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In the World Health Organization, or WHO, 2021 classifica-
tion, isocitrate dehydrogenase (IDH)–wild-type glioblastoma is 

designated as a distinct diagnosis on the basis of IDH genetic 
testing (1). This classification encompasses not only typical 
 contrast-enhanced necrotic tumors but also ill-defined infiltrative 
tumors that are not enhanced. Maximal safe resection is a goal of 
surgery for glioblastoma (2–4), and gross total resection (GTR) 
of contrast-enhanced tumor (CET) is associated with longer 
survival (2,5–7). Historically, emphasis has been predominantly 
placed on the extent of resection (EOR) of the CET, whereas 
the  noncontrast-enhanced tumor (NET) has received relatively 
less attention. Given that IDH–wild-type glioblastoma (per the 
WHO 2021 Classification of Tumors of the Central Nervous 
System [1]) frequently contains a NET portion, the concept of 
“supramaximal” resection beyond CET borders has emerged, and 
survival benefits have been observed in retrospective studies (8).

Recently, the Response Assessment in Neuro-Oncology 
(RANO) resection group proposed a new classification system 

for EOR in glioblastoma that considers both CET and NET, and 
validated the value of this system for predicting overall survival 
(OS) (9). Extensive resection of NET (≤5 cm3 residual NET) 
has been shown to provide additional survival benefits, justify-
ing the introduction of a new EOR category, supramaximal re-
section. This EOR represents a shift away from focusing solely 
on CET for survival stratification. For prognostic modeling of 
IDH wild-type glioblastoma, it is essential to consider prognos-
tically important variables, including age, performance status 
(10), and O6-methylguanine DNA methyltransferase (MGMT) 
promoter methylation status (11,12), whenever EOR analysis is 
undertaken. Although supramaximal resection has become an 
important prognostic factor for IDH wild-type glioblastomas, 
an integrative survival model incorporating clinical and molecu-
lar profiles is lacking. Additionally, the real-world feasibility of 
this EOR needs to be tested in multicenter and multinational 
analyses. A simple and clinically applicable prognostic classifica-
tion system based on EOR for CET and NET, key molecular 
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markers, and clinical variables would aid patient consultation and 
treatment planning.

Thus, the purpose of this study was to assess clinical outcomes 
based on GTR of NET, develop a real-world survival model in-
corporating GTR-NET for IDH wild-type glioblastoma, and 
validate the findings in multinational external cohorts

Materials and Methods

Study Patients
This study was approved by the institutional review board of Asan 
Medical Center (Seoul, Korea; institutional review board number 
2022–0459). This study was a retrospective analysis of prospec-
tively collected data in a brain tumor registry (ClinicalTrials.gov 
registry number NCT02619890), and informed consent was 
obtained from all patients. The Strengthening the Reporting of 
Observational Studies in Epidemiology, or STROBE, reporting 
guidelines were followed for this study. The inclusion criteria were 
as follows: newly diagnosed IDH wild-type glioblastoma, per the 
WHO 2021 Classification of Tumors of the Central Nervous 
System, with histopathologic confirmation and known MGMT 
promoter methylation status; treatment with standard concur-
rent chemotherapy and radiation therapy and temozolomide 
according to the Stupp regimen; and age older than 18 years. 
Patients were excluded if they had a history of surgery; they did 
not undergo follow-up imaging until 6 months after the comple-
tion of standard treatment according to the Stupp regimen (13); 
their postoperative imaging data (including diffusion-weighted 
imaging data) were missing; or they had H3 K27M alterations 
and were therefore diagnosed with diffuse midline glioma, H3 
K27–altered. Consecutive patients  included in the registry who 
underwent standard concurrent chemoradiation therapy between 
March 2017 and October 2020 were evaluated for eligibility for 
inclusion in the training set.

Abbreviations
CET = contrast-enhanced tumor, CIT = conditional inference tree, 
EOR = extent of resection, FLAIR = fluid-attenuated inversion recovery, 
GTR = gross total resection, HR = hazard ratio, IDH = isocitrate 
dehydrogenase, MGMT = O6-methylguanine DNA methyltransferase, 
NET = noncontrast-enhanced tumor, OS = overall survival, RANO =  
Response Assessment in Neuro-Oncology

Summary
Gross total resection of noncontrast-enhanced tumor was an 
independent prognostic factor for longer overall survival, regardless 
of age and O⁶-methylguanine DNA methyltransferase promoter 
methylation status, in patients with isocitrate dehydrogenase wild-
type glioblastoma.

Key Results
 ■ In a retrospective study of prospective registry data from 201 
patients with isocitrate dehydrogenase wild-type glioblastoma, 
gross total resection (GTR) of noncontrast-enhanced tumor 
(NET) on MRI scans was associated with longer overall survival 
(log-rank P < .001).

 ■ Conditional inference trees to stratify patients according to 
GTR-NET, age, and O6-methylguanine DNA methyltransferase 
promoter methylation status were validated in two external 
validation sets, and GTR-NET time-dependent sensitivity 
was consistent up to 2 years in both sets (70.7%–77.3% and 
87.6%–87.9%).

Consecutive patients from Severance Hospital (Seoul, Ko-
rea) between March 2017 and October 2020 and from Oregon 
Health and Science University Hospital (Portland, Ore) between 
March 2018 and January 2023 meeting these same criteria were 
included in external validation sets 1 and 2, respectively.

The following covariables were obtained for each patient 
through medical chart review: age, sex, Karnofsky performance 
status score at diagnosis, MGMT promoter methylation status, 
epidermal growth factor receptor expression status, and telom-
erase reverse transcriptase promoter mutation status. Details of 
the molecular classification can be found in Appendix S1. Tu-
mor size and location were assessed at preoperative MRI. Tumor 
size was measured by the two-dimensional diameter method 
(the sum of the products of the perpendicular diameters of 
contrast-enhanced lesions on contrast-enhanced T1-weighted 
images), as recommended by RANO (14). Tumor location was 
classified into frontal, temporal, deep, multifocal, or other cat-
egories. OS was calculated from the date of diagnosis to the 
date of death from any cause, ascertained by national health 
care system linkage. Patients were censored at the date of medi-
cal record abstraction or the date of the last imaging report, 
whichever came first.

MRI Protocols
Preoperative and postoperative MRI (performed within 72 hours 
after operation), including T1-weighted, T2-weighted, fluid-
attenuated inversion recovery (FLAIR), three-dimensional con-
trast-enhanced T1-weighted, and diffusion-weighted imaging, 
were performed. Details of the MRI protocols used in the train-
ing set and two external validation sets are provided in Table S1.

Definition of the EOR Types
The definitions of the EOR types are presented in Figure 1. There 
were three EOR types: GTR of NET (GTR-NET), GTR of 
CET but not NET (GTR-CET), and no GTR. GTR-CET was 
defined as no evidence of remnant measurable or nonmeasur-
able contrast-enhanced lesions at postoperative MRI. GTR-NET 
was defined as no evidence of a remnant infiltrative T2-weighted 
or FLAIR hyperintense or intermediate lesion at postoperative 
MRI. Because distinguishing NET from peritumoral edema is 
crucial, a detailed explanation is provided in Table S2. NET is 
defined as relatively mild FLAIR hyperintensity, gray matter in-
volvement, eccentric extension beyond anatomic constraints, fo-
cal parenchymal expansion, and mass effect (15–18). However, 
edema is typically confined to white matter, sparing the cortical 
ribbon and deep gray matter, and usually manifests as marked 
FLAIR hyperintensity (19). The reviewers confirmed that the 
postoperative T2-weighted or FLAIR hyperintensities were not 
the result of surgically induced edema or ischemia. Details regard-
ing interreader agreement and quantitative analysis of the EOR 
types are available in Appendix S1 and Table S3.

Statistical Analysis
Details of the descriptive and comparative statistics are in Ap-
pendix S1. Univariable and multivariable Cox analyses were 
performed to determine predictors of OS using EOR of CET 
and NET, with clinical and molecular factors (age, sex, Kar-
nofsky performance status score, tumor size, tumor location, 
MGMT promoter methylation, epidermal growth factor 
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receptor amplification, and telomerase reverse transcriptase pro-
moter mutation). Further details of this method are available in 
Appendix S1.

The survival model was developed by conditional inference 
tree (CIT) analysis (ie, classification and regression tree analysis), 
in which recursive partitioning and permutation testing were 
used to reduce overfitting and bias (20). CIT analysis creates a 

series of binary splits (nodes) from demographic, molecular, and 
clinical variables (age, sex, Karnofsky performance status score, 
tumor size, tumor location, EOR of CET, EOR of NET, MGMT 
promoter methylation status, epidermal growth factor receptor 
amplification, and telomerase reverse transcriptase promoter mu-
tation status) to generate decision rules for predicting OS. Fur-
ther details of this method are available in Appendix S1.

Figure 1: Axial MRI scans show extent-of-resection groups for (A) gross total resection (GTR) of both contrast-enhanced tumor (CET) and noncontrast-enhanced tumor (NET) 
(GTR-NET), (B) GTR of CET but NET remained (GTR-CET), and (C) no GTR. Scans show (B) residual T2 and fluid-attenuated inversion recovery (FLAIR) high-signal infiltrative tumor 
(arrows) and (C) residual CET around the surgical cavity (arrowheads). Diffusion-weighted imaging (right-side column) was used to differentiate residual T2-weighted or FLAIR signal 
hyperintensity as a result of NET from cytotoxic surgery-induced changes.

Figure 2: Flow diagram of patient recruitment for the training set and external validation sets 1 and 2. CCRT = concurrent chemoradiation therapy, DWI = diffusion-weighted 
imaging, IDH = isocitrate dehydrogenase, MGMT = O6-methyguanine-DNA methyltransferase.
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The Kaplan-Meier method was used to draw OS curves for 
each node derived from the CIT, and the log-rank test was used 
to compare the curves. The prognostic performance of the CIT-
based survival model was evaluated via the Harrell C index and 
time-dependent receiver operating characteristic curve analysis 
(21), which was used to calculate the 1- and 2-year areas under 
the receiver operating characteristic curve. C-index values of 
less than 0.6, 0.6–0.7, and greater than 0.7 for the prognostic 
models were considered poor, moderate, and good, respectively 

(22). Binary discrimination performance was also calculated by 
time-dependent sensitivity and specificity for each year, com-
paring CIT group 1 (lower risk) with CIT groups 2, 3, and 4 
(higher risk).

An established rule of thumb of ensuring at least 10 events 
for each predictor parameter to calculate the sample size was 
used (23). Based on this guideline, our training set of 201 pa-
tients with 101 events provided sufficient power for survival 
model derivation.

Table 1: Baseline Clinical Characteristics of the Study Patients

Parameter Training Set (n = 201)

External Validation Set 1(n = 352) External Validation Set 2 (n = 60)

Set 1 P Value Set 2 P Value
Sex .15 .43
 Male 109 (54.2) 213 (60.5) 36 (60)
 Female 92 (45.8) 139 (39.5) 24 (40)
Age at diagnosis (y)* 60.0 ± 11.3 61.4 ± 12.0 .18 63.0 ± 9.9 .23
KPS score at diagnosis <.001 <.001
 NA 0 (0) 0 (0) 14 (23.3)
 <60 0 (0) 20 (5.7) 1 (1.7)
 60 14 (7.0) 20 (5.7) 0 (0)
 70 15 (7.5) 33 (9.4) 9 (15)
 80 61 (30.3) 79 (22.4) 11 (18.3)
 90 60 (29.9) 174 (49.4) 18 (30)
 100 51 (25.4) 26 (7.4) 7 (11.7)
Tumor size (cm2)* 18 ± 9.82 16.2 ± 10.7 .01 13.5 ± 10.5 .001
Tumor location .02 .02
 Frontal or temporal lobe 128 (63.7) 194 (55.1) 39 (65)
 Others 51 (25.4) 83 (23.6) 10 (16.7)
 Deep 13 (6.5) 41 (11.6) 2 (3.3)
 Multifocal 9 (4.5) 34 (9.7) 9 (15)
EOR of CET .02 .002
 GTR 124 (61.7) 251 (71.3) 24 (40)
 Others† 77 (38.3) 101 (28.7) 36 (60)
EOR of NET .21 .009
 GTR 72 (35.8) 145 (41.2) 10 (16.7)
 Others‡ 129 (64.2) 207 (58.8) 50 (83.3)
MGMT promoter methylation >.99 .98
 Methylated 80 (39.8) 140 (39.8) 24 (40)
 Unmethylated 121 (60.2) 212 (60.2) 36 (60)
EGFR amplification <.001 <.001
 Amplified 59 (29.4) 114 (32.4) 33 (55)
 Not amplified 116 (57.7) 235 (66.8) 12 (20)
 NA 26 (12.9) 3 (0.9) 15 (25)
TERTp mutation status <.001 <.001
 Mutated 57 (28.4) 211 (59.9) 34 (56.7)
 Wild-type 113 (56.2) 140 (39.8) 11 (18.6)
 NA 31 (15.4) 1 (0.3) 15 (25)
Median follow-up (mo)‡ 15.6 (8–26.4) 21.7 (13.7–29.6) .005 12.0 (6.5–24.9) .26
Note.—Unless otherwise indicated, data are numbers of patients, and data in parentheses are percentages. P values indicate comparison 
between training and external validation sets. Differences in categorical variables between the training and validation sets were assessed 
by using the Fisher exact test and the χ2 test, and differences between continuous variables were assessed by using the Student t test or 
Mann-Whitney U test according to the results of normality testing. CET = contrast-enhanced tumor, EGFR = epidermal growth factor 
receptor, EOR = extent of resection, GTR = gross total resection, KPS = Karnofsky performance status, MGMT = O6-methylguanine-DNA 
methyltransferase, NA = not applicable, NET = noncontrast-enhanced tumor, TERTp = telomerase reverse transcriptase promoter.
* Data are means ± SDs.
† Subtotal resection, partial resection, and biopsy.
‡ Data in parentheses are IQRs.
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Table 2: Univariable and Multivariable Cox Proportional Hazards Regression Analyses to Determine Predictors of Overall 
Survival in Patients with IDH Wild-Type Glioblastoma in the Training Set

Parameter

Univariable Analysis Multivariable Analysis

Regression Coefficient HR P Value Regression Coefficient HR P Value
Age 0.02 1.02 (1.00, 1.04) .03 0.03 1.03 (1.01, 1.05) .004
Sex (male as reference) −0.40 0.67 (0.45, 0.99) .13
KPS score −0.02 0.98 (0.97, 0.99) .05 −0.02 0.98 (0.96, 1.00) .12
Tumor size 0 1.00 (0.98, 1.03) .89
Tumor location .04 .16
 Frontal or temporal lobe Ref Ref
 Others −0.56 0.57 (0.31, 1.04) .07 −0.34 0.71 (0.42, 1.19) .20
 Deep −0.12 0.89 (0.36, 2.23) .80 0.15 1.16 (0.52, 2.58) .72
 Multifocal 0.80 2.23 (1.03, 5.05) .04 0.73 2.08 (0.90, 4.80) .09
MGMT promotor status 

(unmethylated as reference)
−0.42 0.66 (0.44, 0.98) .04 −0.82 0.44 (0.29, 0.68) .001

EGFR amplification (not 
amplified as reference)

0.08 1.08 (0.67, 1.74) .75

TERTp mutation status  
(wild-type as reference)

−0.12 0.89 (0.50, 1.55) .66

EOR*
 GTR-CET −0.76 0.48 (0.33, 0.72) <.001 −0.06 0.94 (0.55, 1.58) .81
 GTR-NET −1.02 0.36 (0.23, 0.57) <.001 −1.20 0.30 (0.19, 0.47) <.001
Note.—Univariable and multivariable Cox proportional hazards regression analyses were performed to determine predictors of overall survival 
in patients with IDH wild-type glioblastoma in the training set. P values were calculated using the Wald test for all variables listed in the 
table. Variables with P < .10 at univariable analysis were included in the multivariable analysis by forward stepwise selection on the basis of 
the Akaike information criterion. CET = contrast-enhanced tumor, EGFR = epidermal growth factor receptor, EOR = extent of resection, 
GTR = gross total resection, HR = hazard ratio, KPS = Karnofsky performance status, MGMT = O6-methylguanine-DNA methyltransferase, 
NET = noncontrast-enhanced tumor, Ref = reference, TERTp = telomerase reverse transcriptase promoter.
* HRs for GTR were calculated by referencing the non-GTR for comparison with other variables.

Figure 3: A survival model plot uses the train-
ing dataset for conditional inference tree regres-
sion and shows that gross total resection (GTR) 
of noncontrast-enhanced tumor (NET) was the 
best predictor of overall survival (OS) in patients 
with isocitrate-dehydrogenase wild-type glioblas-
toma. To use the model, a clinician first follows the 
tree path provided by assessing each variable 
for a patient and then follows the path to the fi-
nal node that gives the predicted OS. Group 1 
is GTR-NET, group 2 is no GTR-NET and age 
younger than 60 years, group 3 is no GTR-NET 
and age older than 60 years and positive O6-
methyguanine-DNA methyltransferase (MGMT) 
status, and group 4 is no GTR-NET and age older 
than 60 years and negative MGMT status. Neg-
ative indicates negative status, positive indicates 
positive status.
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Statistical analyses were performed by using software (R, ver-
sion 4.0.2; R Foundation for Statistical Computing, R Core 
Team) by expert statisticians (S.B. and S.Y.P., both with 15 years 
of experience in biostatistics), using the packages partykit and 
ctree. Two-sided P < .05 was indicative of statistical significance.

Results

Patient Characteristics
The patient flowchart is presented in Figure 2. Details regard-
ing patient inclusion and exclusion are provided in Appendix S1. 
This study included 201 patients in the training set, 352 patients 
in external validation set 1, and 60 patients in external validation 
set 2. The median follow-up periods in the training set, external 
validation set 1, and external validation set 2 were 15.6 months 
(IQR, 8–26.4 months), 21.7 months (IQR, 13.7–29.6 months), 
and 12.0 months (IQR, 6.5–24.9 months), respectively.

Figure 4: Plots show Kaplan-Meier survival curves according to the conditional infer-
ence tree-based survival model for the (A) prospective registry and (B, C) two external 
validation sets. Four distinct risk groups were observed in both the prospective registry and 
external validation sets. Group 1 is gross total resection (GTR) of noncontrast-enhanced 
tumor (NET), group 2 is no GTR-NET and age younger than 60 years, group 3 is no GTR-
NET and age older than 60 years with positive O6-methylguanine-DNA methyltransferase 
(MGMT) promoter methylation status, and group 4 is no GTR-NET and age older than 60 
years with negative MGMT status.

Patient characteristics are summarized in Table 1. There was 
no evidence of difference in age, sex, or the proportion of patients 
with different MGMT promoter methylation statuses between 
the training set and two external validation sets (all P > .05). The 
training set showed higher rates of GTR-CET (61.7% [124 of 
201] vs 40% [24 of 60], respectively; P = .002) and GTR-NET 
(35.8% [72 of 201] vs 16.7% [10 of 60], respectively; P = .009) 
than did external validation set 2. External validation set 1 exhib-
ited higher rates of GTR-CET than did the training set (71.3% 
[251 of 352] vs 61.7% [124 of 201], respectively; P = .02). Kar-
nofsky performance status scores, tumor size, tumor location, 
epidermal growth factor receptor amplification, and telomerase 
reverse transcriptase promoter mutation status were different 
between the training set and two external validation sets (all  
P < .05), reflecting their clinical and molecular heterogeneity.

Univariable and Multivariable Cox Analyses to Determine 
Predictors of OS
In the training set, univariable Cox analysis showed that age (haz-
ard ratio [HR], 1.02; 95% CI: 1.00, 1.04; P = .03), tumor loca-
tion (P = .04), MGMT promoter methylation status (HR, 0.66; 
95% CI: 0.44, 0.98; P = .04), GTR-CET (HR, 0.48; 95% CI: 
0.33, 0.72; P < .001), and GTR-NET (HR, 0.36; 95% CI: 0.23, 
0.57; P < .001) were associated with OS. At multivariable Cox 
analysis, age (HR, 1.03; 95% CI: 1.01, 1.05; P = .004), MGMT 
promoter methylation status (HR, 0.44; 95% CI: 0.29, 0.68; P = 
.001), and GTR-NET (HR, 0.30; 95% CI: 0.19, 0.47; P < .001) 
were independent prognostic factors (Table 2).
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OS Stratified by CIT Analysis
For the CIT analysis, patients were divided into four groups.  
Figure 3 shows the survival model constructed with the CIT.  
The first group consisted of patients who underwent GTR-NET 
(P < .001) and was composed of 72 patients with a median OS 
of 32.6 months (IQR, 18.7–46.7 months). Among patients in 
whom GTR-NET was not achieved, the second group (n = 46) 
consisted of those aged younger than 60 years, with a median OS of 
23.4 months (IQR, 12.2–34.8 months; P = .02). The third group  
(n = 40) consisted of patients aged 60 years or older who were pos-
itive for MGMT promoter methylation and in whom GTR-NET 
was not achieved, with an OS of 19.1 months (IQR, 13.0–27.8 
months; P = .007). Finally, the fourth group (n = 43) consisted 
of patients aged 60 years or older with an unmethylated MGMT 
promoter status in whom GTR-NET was not achieved, with the 
shortest OS of 10.7 months (IQR, 6.5–14.1 months; P = .007).

In the training set, univariable Cox regression analyses were 
conducted for the CIT groups, along with clinical and molecular 
factors, with the first group used as the reference (Table S4). The 
fourth group had shorter OS than did the first group (HR, 7.34; 
95% CI: 3.91, 13.8; P < .001), followed by the third group (HR, 
1.94; 95% CI: 1.02, 3.67; P = .04).

Similarly, in external validation set 1, univariable analysis also 
showed an association between CIT groups and OS (Table S4). 
Compared with the first group, the fourth group had shorter OS 
(HR, 4.04; 95% CI: 2.84, 5.74; P < .001), followed by the third 
group (HR, 1.81; 95% CI: 1.17, 2.79; P = .007) and the second 
group (HR, 1.65; 95% CI: 1.16, 2.36; P = .006). In external vali-
dation set 2, the fourth group also had shorter OS than the first 
group (HR, 6.32; 95% CI: 1.28, 31.3; P = .02).

Prognostic Performance of the Survival Model in the External 
Validation Set
The survival model based on the CIT analysis was applied to two 
external validation sets. Figure 4 shows the Kaplan-Meier survival 
curves for each risk group derived from the CIT analysis in both 
the training and external validation sets, successfully stratifying 
the prognosis. In external validation set 1, the median OS times 
for the first, second, third, and fourth groups were 30.4 months 
(95% CI: 23.7, 38.1), 19.4 months (95% CI: 17.1, 24.4), 18.0 
months (95% CI: 14.8, 38.5), and 10.8 months (95% CI: 9.8, 
12.8) (P < .001), respectively. In external validation set 2, the 
median OS times for the first, second, third, and fourth groups 
were 28.8 months (95% CI: 10.8, 28.7), 19.3 months (95% 

CI: 11.5, 68.4), 15.2 months (95% CI: 8.2, 33.11), and 13.5 
months (95% CI: 8.4, 26.0) (P = .04), respectively.

The prognostic performance of the CIT-based model is in 
Table 3 and Figure S1. The C-index for the CIT-based model 
was 0.69 (95% CI: 0.63, 0.74) in the training set, 0.65 (95% 
CI: 0.61, 0.68) in external validation set 1, and 0.63 (95% CI: 
0.54, 0.72) in external validation set 2, indicating moderate per-
formance. The time-dependent area under the receiver operating 
characteristic curve values for 1 year and 2 years were 0.694 (95% 
CI: 0.631, 0.758) and 0.684 (95% CI: 0.623, 0.745), respec-
tively, in external validation set 1 and 0.610 (95% CI: 0.449, 
0.771) and 0.678 (95% CI: 0.512, 0.844), respectively, in exter-
nal validation set 2.

The time-dependent discrimination measures for death are 
presented in Table S5. The time-dependent sensitivity was 77.3% 
for 1 year and 70.7% for 2 years in external validation set 1 and 
87.9% for 1 year and 87.6% for 2 years in external validation set 
2. Sensitivity represents the ability of the survival model to distin-
guish CIT group 1 (the lower-risk group) from the CIT groups 
2–4 (the higher-risk groups).

Discussion
By evaluating patient data from a prospective registry, we devel-
oped a real-world survival model to stratify patients into four 
distinct risk groups according to gross total resection (GTR) 
of noncontrast-enhanced tumor (NET), age, and O6-methyl-
guanine-DNA methyltransferase promoter methylation status 
and validated this model in multinational external cohorts. 
GTR-NET was shown to be an independent predictor of over-
all survival (OS) and enabled patients to be stratified into lower- 
and higher-risk groups, with statistically significant differences 
in OS. The time-dependent sensitivity was consistent in both 
external sets, indicating that GTR-NET had good discrimina-
tion ability, because the lower-risk group had better survival. 
Our study highlights the importance of radiologic assessment of 
GTR-NET in preoperative and postoperative imaging, particu-
larly because isocitrate dehydrogenase wild-type glioblastomas 
are increasingly recognized as noncontrast-enhanced infiltrative 
tumors under the WHO 2021 Classification of Tumors of the 
Central Nervous System guidelines.

GTR was found to be associated with increased OS, and 
many large retrospective cohort studies (6,7,24–28) have also 
demonstrated increased survival with increased EOR in patients 
with newly diagnosed glioblastoma. However, these studies were 

Table 3: Time-dependent Discrimination Measures for Deaths Up to 2 Years in the Training and External Validation Sets

Parameter

Time-dependent AUC Time-dependent Sensitivity (%) Time-dependent Specificity (%)

Training Set External Set 1 External Set 2 Training Set External Set 1 External Set 2 Training Set External Set 1 External Set 2
1 y 0.704 

(0.610,  
0.798)

0.694 
(0.631,  
0.758)

0.610 
(0.449,  
0.771)

79.8 
(67.3,  
92.3)

77.3 
(68.7,  
85.8)

87.9 
(72.0,  
100)

45.2 
(36.4,  
53.9)

47.4 
(40.9,  
53.9)

18.2 
(4.9,  
31.5)

2 y 0.770 
(0.693,  
0.846)

0.684 
(0.623,  
0.745)

0.678 
(0.512,  
0.844)

77.7 
(68.5,  
86.9)

70.7 
(63.9,  
77.4)

87.6 
(76.2,  
99.1)

64.6 
(51.0,  
78.1)

55.7 
(45.3,  
66.1)

30.8 
(5.5,  
56.1)

Note.—Data in parentheses are 95% CIs. The sensitivity and specificity are referenced for conditional inference tree group 1 (gross tumor 
resection of noncontrast-enhanced tumor [NET]) versus groups 2, 3, and 4 (no gross tumor resection of NET). AUC = area under the 
receiver operating characteristic curve.
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conducted before the WHO 2021 classification scheme, which 
included high-grade gliomas with CETs without IDH testing. 
Similarly, in our study, patients who underwent GTR-NET had 
statistically significantly longer OS than those who did not (me-
dian OS, 32.6 vs 16.9 months, 30.4 vs 16.5 months, and 28.8 vs 
15.8 months in the training set and external validation sets 1 and 
2, respectively). Our study is meaningful because we included 
patients with IDH wild-type glioblastoma who exhibited exten-
sive NETs, and among such patients, we found that GTR-NET 
was an independent prognostic marker of OS (HR, 0.30; P < 
.001). Furthermore, we developed a CIT-based survival model to 
stratify patients into four distinct risk groups according to GTR-
NET, age, and MGMT promoter methylation status. This sur-
vival model successfully stratified patients in external validation 
sets 1 and 2 into four distinct risk groups (P < .001 and .04, re-
spectively) with moderate performance (C-index, 0.65 and 0.63, 
respectively). The strength of our study is that the GTR status 
was assessed from a prospective registry of all those undergoing 
standard concurrent chemotherapy and radiation therapy, and 
the other variables matched, allowing assessment of the relevance 
of GTR on survival in an objective manner.

An important finding of our study is that in the CIT survival 
model, GTR-NET stands out as the primary determinant for 
patient risk categorization, underscoring the clinical significance 
of supramaximal resection. Considering that surgery is the sole 
prognostic factor actively pursued by clinicians, we recommend 
achieving maximum or complete resection of NET if possible. 
Although GTR-NET increases the likelihood of survival, dam-
age to specific areas can reduce patients’ quality of life. In such 
instances, the neurologic risk from potentially bordering func-
tional cerebral areas needs to be weighed against the survival 
benefit of GTR-NET. Functionally guided resection, including 
preoperative diffusion tensor imaging scans to estimate white 
matter fiber tract location and awake craniotomy with cortical 
and subcortical stimulation, should help surgeons in achieving 
supramaximal resection while preserving critical functions.

A detailed discussion of our definition of GTR-NET related 
to supramaximal resection by the RANO group, management 
of CIT groups 2–4, and CIT survival model performance in 
external validation set 2 is available in Appendix S1.

Our study had limitations. First, the training set was derived 
from a prospective glioma registry, potentially including pa-
tients with better performance scores than a purely retrospec-
tive analysis. The comparability between registry data and other 
data (eg, randomized controlled trials) was acceptable according 
to previous literature (29). However, a strength of the registry 
is the objective measurement of patient outcomes. Additionally, 
the CIT survival model demonstrated moderate performance 
and calibration using external datasets from retrospective analy-
ses, supporting the validity of our model. Second, we qualita-
tively assessed the EOR of NET, rather than strictly adhering to 
the definition from the RANO group (9), in which supramaxi-
mal resection is defined as 5 cm3 or less residual NET. How-
ever, for the sampled cases, we conducted quantitative analysis 
of tumor volume using automated segmentation, making ef-
forts to ensure that our qualitative assessment aligned well with 
the RANO group’s quantitative definition. Finally, we did not 
assess the postoperative adverse effects potentially associated 
with supramaximal resection. Further investigations into these 

effects could provide a more comprehensive understanding of 
the implications of supramaximal resection in patients with 
IDH wild-type glioblastoma.

In conclusion, in patients with isocitrate dehydrogenase 
wild-type glioblastoma, gross total resection (GTR)–noncon-
trast-enhanced tumor (NET) is an independent prognostic 
factor for longer overall survival, regardless of age and O6-
methylguanine-DNA methyltransferase promoter methylation 
status. The GTR-NET–based survival model showed robust-
ness in multinational validation. Our study provides evidence 
that radiologic assessment of the GTR of NET by preoperative 
and postoperative imaging is an important prognostic marker 
of glioblastoma.
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