low sensitivity 
and produce false-positive cases [9-12]. Therefore, instead 
of focusing on the presence of a single specific imaging 
parameter, imaging-based survival stratification provides an 
integrative approach using neuroradiologist-defined magnetic 
resonance imaging (MRI) patterns, including the contrast 
enhancement pattern, T2/FLAIR mismatch, tumor margin, 
and tumor location. 

The latest 2021 WHO classification no longer uses 
the term anaplastic for grade 3 tumors, and diffuse 
astrocytoma, IDH-wild type (IDHwt) (central nervous 
system [CNS] WHO grade 2 or 3), is a rare entity that is no 
longer considered a tumor type [13]. For diffuse gliomas 
in adults, three subtypes remain: oligodendroglioma, IDH-
mutant, 1p19q co-deleted (IDHmut/1p19q-codel, CNS WHO 
2 and 3); diffuse astrocytoma, IDH-mutant (IDHmut, CNS 
WHO 2, 3, or 4); and glioblastoma, IDHwt. This revision 
raises two questions: 1) whether the imaging-based group 
matches the molecular diagnosis according to the 2021 
WHO classification system, and 2) whether the performance 
of the imaging-based group is similar to the pathologic 
molecular-based method for survival stratification.

We hypothesized that imaging-based survival stratification 
in terms of overall survival (OS) and progression-free 
survival (PFS) would be comparable to pathology-based 
survival stratification. The aim of this study was to compare 
integrative imaging- and pathology-based survival models 
for risk stratification of patients with diffuse gliomas. 

https://portal.gdc.cancer.gov
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107 examinations at 3.0 T). The detailed MRI protocols are 
provided in Supplementary Table 1.

Imaging Analysis
More than 500 new gliomas are diagnosed per year at 

Asan Medical Center. Three neuroradiologists with different 
levels of experience (J.E.P., M.K., and Y.K.N., with seven 
years, two years, and one year of experience, as readers 1, 
2, and 3, respectively) performed image analysis on the 
training set, and two neuroradiologists (readers 1 and 2) 
performed image analysis on the validation set. The images 
were read twice by each reader, that is, six readings per 
case in the training set (three readers x two times) and four 
readings in the validation set (two readers x two times). All 
readers were blinded to clinicopathological information. 

The readers independently analyzed and assigned each 
case to one of the five imaging-based risk subgroups (1–5) 
according to the WHO 2016 classification by performing an 
integrative analysis of presurgical computed tomography 
(CT) and T1-weighted, T2-weighted, FLAIR, and contrast-
enhanced T1-weighted images. The five imaging-based risk 
subgroups are designated as follows: Subgroup 1 represents 
an imaging-based oligodendroglioma, IDHmut/1p19q-codel, 
WHO grade 2 or 3, showing a non-enhancing or partially-
enhancing localized tumor with an ill-defined margin, cystic 
change, necrosis, a predominantly frontal lobe location on 
MRI, and calcifications on CT [5]. Subgroup 2 represents an 
imaging-based diffuse astrocytoma, IDHmut, WHO grade 2 
or 3, showing a non-enhancing or partially-enhancing well-
demarcated tumor margin with a T2/FLAIR mismatch sign 
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Fig. 1. Study population for the training (A) and validation sets (B). Risk groups and subgroups are assigned by readers using imaging-
phenotypes. MRI = magnetic resonance imaging, WHO = World Health Organization, Oligo = oligodendroglioma, IDHmut = IDH-mutant, 
1p19q-codel = 1p19q co-deleted, DA = diffuse astrocytoma, IDH = isocitrate dehydrogenase, IDHwt = IDH-wild type
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in the frontal, insular, or temporal lobes [5]. Subgroup 3 
represents an imaging-based diffuse astrocytoma, IDHmut, 
WHO grade 4, exhibiting a predominantly contrast-
enhancing tumor with an adjacent well-demarcated T2/
FLAIR high-signal intensity tumor margin and necrotic 
portion [5,14]. Subgroup 4 represents an imaging-based 
(non-enhancing) glioblastoma, IDHwt, without definite 
enhancement and exhibits an ill-defined and infiltrative 
tumor in a parietal or deep cerebral location [5,14]. 
Subgroup 5 represents an imaging-based (enhancing) 
glioblastoma, IDHwt, showing a predominantly contrast-
enhancing tumor with an ill-defined T2/FLAIR high-signal 
intensity tumor margin and necrotic portion in a parietal or 
deep cerebral location [5,14]. Each reader then described 
the basis for their assignment by recording the MRI features 
of the contrast enhancement pattern (predominant, partial, 
or no enhancement), presence of necrosis, presence of the 
T2/FLAIR mismatch sign, and presence of internal cysts 
according to previous publications [15-17]. A cyst was 
defined as a region within the tumor that showed high 
signal intensity on T2-weighted images with a well-defined 
margin and no enhancement. Necrosis was defined as a 
region within the tumor showing high signal intensity on T2-
weighted images with irregular margins and no enhancement 
[7,18]. Based on the 2021 WHO classification, the five 
imaging-based risk subgroups were further categorized into 
three risk groups. Subgroup 1 was classified as group 1 
(imaging-based oligodendroglioma, IDHmut/1p19q-codel, 
WHO grade 2 or 3), subgroups 2 and 3 were classified as 
group 2 (imaging-based diffuse astrocytoma, IDHmut, WHO 
grade 2/3/4), and subgroups 4 and 5 were classified as 
group 3 (glioblastoma, IDHwt). Examples of lesions showing 
typical imaging-based risk subgroups and groups are shown 
in Figure 2. 

In the training set, the subgroup/group designation 
with the majority of the votes among the three readers 
was selected. In the validation set, the final assessment 
was determined by a majority vote among the four 
interpretations by the two readers.

Survival Data and Modeling
We developed imaging- and pathology-based survival 

models for adult-type diffuse glioma using Cox proportional 
hazard regression (see Statistical analysis). Some clinical 
variables were added to the imaging-based model according 
to a previous study [19], including age at diagnosis [20], 
extent of resection, histological type, WHO grade [21], 

number of cases showing progression, and number of 
deaths. In contrast to the previous study, our current study 
was according to the 2021 WHO classification and included 
three imaging-based risk groups (indicating IDHmut/1p19q-
codel, IDHmut, and IDHwt), and previous oligoastrocytoma 
was assigned to either ‘oligodendroglioma, IDHmut/1p19q-
codel’ or ‘diffuse astrocytoma, IDHmut‘. 

For the training data, OS and PFS data were collected 
from the TCGA data archive. For the validation data, a 
neuroradiologist (H.S.K., with 23 years of experience in 
neuro-oncologic imaging) and a neurosurgeon (J.H.K., 
with 28 years of experience), who were blinded to the 
image analysis results, collected the data regarding OS 
and PFS. PFS was defined as the time from the day of the 
pre-resection MRI examination to disease progression or 
death due to any cause, whichever occurred first. Disease 
progression was assessed using postsurgical T2-weighted 
FLAIR and contrast-enhanced T1-weighted images according 
to the Response Assessment in Neuro-Oncology (RANO) 
criteria [22,23]. OS was defined as the time from the day of 
the pre-resection MRI examination to the day of death using 
information registered in the National Health Care Database.

Statistical Analysis
The clinical characteristics were summarized using 

descriptive statistics. One-way analysis of variance was used 
for age and chi-square tests were used for all other variables. 
An agreement was obtained between the imaging-based risk 
groups and pathological diagnoses in the training set. 

PFS and OS were calculated for the five imaging-based 
risk subgroups and three imaging-based risk groups using 
the Kaplan-Meier method, and the Kaplan-Meier curves were 
compared using the log-rank test. 

Univariable Cox proportional hazards regression of 
OS and PFS was performed for the three imaging-based 
risk groups, pathology-based molecular diagnosis, and 
clinical variables, as mentioned above in the training 
set. The clinical variables were obtained from a historical 
histopathological survival model [19]. Next, a multivariable 
survival model using imaging-based risk groups combined 
with clinical variables and a model using pathology-based 
molecular diagnosis and clinical variables were constructed 
by selecting reliable features with a P-value < 0.05 in the 
univariable analysis. The discrimination performance of the 
survival stratification model was evaluated in the validation 
set using the area under the time-dependent receiver 
operating characteristic (ROC) curve. Areas under the time-
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dependent ROC curves (AUC) for the 1-year, 2-year, 3-year, 
and 5-year follow-ups were calculated. 

Statistical testing was performed by a biostatistician 
(S.Y.P. with 13 years of experience) using the R software 
(version 4.0.2., Institute for Statistics and Mathematics, 
Vienna, Austria, https://www.R-project.org).

RESULTS

Study Population 
The patient demographics and clinical characteristics are 

shown in Table 1. The clinical characteristics of the training 
and validation sets were similar. The mean age at the time 
of diagnosis was significantly higher in patients with IDHwt 

A

B

C

D

E

Fig. 2. Examples of imaging-based risk stratification under the 2016 World Health Organization (WHO) classification and the 2021 WHO 
classification. Demonstration of each major case in the systematic imaging-based risk stratification using T1-weighted, T2-weighted, 
fluid-attenuated inversion recovery (FLAIR), and contrast-enhanced T1-weighted images. A: A 49-year-old female patient in subgroup 
1 showing a poorly enhancing mass with internal cysts (arrows) in the left frontal lobe. B: A 23-year-old female patient in subgroup 2 
showing a T2 high-signal intensity mass with a T2/FLAIR mismatch sign (arrows) in the right parietal lobe. C: A 32-year-old male patient 
in subgroup 3 exhibiting a predominantly contrast-enhancing tumor with an adjacent well-demarcated T2/FLAIR high-signal-intensity 
tumor margin and a necrotic portion in the right frontoparietal lobe. D: A 63-year-old female patient in subgroup 4 exhibiting an ill-
defined T2/FLAIR high-signal-intensity mass without enhancement in the left frontal lobe. E: A 63-year-old male patient in subgroup 
5 showing an irregular, predominantly enhancing mass (arrow) with internal hemorrhage and necrosis in both frontal lobes. 2021 
WHO classification: group 1 = imaging phenotypes indicating oligodendroglioma, IDH-mutant, 1p19q co-deleted; group 2 = imaging 
phenotypes indicating diffuse astrocytoma, IDH-mutant; group 3 = imaging phenotypes indicating glioblastoma, IDH-wild type. IDH = 
isocitrate dehydrogenase

http://www.R-project.org
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tumors than in those with other molecular diagnoses. There 
was no significant difference in the sex ratio between the 
three diagnoses. 

Among the imaging predictors, contrast enhancement 
(90.5%, chi-square, P < 0.001) and necrosis (85.1%, P < 0.001) 
were the most common features in the IDHwt tumors in 
both the training and validation sets. Contrast enhancement 
was the most common feature in IDHwt tumors in both the 
training (57.7%, P < 0.001) and validation (93.2%, P < 0.001) 
sets. The presence of a T2/FLAIR mismatch in the training 
(32.1%, P < 0.001) and validation (33.3%, P < 0.001) sets 
was observed primarily in IDHmut. 

Concordance of Imaging-Based Molecular Subtypes with 
Actual Pathology

A concordance table comparing the pathology- and 
imaging-based risk subgroup (group 1 to 5) for each 
individual reader and number of reading is provided in 
Supplementary Table 2. The concordance index (accuracy) 
for classification was 56.3% (476/846) for the training set 
and 79.8% (418/524) for the validation set. 

Figure 3 shows the imaging-based survival stratification in 
the validation set according to the majority vote of the two 
readers, depicted according to the three risk groups (2021 
WHO classification) and five imaging-based risk subgroups. 
PFS and OS were significantly different among the groups 
and subgroups (log-rank test, largest P < 0.001).

Imaging-Based and Pathology-Based Survival Prediction
The univariable and multivariable Cox proportional 

hazards regression results for PFS and OS are shown in Table 
2. Significant predictors of PFS in the multivariable analysis 
were subtotal resection, partial resection or biopsy (hazard 
ratio [HR] = 1.59; 95% confidence interval [CI]: 1.04–2.42, 
P = 0.032), higher WHO grade (grade 3 or 4, HR = 2.42; 
95% CI: 1.9–4.93, P = 0.015), and imaging-based risk 
group 3 (indicating IDHwt) (HR = 6.93; 95% CI: 2.53–18.94, 
P < 0.001). Significant predictors of OS in the multivariable 
analysis were subtotal resection, partial resection or biopsy 
(HR = 1.87; 95% CI: 1.15–3.02, P = 0.011), higher WHO 
grade (grade 3 or 4, HR = 3.97; 95% CI: 1.44–10.99, P = 
0.008), and imaging-based risk group 3 (indicating IDHwt) 

Table 1. Patient and lesion characteristics according to pathologic diagnosis

Training set Validation set
IDHmut/ 

1p19q-codel 
(n = 17)

IDHmut
(n = 53)

IDHwt
(n = 71)

IDHmut/ 
1p19q-codel 

(n = 19)

IDHmut
(n = 24)

IDHwt
(n = 88)

Age at diagnosis (yr) 50.1 ± 11.9 41 ± 13.9 56.4 ± 14.4 45.8 ± 10.9 41.6 ± 12.7 58.4 ± 11.6
Sex, Male 9 (52.9) 30 (56.6) 44 (62.0) 15 (78.9) 11 (45.8) 49 (55.7)
Imaging feature

Contrast enhancement 10 (58.8) 31 (58.5) 41 (57.7) 2 (10.5) 8 (33.3) 82 (93.2)
Necrosis 9 (52.9) 11 (20.8) 37 (52.1) 0 (0) 5 (20.8) 77 (87.5)
Cyst 12 (70.6) 17 (32.1) 3 (4.2) 12 (63.2) 8 (33.3) 10 (11.4)
T2/FLAIR mismatch 1 (5.9) 17 (32.1) 2 (2.8) 0 (0) 8 (33.3) 1 (1.1)

Location
Multilobar 1 (5.9) 5 (9.4) 24 (33.8) 0 (0) 0 (0) 6 (6.8)
Isolated 15 (88.2) 38 (71.7) 12 (16.9) 19 (100) 23 (95.8) 77 (87.5)
Other* 1 (5.9) 10 (18.9) 35 (49.3) 0 (0) 1 (4.2) 5 (5.7)

WHO grade
2 7 (41.2) 25 (47.2) 0 (0) 19 (100) 16 (66.7) 0 (0)
3 10 (58.8) 23 (43.4) 0 (0) 0 (0) 0 (0) 0 (0)
4 0 (0) 5 (9.4) 71 (100) 0 (0) 8 (33.3) 88 (100)

Number of cases showing 
  progression

5 (29.4) 15 (28.3) 55 (77.5) 3 (15.8) 12 (50) 68 (77.3)

Number of deaths 4 (23.5) 6 (11.3) 53 (74.6) 0 (0) 7 (29.2) 65 (73.9)

Values are presented as mean ± standard deviation or n (%) unless otherwise indicated.
*Other location includes thalamus, basal ganglia and cerebellum.
IDH = isocitrate dehydrogenase, mut = mutant, wt = wild type, 1p19q = chromosome arms 1p and 19q, codel = co-deletion, FLAIR = fluid-
attenuated inversion recovery, WHO = World Health Organization
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(HR = 15.21; 95% CI: 1.80–128.37, P = 0.012). Based on 
the results of the multivariable Cox regression analysis, 
we constructed a survival model using imaging-based risk 
groups and clinical predictors.

The results of the time-dependent ROC curve analysis of 
the imaging-based risk groups and pathological diagnoses 
are shown in Table 3. The imaging-based risk groups showed 
high performance in predicting PFS at one year (AUC, 0.787; 
95% CI: 0.716–0.858) and five years (AUC, 0.823; 95% 
CI: 0.700–0.946). This was similar to the pathology-based 
survival prediction, which showed a 1-year AUC of 0.785 
(95% CI: 0.719–0.851) and a 5-year AUC of 0.837 (95% CI: 
0.761–0.912) for PFS. The imaging-based risk groups showed 
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low performance in the prediction of OS at one year (AUC 
0.667, 95% CI: 0.589–0.744), but showed high performance 
at five years (0.952, 95% CI: 0.903–1.000). In the 
pathology-based survival model, OS could not be calculated 
because no death events occurred in the oligodendroglioma, 
IDH-mutant, or 1p19q-codel subtypes. The results of the 
time-dependent ROC curve analysis of the imaging-based 
survival model are shown in Figure 4. 

After combining the clinical parameters, the combined 
imaging-based survival model for PFS demonstrated AUCs 
of 0.813 (95% CI: 0.735–0.890) and 0.921 (95% CI: 
0.863–0.979) at one and three years, respectively. The 
corresponding combined pathology-based survival model 
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for PFS showed 1-year and 3-year AUCs of 0.839 (95% 
CI: 0.767–0.911) and 0.889 (95% CI: 0.784–0.993), 
respectively. Compared with the pathology-based survival 
models, the imaging-based models showed a tendency of 
lower performance according to the 1-year AUC, but better 
performance according to the 3-year AUC. For OS, the 
combined imaging-based model showed high performance, 
with AUCs of 0.734 (95% CI: 0.642–0.826) and 0.915 (95% 
CI: 0.857–0.973) at one and three years, respectively. 

DISCUSSION

In this study, diffuse gliomas were assigned to imaging-
based risk groups according to the 2021 WHO classification 
system. This categorization used an integrative analysis 
that considered the contrast enhancement pattern, T2/
FLAIR mismatch, tumor margin, and tumor location. The 
performance of the survival model demonstrated that 
imaging-based risk groups could stratify patients according 
to survival and predict both PFS and OS. For prognostication 
over one and three years, the imaging-based survival 
model showed a similar performance to the pathology-
based model, especially for PFS. Our study demonstrated 
that imaging-based risk assessment may be helpful for 
patient prognostication and consultation when a molecular 
diagnosis is not available.

With the growing importance of molecular analysis 
of diffuse gliomas for managing treatment, determining 
treatment options, and predicting prognosis [24,25], 
accomplishing a complete molecular diagnosis has become 
challenging. For patients with inoperable conditions or those 
with deeply located tumors, obtaining sufficient biospecimens 
for next-generation sequencing may not be possible. 
Moreover, a proportion of patients are diagnosed with NOS 
either because testing is not performed, or the assay results 
are inconclusive because of an insufficient specimen [8]. For 
such patients, an imaging-based risk assessment relevant 
to the molecular diagnosis of diffuse gliomas may be 
helpful for patient consultation and providing prognostic 
information. Using our image-based survival stratification, 
patients with features indicative of aggressiveness, such as 
necrosis or predominant contrast enhancement, are likely 
to be assigned to the imaging-based glioblastoma IDHwt 
group, which provides guidance for early treatment planning 
and patient consultation.

A previous study reported excellent performance in 
predicting pathology based on imaging features and 
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Table 3. Comparison of discrimination performance between imaging-based survival model and pathology-based survival model in the 
validation set

Imaging-based survival model
1-year AUC 2-year AUC 3-year AUC 5-year AUC

PFS
Single parameter

Imaging-based risk groups 0.787 (0.716–0.858) 0.850 (0.779–0.922) 0.884 (0.811–0.956) 0.823 (0.700–0.946)
Age 0.623 0.690 0.761 0.655
Extent of resection 0.513 0.587 0.565 0.585
WHO grade 0.712 0.777 0.843 0.823

Combined model 0.813 (0.735–0.890) 0.882 (0.811–0.953) 0.921 (0.863–0.979) 0.865 (0.754–0.977)
OS

Single parameter
Imaging-based risk groups 0.667 (0.589–0.744) 0.712 (0.638–0.786) 0.870 (0.799–0.940) 0.952 (0.903–1.000)
Age 0.618 0.662 0.735 0.797
Extent of resection 0.455 0.447 0.537 0.660
WHO grade 0.666 0.697 0.807 0.966

Combined model 0.734 (0.642–0.826) 0.800 (0.726–0.875) 0.915 (0.857–0.973) 0.990 (0.972–1.000)
Pathology-based survival model

1-year AUC 2-year AUC 3-year AUC 5-year AUC
PFS

Single parameter
Pathologic molecular diagnoses 0.785 (0.719–0.851) 0.828 (0.750–0.906) 0.894 (0.812–0.976) 0.837 (0.761–0.912)
Age 0.623 0.690 0.761 0.655
Extent of resection 0.513 0.587 0.565 0.585
WHO grade 0.712 0.777 0.843 0.823

Combined model 0.839 (0.767–0.911) 0.829 (0.740–0.918) 0.889 (0.784–0.993) 0.975 (0.743–0.999)
OS NA NA NA NA

Combined model includes all the single parameters as predictors. Numbers in parentheses are 95% confidence intervals. The AUC of OS for 
pathologic-based survival model was not calculable because of the lack of deaths in type 1.
AUC = area under the receiver operating characteristics curve, PFS = progression-free survival, WHO = World Health Organization, OS = 
overall survival, NA = not applicable 

Fig. 4. Performance of the imaging-based survival model. Time-dependent receiver operating characteristic curves of the imaging-based 
survival model for progression-free survival (PFS; A) and overall survival (OS; B) in the validation set.
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demonstrated excellent diagnostic performance for predicting 
IDHwt type glioblastoma [7]. Additionally, for diffuse glioma 
NOS, a survival model based on imaging features stratified 
according to risk showed excellent predictive performance 
[26]. Several studies have used imaging features for 
survival stratification. In low-grade gliomas, the presence 
of enhancement and irregular margins are associated with a 
shorter PFS [17]. In glioblastomas, survival is shorter if the 
tumor is large and enhanced [27]. In a study by Nicolasjilwan 
et al. [28], strong enhancement and a high T1/FLAIR ratio 
were associated with shorter survival times. A high T1/FLAIR 
ratio indicated an infiltrative tumor. If the glioblastoma is 
located in the frontal lobe or on the right side, patients tend 
to have a longer survival time. In contrast, when gliomas 
are found in a periventricular location, the prognosis 
tends to be worse [29,30]. According to Pope et al. 
[31], a patient has a higher life expectancy if there is no 
enhancement or edema around a high-grade glioma without 
satellites or multifocal lesions.

In this study, we focused on developing an integrative 
imaging-based survival stratification of tumors rather 
than determining whether individual imaging parameters 
are diagnostic for certain molecular types. Such survival 
stratification can fulfill clinical needs when a reference 
standard is unavailable [32] and time-to-event data are 
important. Applying a majority vote to imaging risks 
mimics clinical practice in the reading room and practical 
methods used in the routine reading of CT and MRI by 
physicians. Decisions based on integrative imaging-based 
risk stratification include analysis of the imaging features 
of necrosis, T2/FLAIR mismatch, presence of internal cysts, 
and predominant contrast enhancement, which show high 
reproducibility [7] across readers with different levels of 
experience. 

Predicting early progression using PFS also predicts 
survival [33,34] and is especially helpful in glioblastoma 
[33]. Importantly, imaging-based survival stratification 
showed high performance for 1-year PFS and long-term 
survival over three years. The high performance obtained 
using the three imaging-based risk groups according to 
the 2021 WHO classification supports the findings of a 
previous study that used a historical pathologic-survival 
model [19] and showed that the three molecular diagnoses 
based on IDH mutation and 1p19q-codel status are valid. 
The high performance of imaging features in determining 
PFS indicates that imaging can be used not only to evaluate 
morphological changes noninvasively but also to provide 

a comprehensive assessment of gliomas with spatial 
heterogeneity [3,5]. Furthermore, imaging features have 
additional advantages in the current era where biospecimen-
based diagnosis is the standard of care. 

Our study has several limitations. First, we used data 
collected retrospectively. Second, although pathological 
examinations were available for all patients, cases assigned 
to the 2021 WHO classification-based molecular diagnoses 
were not assigned according to the examination of the 
cyclin dependent kinase inhibitor 2A/B (CDKN2A/B) gene, 
epidermal growth factor receptor (EGFR), chromosome 7 
gain/10 loss, or human telomerase reverse transcriptase 
[35] gene promoter mutation. Third, calcification was not 
assessed because the imaging phenotypes in this study were 
based on a structured reporting system using MRI. Further 
studies incorporating CT findings may strengthen our results. 
Finally, selecting a patient cohort that included tumors in 
a deep location or inoperable tumors would have enhanced 
the clinical value of this study. Nonetheless, this study was 
the first to demonstrate imaging-based survival stratification 
according to the 2021 WHO classification system. 

In conclusion, imaging-based survival stratification 
according to the 2021 WHO classification demonstrated a 
performance similar to that of pathology-based survival 
stratification, especially for predicting PFS, and may help 
guide treatment planning for patients, especially when a 
pathologic molecular diagnosis is difficult to obtain.
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