
Vol.:(0123456789)

 Discover Oncology          (2025) 16:111  | https://doi.org/10.1007/s12672-025-01811-0

Discover Oncology

Case Study

Unraveling the heterogeneity of WHO grade 4 gliomas: insights 
from clinical, imaging, and molecular characterization

Haihui Jiang1 · Xijie Wang2 · Xiaodong Chen1 · Shouzan Zhang1 · Qingsen Ren1 · Mingxiao Li2 · Ming Li2 · 
Xiaohui Ren2 · Song Lin2,3 · Yong Cui2,3

Received: 13 October 2024 / Accepted: 13 January 2025

© The Author(s) 2025    OPEN

Abstract
Purpose  The 2021 WHO classification of central nervous system tumors introduced molecular criteria to stratify Grade 4 
gliomas, which remain heterogeneous. This study aims to elucidate the clinical, radiological, and molecular characteris-
tics of WHO Grade 4 gliomas, focusing on their prognostic implications and the development of a predictive model for 
astrocytoma IDH-mutant WHO Grade 4 (A4).
Methods  A retrospective cohort of 223 patients from Beijing Tiantan Hospital was analyzed. Clinical, radiological, and 
histopathological data were combined with molecular profiling, focusing on IDH mutations, TERT promoter mutations, 
and MGMT methylation. A predictive model was developed using LASSO regression to distinguish A4 from glioblastomas 
and validated with an external dataset from UCSF.
Results  The cohort included 201 glioblastomas (90.1%) and 22 A4 cases (9.9%). A4 tumors were associated with younger 
age, higher MGMT promoter methylation, lower rates of TERT mutations, and distinct radiological features, such as cortical 
non-enhancing tumor infiltration (CnCE). Patients with A4 demonstrated significantly better survival outcomes compared 
to glioblastoma patients (p < 0.001). The predictive model for A4, incorporating age, tumor margin, and CnCE, achieved 
an AUC of 0.890 in the training set and 0.951 in the validation set.
Conclusion  Integrating molecular and clinical criteria improves prognostication in Grade 4 gliomas. The predictive model 
developed in this study effectively identifies A4 tumors, facilitating more personalized therapeutic strategies.
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UCSF PDGM	� The University of California, San Francisco Preoperative Diffuse Glioma MRI Dataset
EOR	� Extent of resection
GTR​	� Gross-total resection
NTR	� Near-total resection
STR	� Subtotal resection
A4	� Astrocytoma, IDH-mutant, WHO Grade 4
mGBM	� Molecular glioblastoma
hGBM	� Histologic glioblastoma
SVZ	� The subventricular zone
CE	� Contrast-enhancing
CnCE	� Cortical non-enhancing tumor infiltration
CE/nCE	� Ratio of contrast enhancement diameter to non-enhancing tumor diameter
OS	� Overall survival
MGMT	� O6-methylguanine-DNA methyltransferase
LASSO	� Least absolute shrinkage and selection operator
DCA	� Decision curve analysis
ROC	� Receiver-operating characteristic
AUC​	� Area under the curve

1  Introduction

The WHO 2021 classification introduced a novel stratification system for gliomas, delineating distinct subtypes within 
Grade 4 tumors based on molecular and histological features [1]. Isocitrate dehydrogenase (IDH) wild-type gliomas with 
the molecular hallmarks of telomerase reverse transcriptase (TERT) promoter mutation, epidermal growth factor receptor 
(EGFR) amplification, or chromosomes 7 gain 10 loss are now categorized as WHO Grade 4 glioblastomas, irrespective 
of the histologic features [2]. While IDH-mutant astrocytomas with histologic features of necrosis and/or microvascular 
proliferation or CDKN2A/B homozygous deletion can be also grouped as WHO Grade 4 [3]. Despite their molecular and 
histological diversity, Grade 4 gliomas share unfavorable prognostic traits such as rapid recurrence and limited survival. 
Notably, the classification underscores the prognostic significance of IDH status, with IDH-mutant gliomas generally 
exhibiting a more favorable clinical course compared to their wild-type counterparts [4]. Previous investigations have 
consistently demonstrated superior prognoses for IDH-mutant glioblastomas relative to IDH wild-type variants [4–6], 
prompting the conceptualization of “secondary glioblastomas” evolving from low-grade gliomas harboring IDH muta-
tions [7].

IDH wild-type astrocytomas represent a rare subgroup characterized by heterogeneous clinical and molecular profiles, 
and dismal prognosis. Previous studies have revealed that the majority of IDH wild-type Grade 2 and Grade 3 astrocy-
tomas exhibit an aggressive clinical course akin to glioblastomas [8–11]. Studies have identified prognostic risk factors 
such as TERT promoter mutations and EGFR amplification in IDH wild-type Grade 2 astrocytomas, with worse outcomes 
observed in cases accompanied by EGFR amplification [8]. Despite efforts by the WHO to integrate traditional histologi-
cal criteria and molecular features of glioblastomas into a biomolecular grading scheme for IDH-wild-type astrocytoma, 
dissenting opinions exist regarding the prognostic implications of this classification. In a retrospective study, Berzero 
et al. [12] found that Grade 2 astrocytomas meeting molecular criteria demonstrated a significantly better prognosis than 
traditionally diagnosed glioblastomas. Giannini et al. [13] argue that isolated TERT mutations in Grade 2 IDH wild-type 
astrocytomas are insufficient to drive the aggressive clinical progression observed in Grade 4 glioblastomas, as their 
survival rates far exceed those of glioblastomas.

Historically, IDH mutant astrocytomas with glioblastoma-like histologic features were termed “secondary glioblas-
tomas” and classified as Grade 4 tumors. However, emerging evidence suggests a significantly better prognosis for 
IDH-mutant glioblastomas compared to their wild-type counterparts, prompting their reclassification as Astrocytoma, 
IDH-mutant, WHO Grade 4 (A4) [4–6]. Notably, despite this redefinition, these tumors retain their Grade 4 classifica-
tion. Previous research reported that IDH-mutant astrocytomas with additional adverse molecular alterations, such as 
CDKN2A/B homozygous deletion, demonstrate a markedly shortened prognosis [6, 14–17]. As a result, these cases are 
also categorized as A4. Nevertheless, limited research exists on molecularly diagnosed A4, emphasizing the need for 
further investigation into their clinical and molecular characteristics.
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The integration of preoperative neuroimaging and clinical features for predicting IDH status in glioblastoma holds 
significant clinical value. This approach can facilitate early and informed decision-making by weighing the risks and 
benefits of surgical and nonsurgical management, given the substantial prognostic differences between IDH-mutant 
and IDH-wildtype grade 4 malignant gliomas.

In this context, our retrospective analysis of Grade 4 malignant gliomas diagnosed between 2019 and 2021 aims to 
elucidate their clinical, radiological, and molecular features and to disclose the prognostic implications of different WHO 
Grade 4 variants. We further validated our findings using the University of California, San Francisco Preoperative Diffuse 
Glioma MRI Dataset (UCSF PDGM) [18] as an external database. By examining a cohort of 223 cases, we seek to contribute 
valuable insights that may inform future diagnostic classifications and therapeutic strategies for gliomas.

2 � Materials and methods

2.1 � Patients and inclusion criteria

The study cohort comprised 223 consecutive patients who underwent surgical intervention for gliomas at the Neuro-
surgical Oncology Department IV of Beijing Tiantan Hospital (BTH) between January 2019 and December 2021. Inclu-
sion criteria were as follows: (a) Availability of comprehensive tumor histopathological and molecular profiling data; (b) 
Confirmation of tissue-based diagnosis according to the WHO 2021 classification criteria for either A4 or Glioblastoma, 
IDH-wild-type, WHO Grade 4; and (c) Accessibility to clinical treatment records, including a minimum follow-up period 
of ≥ 3 months post-surgery to ascertain histopathological diagnosis. The process of patient enrollment was meticulously 
delineated in a flowchart (Figure S1). Additionally, 401 eligible patients from the UCSF Preoperative Diffuse Glioma MRI 
Dataset (PDGM) were included as an external validation cohort.

2.2 � Histopathologic review and molecularly integrated diagnosis

Histopathological assessment of all tumors was conducted at the Department of Neuropathology of BTH by a panel of 
three senior neuropathologists (G.H.D., Z.F.G., and D.H.L.), each possessing over 20 years of experience in the field. These 
neuropathologists were blinded to patients’ clinical, radiological, and outcome data. Subsequently, an integrated diag-
nosis was formulated by meticulously reviewing both the histopathological characteristics and molecular biomarkers, 
which included assessments of chromosome 1p/19q, IDH1/2, TERT, EGFR, CDKN2A/B, and the status of chromosomes 7 
and 10. All gliomas were categorized as either A4 or Glioblastoma in accordance with the 2021 WHO CNS 5 classification. 
In instances of discordance, a final diagnosis was established through consensus. Chromosome 1p and 19q analysis was 
performed by fluorescence in situ hybridization (FISH). IDH status was determined via DNA sequencing, and O6-meth-
ylguanine-DNA methyltransferase (MGMT) promoter methylation was assessed by pyrosequencing bisulfite-treated 
genomic DNA. Details on the experimental protocols and interpretation principles have been elaborated on in our pre-
vious studies. Additional information regarding the methodologies employed for immunohistochemistry, sequencing 
techniques, FISH, and pyrosequencing can be referenced in prior publications [19–23].

2.3 � Neuroimaging assessment

A comprehensive neuroimaging assessment was conducted by a multidisciplinary team comprising two senior neuro-
radiologists (H.Y.C. and X.Z.C.) and one experienced neurosurgeon (X.H.R.), each possessing over 15 years of experience 
in neuroimaging. Radiological evaluations encompassed an array of features, including tumor localization, tumor size 
(both contrast-enhancing (CE) tumor, and non-CE tumor), involvement of the subventricular zone (SVZ), extent of resec-
tion (EOR), cortical non-enhancing tumor infiltration (CnCE), margin clarity, and the presence of enhancement, necrosis, 
cysts, calcification, and hemorrhage. Discriminative radiological features were extracted based on the Visually Accessible 
Rembrandt Images (VASARI: https://​wiki.​nci.​nih.​gov/​displ​ay/​CIP/​VASARI) feature set. Total CE tumor was measured utiliz-
ing contrast-enhanced T1-weighted sequences, while non-CE tumor was evaluated on FLAIR/T2-weighted sequences. 
Identification of non-CE tumor relied on disruptions in anatomical architecture and the FLAIR/T2 signal intensity rela-
tive to cerebrospinal fluid or normal white matter. Patients were classified as having non-CE tumor when preoperative 
imaging revealed ≤ 1 cm3 of contrast enhancement, with no discernible difference demonstrated between individuals 
exhibiting minimal CE (0–1 cm3) and those lacking contrast enhancement, after accounting for non-CE tumor [24–26]. 

https://wiki.nci.nih.gov/display/CIP/VASARI
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Tumor dimensions were quantified using the maximal Feret diameter, representing the longest achievable distance in 
any direction within a non-symmetric area, and the ratio of CE tumor diameter to non-CE tumor diameter (CE/nCE) was 
calculated accordingly. Multifocal disease was assessed separately for each focus and subsequently aggregated. CnCE 
was defined as an area of FLAIR hyperintensity confined to the cortical grey matter, devoid of contrast enhancement 
and with or without involvement of the underlying white matter (Figure S2). Tumors infiltrating the walls of the lateral 
ventricles were categorized as SVZ-involved, with further subclassification into Type I-IV [27]. EOR was determined based 
on the volume of resected tumor observed on 48–72-h postoperative MR images and classified as gross-total resection 
(GTR, ≥ 99%), near-total resection (NTR, 95–99%), and subtotal resection (STR, < 95%).

2.4 � Treatment protocol

All patients underwent tumor resection at our institution, followed by subsequent interventions involving radiotherapy 
and chemotherapy as warranted. Radiotherapy was administered at a total dose ranging from 54 to 60 Gy, either as stan-
dalone treatment or in conjunction with temozolomide-based concomitant chemotherapy (75 mg/m2/day). Adjuvant 
chemotherapy regimens adhered to classic Stupp protocols. A minimum of 6 cycles of adjuvant chemotherapy was 
prescribed, provided the patient demonstrated tolerability to the regimen.

2.5 � Follow‑up

Patients were followed until death or date of database closure (April 1, 2023). Patients who were still alive or lost to 
follow-up at the time of statistical analysis were considered as censored events. The assessment of treatment response 
was based on RANO criteria [28]. Overall survival (OS) was calculated as the duration from the date of diagnosis to death 
from any cause. At the time of database closure, 70 patients were alive (31.4%), including 11 patients lost to follow-up 
(not seen for ≥ 12 months), and 153 patients were deceased (68.6%).

2.6 � Predictive model construction and evaluation

In the BTH cohort (the training set), we conducted a "least absolute shrinkage and selection operator (LASSO) regression" 
analysis to screen predictor variables. After identifying the relevant predictors for the A4 subtype in Grade 4 gliomas, 
we constructed the predictive model using the “lrm” function in the Design package in RStudio. The model was visual-
ized using the “nomogram” function in the “regplot” package. The optimal cutoff value was determined by calculating 
the maximal Youden index through receiver operating characteristic (ROC) curve analysis, which also provided the area 
under the curve (AUC) for both the training and validation sets. To further evaluate the model in the external validation 
set, we employed a calibration curve and Decision Curve Analysis (DCA).

2.7 � Statistical analysis

Patient demographics and tumor characteristics were summarized with descriptive statistics. Categorical comparisons 
among different groups were conducted using the chi-square test or Fisher’s exact test, as appropriate. Differences in 
age distribution, MGMT promoter methylation levels, and tumor size were assessed using unpaired Student’s t-test, while 
differences among multiple groups were analyzed using one-way ANOVA. For nonparametric data, the Mann–Whitney 
U-test was employed for comparisons between two groups, and the Kruskal–Wallis test was used for comparisons among 
multiple groups. Survival analysis was conducted using the Kaplan–Meier method for univariate analysis, and differences 
between survival curves were compared using the log-rank test. For multivariate survival analysis, Cox proportional haz-
ard regression models were constructed to estimate hazard ratios (HR) and corresponding 95% confidence intervals (CI). 
All statistical analyses were performed using SPSS (version 22.0) and R software (http://​www.r-​proje​ct.​org). Two-sided 
tests were used for all analyses, with statistical significance defined as p < 0.05.

http://www.r-project.org
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3 � Results

3.1 � Patient cohorts

A total of 223 patients diagnosed with either glioblastomas or A4 were included in this study, comprising 138 males and 
85 females, with a median age of 55 years (range, 6–77) at the time of initial diagnosis. All tumors were classified as WHO 
Grade 4 according to the WHO 2021 classification. Pathological examination revealed that 201 patients (90.1%) had glioblas-
tomas, while 22 patients (9.9%) had A4. The diagnosis was based on the presence of histopathological features consistent 
with glioblastomas, accompanied by IDH-wildtype status (referred to as histologic glioblastoma, hGBM), observed in 183 
patients (82.1%). In cases lacking classical histopathological features of glioblastomas, the diagnosis was established through 
the combination of IDH-wildtype status with other qualifying molecular markers (such as TERT promoter mutations, EGFR 
amplifications, or chromosomes + 7/− 10 genotype, termed molecular glioblastoma, mGBM), involving the remaining 18 
patients (8.1%). A comprehensive summary of the clinical, radiological, and molecular characteristics of the cohort is provided 
in Fig. 1. An overview of patients’ basic characteristics in UCSF PDGM set was provided in Table S1.

3.2 � Comparison of basic characteristics between mGBM and hGBM

Age and gender distributions exhibited no significant differences between the mGBM and hGBM groups (p > 0.05). Notably, 
patients with mGBM demonstrated a relatively lower incidence of preoperative neurologic deficits (11.1% vs. 34.4%, p = 0.079), 
but a higher prevalence of epilepsy (55.6% vs. 23.0%, p = 0.008), compared to those with hGBM. Anatomically, tumors in both 
groups were predominantly located superficially (p > 0.05). However, mGBM patients presented with smaller tumor sizes, 
including CE tumor and non-CE tumor, and exhibited a reduced extent of partial CE lesions compared to hGBM patients 
(p < 0.001). Notably, about 77.8% mGBM patients exhibited none to minimal CE on preoperative imaging, compared to 4.0% 
in the hGBM group (p < 0.001). Additional radiological observations revealed that mGBM patients displayed a lower preva-
lence of SVZ involvement, necrosis, and smooth margins while manifesting a higher incidence of CnCE and involvement of 
insular lobes compared to hGBM patients (p < 0.05). Regarding molecular characteristics, all mGBM patients harbored TERT 
promoter mutations, predominantly of TERT C228T subtype (n = 13, 72.2%), whereas in the hGBM group, TERT promoter 
mutations were distributed as follows: TERT C228T in 90 patients (49.5%), TERT C250T in 28 patients (15.4%), and wild-type 
in 64 patients (35.2%). However, there were no significant differences between the two groups in terms of MGMT promoter 
methylation levels and EGFR amplifications (p > 0.05). With respect to treatment modalities, no significant disparities were 
observed between the two groups concerning EOR, postoperative radiotherapy coverage, or the incidence of secondary 
surgeries (p > 0.05). Notably, mGBM patients underwent significantly fewer postoperative chemotherapy sessions compared 
to hGBM patients (83.3% vs. 96.4%, p = 0.045) (Table 1).

3.3 � Comparison of basic characteristics between A4 and hGBM

Our investigation revealed that patients diagnosed with A4 tended to be younger than those with hGBM (39.8 ± 11.5 vs. 
53.8 ± 12.7, p < 0.001), while exhibiting comparable gender distributions and clinical symptomatology (p > 0.05). Notably, 
the incidence of CnCE was significantly higher among A4 patients compared to hGBM patients (81.8% vs. 20.6%, p < 0.001). 
Relative to the hGBM cohort, the A4 group displayed smaller CE tumor, lower enhancement ratios, higher frequencies of 
cystic changes, and clearer boundaries (CE tumor: 30.0 ± 22.4 vs. 41.6 ± 16.0, p = 0.032; CE ratio: 59.1% vs. 96.0%, p < 0.001; 
Cyst: 40.9% vs. 19.7%, p = 0.031; Smooth margin: 72.7% vs. 44.4%, p = 0.022). Furthermore, A4 lesions were more prone to 
cortical and SVZ involvement (p = 0.024), while rates of necrosis, calcification, and hemorrhage were comparable between the 
two groups (p > 0.05). Additionally, there were no significant disparities observed in treatment modalities between the two 
cohorts. Regarding molecular characteristics, A4 patients demonstrated a higher level of MGMT methylation (29.0 ± 19.8% 
vs. 17.1 ± 19.9%, p < 0.001), and a lower rate of TERT promoter mutation (18.1% vs. 64.9%, p < 0.001) (Table 1).

3.4 � Prognostic implications of distinct WHO Grade 4 gliomas

There was no discernible difference in OS between patients with mGBM and those with hGBM (21.2 vs. 20.0 months, 
p = 0.454) (Fig. 2A). It is noteworthy that patients with mGBM were less frequently administered postoperative radio-
chemotherapy compared to those with hGBM (77.8% vs. 94.0%, p = 0.045) (Fig. 2B). However, no significant disparity was 
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observed between mGBM and hGBM when the comparison focused on patients receiving postoperative radiochemo-
therapy (21.2 vs. 20.6 months, p = 0.906) (Fig. 2C). In contrast, patients with A4 demonstrated superior survival compared 
to those with hGBM (p < 0.001) or mGBM (p = 0.005) (Fig. 2A). And the median follow-up durations were 41.6 months 
for hGBM patients, 38.4 months for mGBM patients, and 46.9 months for A4 patients (p > 0.05). These findings were 
consistent in the UCSF PDGM cohort (Figure S3). In the following multivariate analysis, the prognostic significance of A4 

Fig. 1   Heatmap including basic characteristics for Grade 4 gliomas. Histologic glioblastoma tends to manifest with advanced age and high 
enhancement rates, along with low MGMT methylation levels. And the cortical non-enhancing tumor infiltration sign was more common 
in A4, while low enhancement rates and absence of necrosis were more specific for molecular glioblastoma. A4 Astrocytoma, IDH-mutant, 
WHO Grade 4
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was still upheld (HR: 0.39, CI 0.17–0.91; p = 0.03) (Table 2). Furthermore, GTR (HR: 0.35, CI 0.22–0.56; p < 0.001), NTR (HR: 
0.57, CI 0.33–0.99; p = 0.044), higher MGMT methylation level (HR: 0.98, CI 0.97–0.99; p < 0.001), and CnCE (HR: 0.54, CI 
0.35–0.83; p = 0.005) were confirmed as independent prognostic factors associated with favorable survival, while tumor 
deep localization (HR: 1.96, CI 1.33–2.88; p = 0.001) was independent prognostic risk factor.

3.5 � Integrated model for predicting A4

Given the significant clinical implications associated with A4, there is an urgent need for predictive models to 
identify this subtype. The LASSO path diagram (Fig. 3A) illustrates how the number of predictors decreases as the 
coefficients shrink. In the LASSO selection path diagram (Fig. 3B), two specific λ values, lambda.min and lambda.1se, 

Fig. 2   A prognostic implications of different Grade 4 glioma in overall survival. B distribution of therapeutic approaches following resection 
between histologic glioblastoma and molecular glioblastoma. C survival comparison between molecular glioblastoma and histologic glio-
blastoma in patients received postoperative radiochemotherapy
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are highlighted. Based on lambda.1se, we selected three variables from Table 1—CnCE sign, age at diagnosis, and 
tumor margin—to construct the model. After determining the final variables for the A4 prediction model in Grade 
4 glioma patients, we constructed the model in RStudio using the lrm function in the “rms” package and generated 
a nomogram using the “regplot” package (Fig. 3C, C-index: 0.890). The area under the ROC curve (AUC) for the A4 
prediction model was 0.890 (95% CI 0.816–0.963) in the training set and 0.951 (95% CI 0.916–0.985) in the valida-
tion set (Fig. 3D). In the validation set, the Brier score for the calibration curve was 0.035 (Fig. 3E). The DCA curves 
indicated that the predictive model developed in this study offers a significant net benefit (Fig. 3F).

Table 2   Univariate and 
multivariate survival analyses 
based on all patients with 
grade 4 glioma

MGMT O6-methylguanine-DNA methyltransferase, CE contrast-enhancing, CE/nCE CE tumor diameter/
non-CE tumor diameter, TERT telomerase reverse transcriptase, mGBM molecular glioblastoma, A4 Astro-
cytoma, IDH-mutant, WHO grade 4, EOR extent of resection, STR subtotal resection, NTR near-total resec-
tion, GTR​ gross-total resection, SVZ subventricular zone, CnCE cortical non-CE tumor infiltration

Characteristic N Univariate analysis Multivariate analysis

Hazard ratio (95% 
CI)

p Hazard ratio (95% CI) p

Age (years) 223 1.020 [1.007, 1.034] 0.003 1.013 [0.998, 1.028] 0.091
MGMT methylation level (%) 223 0.986 [0.977, 0.995] 0.002 0.982 [0.973, 0.992]  < 0.001
CE tumor diameter (mm) 218 1.005 [0.997, 1.013] 0.217
Non-CE tumor diameter (mm) 218 1.006 [0.998, 1.014] 0.153
CE/nCE (%) 218 1.245 [0.680, 2.279] 0.477
Sex (Female vs. Male) 138 1.016 [0.732, 1.408] 0.926
TERT (reference wild-type)
 C228T 106 1.593 [1.108, 2.292] 0.012 1.230 [0.817, 1.852] 0.322
 C250T 34 1.609 [1.003, 2.580] 0.048 1.041 [0.617, 1.755] 0.881

WHO grade (reference 2)
 3 12 1.449 [0.515, 4.073] 0.482
 4 199 1.641 [0.724, 3.719] 0.235
 mGBM 18 0.926 [0.514, 1.671] 0.8
 A4 22 0.239 [0.111, 0.511]  < 0.001 0.389 [0.165, 0.914] 0.03
 Epilepsy 60 0.840 [0.582, 1.213] 0.354
 Dyskinesia 68 1.150 [0.817, 1.619] 0.423

EOR (reference STR)
 NTR 46 0.522 [0.318, 0.858] 0.01 0.571 [0.331, 0.986] 0.044
 GTR​ 130 0.414 [0.273, 0.626]  < 0.001 0.348 [0.217, 0.559]  < 0.001
 Chemotherapy 198 0.992 [0.406, 2.423] 0.986
 Radiotherapy 198 0.814 [0.359, 1.846] 0.622
 SVZ involvement 133 1.084 [0.778, 1.511] 0.633
 Deep-seated 59 1.789 [1.266, 2.529] 0.001 1.958 [1.329, 2.884] 0.001
 (Sub-)cortical 210 0.664 [0.293, 1.505] 0.327

Enhancement (reference non-CE)
 Minimal CE 12 0.574 [0.212, 1.559] 0.276
 Predominant CE 187 1.168 [0.631, 2.162] 0.622
 Necrosis 178 1.069 [0.695, 1.642] 0.762
 Cyst 45 0.646 [0.425, 0.981] 0.04 0.791 [0.501, 1.251] 0.317
 Smooth margin 97 0.700 [0.506, 0.969] 0.032 0.999 [0.691, 1.446] 0.997
 CnCE 68 0.578 [0.399, 0.837] 0.004 0.538 [0.349, 0.828] 0.005
 Calcification 12 0.719 [0.334, 1.547] 0.399
 Hemorrhage 18 1.460 [0.823, 2.590] 0.195
 Re-resection 21 0.736 [0.423, 1.280] 0.277
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4 � Discussion

Under the 2021 WHO classification, Grade 4 gliomas represent a diverse cohort, displaying a spectrum of clinical, 
radiological, and molecular characteristics. This updated classification has sparked considerable discourse within the 
research community [12, 13]. In this study, we aimed to delve into the clinicoradiological, molecular, and therapeutic 

Fig. 3   A LASSO Path Plot: This plot illustrates the regression coefficients versus Log(λ) as the coefficient scores gradually decrease. The coef-
ficients correspond to each independent variable in the model. B LASSO Selection Path Plot: Vertical dashed lines on the left side of the plot 
represent Log(λ) corresponding to the minimum error (lambda.min), while the vertical dashed lines on the right side represent Log(λ) that 
is one standard error away from the minimum error (lambda.1se). The Binomial Deviance represents the binomial distribution loss function 
of the model, computed on each fold during the cross-validation process. C Nomogram: This visual tool sums the scores from each predictor 
(e.g., younger age earned the highest score, and the presence of CnCE as well as smooth margin are positively correlated with the likelihood 
of A4). The total score predicts the probability of A4 occurring. D ROC Analysis of the Model: the model achieved an AUC of 0.890 in the BTH 
cohort (training set). In the UCSF PDGM cohort (validation set), the AUC improved to 0.951, indicating excellent model performance. E Cali-
bration Curves: The curves indicate a reasonable agreement between the predicted probability of A4 and its actual occurrence (Brier score: 
0.035). F Decision Curve Analysis (DCA): This chart demonstrates that the model provides a higher net benefit compared to the “treat-all” 
and “treat-none” strategies, highlighting its potential clinical utility. The x-axis represents the threshold probability, which is the probability 
of A4 at which a clinician might choose to intervene. The y-axis represents the net benefit, calculated by incorporating true positive and 
false positive predictions into a single metric
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dimensions of WHO Grade 4 gliomas.
In our cohort, mGBM exhibited clinical and neuroradiological profiles largely resembling those of IDH-mutant astro-

cytomas. Predominantly, these tumors manifested in the frontal and temporal lobes and were often associated with 
seizures as the initial clinical presentation. The frequency of seizures of patient with mGBM at presentation (55.6%) 
was slightly lower compared to those with IDH-mutant Grade 2 astrocytomas (70–80%) [29]. Besides, about 38.9% of 
mGBM patients exhibited mild or patchy contrast enhancement on MRI, consistent with findings reported elsewhere 
[30]. Moreover, none of non-CE tumor displayed evidence of necrosis (0/14) in mGBM cohort, which corroborated the 
findings from prior investigations [31]. In the mGBM subgroup, patients exhibited similar ages to those with hGBM, yet 
tended to present with smaller tumor volumes on MRI. Additionally, a significant proportion of mGBM tumors (over 
three-quarters) demonstrated cortical involvement, aligning with previous research [32].

Conversely, mGBM displayed molecular features and prognostic outcomes akin to hGBM. In this study, TERT mutations 
were prevalent in mGBM, consistent with prior literature [10]. Alongside the molecular hallmarks of glioblastomas, the 
MGMT methylation level of mGBM mirrored that of hGBM. Even upon multivariate analysis, MGMT methylation persisted 
as a prognostic indicator, corroborating numerous earlier reports [24–26]. The relatively low methylation level observed 
in mGBM may contribute to its unfavorable prognosis. However, in contrast to earlier studies [8], the prognostic rel-
evance of the TERT phenotype diminished in multivariate analysis. Notably, our study revealed no significant disparities 
in survival outcome between mGBM and hGBM. The median survival of mGBM was 21.2 months, which aligned with the 
reported range of 20.8–31.9 months in previous research [8–11]. Moreover, in our series mGBM patients with isolated 
TERT promoter mutations have a significantly worse OS (19 months) as compared to the results reported by Berzero 
et al. [12] (88 months). It reinforces the argument for reclassifying the subtype of IDH wild-type astrocytoma as WHO 
Grade 4. However, our study did not identify a prognostic advantage for histological Grade 2 mGBM compared to Grade 
3, contrary to earlier investigations [10, 11, 13].

Our investigation unveiled a notably favorable prognosis for A4 compared to hGBM, marked by a median survival that 
remained undefined and a median follow-up duration extending to 46.9 months, surpassing previous literature findings 
[4–6, 14–17, 33]. The high rate of resection and comprehensive radiochemotherapy coverage observed in our study 
may contribute to this enhanced prognosis. Additionally, distinct features of A4, including younger age, elevated MGMT 
methylation levels, reduced incidence of TERT mutations, and limited enhancement, likely contribute to its favorable 
prognosis. Moreover, even upon rigorous multivariate analysis, the prognostic advantage of A4 persisted significantly, 
which underscored the prognostic implication of IDH mutation.

Furthermore, it appears that many characteristics of low-grade gliomas can also be identified in A4. In terms of radio-
logical characteristics, our investigation underscores that the predominant majority of A4 cases (82%) present CnCE fea-
ture, which has been labelled as “low-grade appearance”, consistent with earlier research [31, 34–36]. Hence, we included 
the CnCE in our integrated model to predict A4 phenotype. Similarly, Lasocki et al. [35] found a close relationship between 
mass-like non-CE tumor morphology in GBM and the IDH mutation phenotype. Additionally, our findings reveal partial 
enhancement in A4, primarily due to the prevalence of enhancing characteristics in A4 tumors alongside a relatively 
large proportion of non-CE tumor [34, 37], consistent with prior research findings [31]. From a hispathological perspec-
tive, Qiu et al. [33] found that over 50% of A4 histopathologies exhibit components of low-grade gliomas, a proportion 
significantly higher than that observed in IDH wild-type glioblastoma. In terms of molecular characteristics, previous 
studies have identified genetic similarities between de novo primary A4 and evolved secondary A4 (initially diagnosed 
as Grade 2 or Grade 3 astrocytomas [38, 39], suggesting a potential secondary transformation of A4 from low-grade 
gliomas [7]. All these low-grade gliomas characteristics may contribute to the relatively favorable clinical outcome of A4.

Moreover, our study elucidates that patient with CnCE shows a more favorable prognosis. This protective prognostic 
attribute even persists after multivariable analysis. In line with previous investigations, primary A4 patients present-
ing with mixed low-grade gliomas components also demonstrate enhanced clinical outcomes [33]. Both preoperative 
imaging and histopathological assessments suggest a more favorable prognosis for A4 tumors exhibiting characteristics 
consistent with low-grade gliomas. This observation may imply an early morphological transition of A4 from a low-grade 
glioma to a secondary glioblastoma. Although prior studies did not confirm the prognostic advantage of mixed pathol-
ogy in secondary A4 [33], it is important to acknowledge that these studies primarily assessed survival periods from the 
confirmation of Grade 4 glioma through a second surgery to the occurrence of events, without considering the disease 
course of initially diagnosed Grade 2 or Grade 3 astrocytoma.

This study is subject to several limitations. Firstly, its retrospective design introduces inherent biases related to patient 
selection. Secondly, the relatively low incidence of primary A4 and mGBM limits the depth of consecutive patient enroll-
ment in this single-center study. Thirdly, the predictive models developed for A4 do not encompass Grade 3 gliomas and 
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low-grade gliomas, potentially limiting their clinical applicability to some extent. Lastly, ongoing follow-up until the last 
patient reaches the endpoint is necessary to validate the results and conclusions drawn from this research.

In conclusion, our study sheds light on the complex landscape of Grade 4 gliomas, particularly A4 and mGBM, under 
the updated WHO classification. Through comprehensive analysis encompassing clinical, radiological, molecular, and 
therapeutic aspects, we have uncovered distinct characteristics and prognostic implications associated with these glioma 
subtypes. Our findings underscore the importance of integrating multimodal approaches, including neuroimaging fea-
tures and molecular profiling, to accurately diagnose and prognosticate Grade 4 gliomas. Moreover, the development 
of predictive models for A4 holds promise for enhancing preoperative assessment and guiding personalized treatment 
strategies.
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