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A B S T R A C T

Purposes: Extent of resection (EOR) is a traditional prognostic indicator in glioblastoma (GB), yet evidence 
suggests that residual tumor volume (RTV) may provide superior predictive value. Accurate RTV quantification is 
challenging due to postoperative imaging artifacts. This study evaluated subtraction MRI–based RTV as a 
prognostic biomarker compared with EOR and examined its interaction with MGMT promoter methylation status 
(MGMT_ms).
Methods: We retrospectively analyzed 83 patients with IDH-wildtype GB who underwent maximal safe resection 
followed by radiochemotherapy. RTV was quantified on postoperative MRI using a standardized T1-weighted 
subtraction workflow minimizing artifactual enhancement. Prognostic performance of RTV and EOR was 
compared through multivariable Cox analysis adjusted for age, performance status, and MGMT_ms. Bootstrap 
validation and analyses of long-term survivors (overall survival [OS] ≥ 28 months) were performed.
Results: Interobserver agreement for RTV was excellent (ICC = 0.91). RTV and EOR were significant predictors of 
OS in separate multivariable models, but only RTV retained significance when modeled together. The RTV-based 
model demonstrated superior discrimination (C-index 0.77) compared with the EOR-based model (C-index 0.62). 
An RTV threshold of 1 cm3 stratified patients into distinct prognostic groups (median OS 24 vs. 14 months, p <
0.001). MGMT_ms conferred a substantial survival benefit, particularly in patients with RTV ≤ 1 cm3. Among 
long-term survivors no covariates retained significance.
Conclusions: Subtraction MRI–based RTV quantification is superior to EOR for survival prediction in GB. 
Combining RTV with MGMT_ms enhances prognostic stratification, although current models do not fully explain 
long-term survival, highlighting the need for radiogenomic approaches.

The extent of resection (EOR), traditionally defined as the percentage 
reduction of contrast-enhancing tumor volume post-surgery, has long 
served as a central prognostic indicator in newly diagnosed glioblastoma 
(GB) patients. However, emerging evidence demonstrates that 
percentage-based EOR alone may be insufficient—and in some cohorts, 
less reproducible—as a predictor of overall survival (OS) [1–3]. A 
pivotal study by Grabowski et al. [4] found that contrast-enhancing 
residual tumor volume (RTV) was a more significant prognostic factor 

than EOR when assessed in multivariate models. Likewise, Xing et al. [5] 
showed in a large retrospective cohort (n = 292) that while both EOR 
and RTV correlate with survival in univariate analyses, only RTV 
remained independently prognostic in multivariable modeling.

In light of this accumulating evidence, the RANO-Resect Working 
Group recently advanced a consensus classification system [6] for sur
gical resection in IDH-wildtype GB. This system emphasizes absolute 
RTV thresholds rather than relative percentage resection and 
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incorporates the non-contrast-enhancing (nCE) infiltrative tumor 
component, as visible on T2-FLAIR, to define “supramaximal resection.” 
This harmonized framework fosters consistency in surgical reporting 
and enhances comparability across multicenter datasets. Although 
mathematically linked, RTV and EOR represent fundamentally distinct 
prognostic constructs. EOR conflates the magnitude of resection with 
preoperative tumor burden, rendering it susceptible to variability in 
tumor segmentation—whereas absolute RTV provides a direct estimate 
of residual disease burden capable of driving early recurrence. Frontiers 
in Oncology recently published a multicenter nomogram validation 
study [7] demonstrating a continuous inverse relationship between RTV 
and OS, reinforcing RTV's role as a robust, reproducible biomarker for 
survival modeling (C-index ≈ 0.75–0.80).

Quantifying RTV accurately remains technically challenging due to 
confounding postoperative changes (e.g., blood products, surgical 
debris) that can mimic enhancement [8,9]. Contrast-enhanced 
T1-weighted subtraction imaging—achieved by voxel-wise subtraction 
of co-registered pre- and post-contrast T1-weighted vol
umes—effectively isolates true residual enhancement, reducing mea
surement variability. This method has been validated across large 
cohorts and trials, demonstrating its utility in refining postoperative 
RTV quantification [10].

In parallel, molecular biomarkers such as MGMT promoter methyl
ation status (MGMT_ms) significantly influence chemosensitivity and 
prognosis in GB. Evidence suggests that survival thresholds for both EOR 
and RTV may differ according to MGMT_ms, positing that combining 
molecular insights with volumetric imaging could enhance individual
ized prognostic stratification (e.g., MGMT-methylated patients with RTV 
≤1 cm³ achieving markedly better outcomes) [6,11].

Therefore, this study aims to: 

1. Compare the prognostic performance of RTV versus EOR for overall 
survival in patients with newly diagnosed IDH-wildtype GB—lever
aging prior evidence that RTV demonstrates superior predictive ac
curacy. In this respect, we mitigated measurement bias by employing 
a standardized T1-weighted subtraction workflow to quantify RTV, 
enhancing delineation of true residual enhancement.

2. Evaluate the interaction between RTV and MGMT_ms within the 
long-survivor subgroup, to assess whether an integrated radio
logic–molecular model enhances prognostic accuracy and informs 
surgical planning.

Materials and methods

Patient characteristics

We retrospectively analyzed a consecutive series of 96 patients with 
newly diagnosed IDH-wildtype GB treated between 2016 and 2023, 
classified according to the 2021 WHO criteria, who underwent maximal 
safe resection followed by standard radiochemotherapy and adjuvant 
temozolomide. Thirteen patients were excluded according to predefined 
criteria, resulting in a final cohort of 83 patients. Inclusion criteria were: 
(1) age >18 years; (2) availability of preoperative MRI performed within 
10 days before surgery; (3) availability of postoperative MRI performed 
within 36-48 hours after surgery; (4) availability of MGMT promoter 
methylation status. Exclusion criteria were: severe comorbidities, poor 
image quality, and biopsy-only cases (RANO Resect Class 4). Baseline 
demographic, clinical, molecular, and imaging characteristics of the 
study cohort are summarized in Table 1 and Fig. 1. Performance status 
(PS) was assessed using the ECOG scale. Overall survival was defined as 
the time from diagnosis to death; data for eight patients were censored at 
the last follow-up. The study was approved by the local Ethics Com
mittee, and was conducted in accordance with the Declaration of 
Helsinki.

Imaging protocol and RTV measurement

MRI examinations were acquired on a 3.0-Tesla scanner (Discovery 
MR750; GE Healthcare) using a 32-channel head coil. The protocol 
included high-resolution 2D T1-weighted fast spin-echo sequences ob
tained before and after intravenous administration of gadoterate 
meglumine (0.1 mmol/kg). Pre- and post-contrast acquisitions were 
performed with identical field-of-view, matrix and geometry to optimize 
image registration. To reduce partial-volume effects and image noise in 
volumetric measurements, the axial 2D T1-weighted sequence was ac
quired with an in-plane resolution of 0.9 × 0.8 mm and a slice thickness 
of 1.0 mm with no interslice gap.

Image analysis was conducted on a commercial clinical workstation 
(Advantage Windows, version 4.7; GE Healthcare). Subtraction images 
were generated automatically after spatial registration and intensity 
normalization of the pre- and post-contrast T1 datasets; subtraction was 
performed on a voxel-by-voxel basis to produce maps that selectively 
highlight contrast enhancement while reducing postoperative and 
susceptibility-related artefacts. Bright voxels on the subtraction maps 
were interpreted as representing true contrast enhancement.

Two experienced neuroradiologists independently delineated the 
residual enhancing tumor on the axial subtraction dataset by manual 
contouring the enhancing areas on every axial slice; care was taken to 
exclude vascular structures and non-tumoral enhancement (Fig. 2). The 
software automatically interpolated the 2D contours to produce a three- 
dimensional rendering of the residual tumor and calculated the RTV.

Preoperative tumor burden was measured on axial post-contrast 2D 

Table 1 
Baseline demographic, clinical, molecular, and imaging characteris
tics of the study cohort. Data are presented as absolute numbers unless 
otherwise specified. Age is expressed as mean with standard deviation 
(SD); volumetric and survival data are reported as median with 
interquartile range (IQR). Residual tumor volume (RTV) was strati
fied by the 1 cm³ threshold and MGMT promoter methylation status. 
The MGMT methylation threshold for dichotomization was set at 20 
%. Long-term survivors were defined as patients with overall survival 
(OS) ≥ 28 months.

Characteristic Value

Patients (#) 
all 
male 
female

83 
47 
36

Age (years) 
Mean (SD) 
≤ 60 
> 60

59 (12) 
43 
40

Tumor focality 
unifocal 
multifocal

71 
12

MGMT methylation state (#) 
methylated 
unmethylated

26 
57

Residual Tumor Volume (#) 
≤ 1 cm3 

methylated 
unmethylated 
> 1 cm3 

methylated 
unmethylated

60 
16 
44 
23 
10 
13

Pre-operative Tumor Volume (cm3) 
median 
IQR

37 
16

Extent of Resection (%) 
median 
IQR

98.5 
16

Overall survival (months) 
median 
IQR

17 
16

Long-term survival 
# of patients 20
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T1-weighted images by manual contouring of all enhancing tumor 
components, including necrotic regions; contours were reviewed to 
exclude vascular structures. The three-dimensional rendering of tumor 
and the corresponding pre-operative tumor volume (GTV) were calcu
lated automatically by the workstation. The extent of resection (EOR) 
was expressed as a percentage and calculated as: 

GTV − RTV
GTV

• 100 

DNA samples

Genomic DNA was extracted from FFPE tissue sections using a 
MagCore kit and quantified with a Quantus fluorometer. Bisulfite- 
converted DNA was analyzed by pyrosequencing (PyroMark Q96 ID 
system) with the MGMT plus kit, covering 10 CpG sites in the MGMT 
promoter. For this study the methylation status was classified as meth
ylated if the average methylation across sites was ≥ 20 %.

Fig. 1. a) Histogram showing the distribution of overall survival (OS), expressed in months, across the patient cohort. b) Scatter plot illustrating the relationship 
between residual tumor volume (RTV) and extent of resection (EOR). A strong negative correlation was observed between the two variables (Pearson correlation 
coefficient r = –0.64).

Fig. 2. Right posterior glioblastoma in a 62-year-old man. a) Postoperative high-resolution 2D T1-weighted FSE axial image. b) Postoperative high-resolution 2D 
contrast-enhanced T1-weighted FSE axial image. c) Subtraction image with contrast-enhancing area manually delineated from neuroradiologist (green line).
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Statistical analysis

• The statistical analyses were performed using SPSS software, version 
20.0 (IBM Corp., Armonk, NY, USA).

• Interobserver agreement for RTV quantification was assessed by 
calculating the Intraclass Correlation Coefficient (ICC) using a two- 
way random-effects model, single measurement, absolute- 
agreement definition. The ICC was interpreted as follows: > 0.90, 
excellent agreement; 0.75–0.90, good; 0.50–0.74, moderate; and <
0.50, poor agreement. For all subsequent analyses, the measure
ments from the more experienced observer were used to ensure 

consistency and minimize potential variability in imaging 
assessment.

• The correlation between RTV and EOR was assessed using the 
Pearson correlation coefficient (r), with strength categorized as: |r| >
0.8, very strong; 0.6–0.8, strong; 0.4–0.59, moderate; 0.3–0.39, 
weak; and < 0.3, negligible.

• Univariate Cox proportional hazards models were used to investigate 
the association between OS and the following variables: RTV, EOR, 
MGMT_ms, GTV, gender, age, PS, and tumor focality (unifocal or 
multifocal). Variables with p < 0.10 in univariate analysis were 
considered eligible for inclusion in multivariable models.

Fig. 3. Forest plot depicting hazard ratios (HR) and 95 % confidence intervals (CI) for key covariates across three multivariable Cox regression models. a) RTV-model 
(black circles) incorporates MGMT methylation status (MGMT_ms) alongside residual tumor volume (RTV), whereas EOR-model (blue squares) includes extent of 
resection (EOR) and MGMT_ms. RTV-EOR-model (green diamonds) includes RTV, EOR and MGMT_ms. b) Forest plot for long-term survival patients (OS≥ 28 
months): none of the tested variables retained significance in the multivariables regression model.
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• Two separate multivariable Cox proportional hazards models were 
constructed to evaluate the prognostic impact of RTV and EOR on 
OS, each adjusted for the selected clinical and molecular covariates. 
This approach was chosen to minimize the effect of collinearity be
tween RTV and EOR, thereby preserving model stability and inter
pretability. For clarity, we refer to the first model as the RTV-model 
and the second as the EOR-model. Additionally, a multivariable Cox 
regression model including both RTV and EOR (RTV*EOR-model) 
was performed to assess their independent prognostic contributions 
to OS. For each model, the concordance index (C-index) and the 
statistical significance of the overall model fit (likelihood ratio test) 
were calculated. The C-index was interpreted according to 
commonly used thresholds: ≈ 0.5, no discrimination; 0.60–0.70, 
poor; 0.70–0.80, acceptable; 0.80–0.90, excellent; and > 0.90, 
outstanding discrimination.

• To assess the robustness of the Cox regression results, bootstrap 
validation with 1000 resamples was performed for all three models.

• Further multivariable Cox analyses were conducted within the sub
group of long-term survivors, defined as patients with OS ≥ 28 
months. This threshold was derived from the survival plot of the 
examined cohort (Fig. 1)

• Kaplan–Meier survival curves and log-rank tests were used to 
compare OS between groups defined by RTV using a threshold of 1 
cm³. This cut-off, proposed by the RANO Resect Group, distinguishes 
the prognostic Class 2B group (maximal CE resection) from the Class 
3 group (submaximal CE resection).

• All statistical tests were two-sided, and p-values < 0.05 were 
considered statistically significant.

Results

• Interobserver agreement for RTV quantification was excellent (ICC =
0.91).

• A strong negative correlation was observed between RTV and EOR (r 
= –0.64) (Fig. 1a).

• Univariate Cox regression analysis showed that RTV, EOR, 
MGMT_ms, age, and PS were all significant predictors of OS, whereas 
GTV and tumor focality were not.

• RTV-model: MGMT_ms (HR = 0.29; 95 % CI = 0.14–0.60; p <
0.001), RTV (HR = 2.0; 95 % CI = 1.17–3.51; p = 0.011). The model 
demonstrated a high overall fit (likelihood ratio test, p < 0.0001) 
with a C-index of 0.77 (95 % CI = 0.68–0.76) (Fig. 3a).

• EOR-model: MGMT_ms (HR = 0.22; 95 % CI = 0.15–0.61; p <
0.0001) and EOR (HR = 1.70; 95 % CI = 1.06–3.3; p = 0.033) 
remained independent predictors of OS. The model also showed 
strong overall fit (p < 0.0001) with a C-index of 0.62 (95 % CI =
0.55–0.71) (Fig. 3b).

• RTV*EOR-model: Only RTV retained statistical significance (HR =
2.03; 95 % CI = 1.18–3.51; p = 0.0115), while EOR did not (p =
0.223). The overall model fit remained high (p < 0.0001) with a C- 
index of 0.78 (95 % CI = 0.69–0.77) (Fig. 3c)

• Both performance status (PS) and age (dichotomized at 60 years) 
were statistically significant independent predictors of OS in all three 
multivariable models evaluated. The HR, 95 % CI, and p-values for 
these two variables were remarkably consistent across the different 
models. The estimates derived from the RTV-model presented as a 
representative example were: age (HR = 3.13; 95 % CI = 1.72–5.70; 
p < 0.0002), PS (HR = 1.35; 95 % CI = 1.14–1.60; p < 0.0005)

• Bootstrap validation (1,000 resamples) confirmed the stability of 
HRs and 95 % CIs for all significant covariates in the overall cohort, 
supporting the robustness of the multivariable models.

• Consistent with the RANO Resect Group findings, an RTV threshold 
of 1 cm³ effectively discriminated prognostic groups (Fig. 4). Patients 
in Class 2B (RTV ≤ 1 cm³) had a median OS of 24 months, compared 
to 14 months for Class 3 (RTV > 1 cm³). A significant interaction 
between RTV and MGMT methylation status was observed: in Class 
2B, MGMT-methylated patients exhibited a markedly longer median 
OS (43.0 months) compared to unmethylated patients (22.0 months). 
In Class 3, the survival benefit persisted but was reduced (17.0 vs. 
13.0 months).

• In the multivariable Cox analysis restricted to long-term survivors 
(OS ≥ 28 months), no covariates, including RTV and MGMT_ms, 
were significantly associated with OS. The overall model fit was low, 
with p = 0.31 and C-index of 0.53 (95 % CI = 0.05–0.88) (Fig. 3c)

Discussion

In this study we show that a standardized T1-weighted subtraction 
workflow enables precise, reproducible quantification of RTV on early 
postoperative MRI, with excellent inter-reader agreement (ICC = 0.91). 
Methodologically, subtraction mapping reduces the confounding effect 
of postoperative blood products and reactive enhancement by voxel- 
wise removal of the pre-contrast signal from the post-contrast acquisi
tion, thereby enriching for true contrast uptake. Prior work has 
demonstrated that such subtraction-based maps improve delineation 
and volumetry of enhancing glioma components, supporting their use as 
a measurement backbone for postoperative assessments [11–14]. 
Importantly, in our cohort early postoperative MRI was consistently 
performed within a narrow time window (36–48 hours after surgery), 
minimizing confounding effects of very-early or delayed imaging [15].

Against this technical backdrop, our comparative modeling indicates 
that RTV outperforms EOR as a prognostic imaging biomarker. Although 
both indices associated with OS in multivariable Cox models, RTV 
retained significance when entered jointly with EOR, and the RTV-based 

Fig. 4. Kaplan–Meier curves stratified by RTV and MGMT_ms. An RTV cut-off of 1 cm³ distinguishes Class 2 from Class 3 prognostic groups according to RANO 
Resect classification 2023, with MGMT methylation consistently associated with longer survival. Log-rank p-values indicate statistical significance.

S. Filice et al.                                                                                                                                                                                                                                    Global Neurological Insights 1 (2026) 100002 

5 



model yielded superior discriminative performance (higher C-index). 
These findings align with, and extend, the new RANO-Resect framework 
[6], which explicitly prioritizes absolute RTV over percentage EOR for 
postoperative classification in IDH-wildtype GB. In line with this 
framework, we specifically tested the robustness of our workflow 
against the 1 cm³ RTV boundary that separates RANO-Resect Class 2B 
(maximal CE resection) from Class 3 (submaximal CE resection), and we 
reproduced a step-change in median OS across these strata. By 
privileging absolute residual burden—rather than a percentage 
normalized to preoperative size—this approach mitigates EOR’s 
dependence on baseline tumor volume and preoperative segmentation 
variability, and it more directly captures the substrate for early 
regrowth.

Our study further corroborates, in agreement with existing literature 
[16], the pivotal role of integrating molecular profiling into volumetric 
modeling, thereby reinforcing its prognostic and clinical significance in 
GB management. Consistent with contemporary evidence, MGMT pro
moter methylation demonstrated a stronger association with OS than 
any single imaging metric in our multivariable analyses, underscoring 
the primacy of molecular profiling for prognostication and treatment 
tailoring. At the same time, our data illustrate the complementary value 
of volumetry: the survival advantage of MGMT-methylated tumors was 
accentuated in patients achieving RTV ≤ 1 cm³. These results are 
concordant with the ongoing shift toward radiologic–molecular risk 
stratification advocated by RANO-Resect and recent validation studies 
[17].

Our findings also speak to a persistent point of uncertainty in the 
field: the operational cut-off for MGMT methylation by pyrosequencing. 
While many centers dichotomize at ~9–10 %, multi-institutional series 
and methodologic reviews highlight that assay choice, CpG coverage, 
and analysis pipelines produce threshold variability and a “gray-zone” of 
intermediate methylation that warrants contextual interpretation. In our 
study, MGMT status was determined by pyrosequencing across 10 CpG 
sites using the MGMT methylation detection kit, and patients were 
dichotomized into methylated and unmethylated groups according to a 
predefined threshold [18–20], without adopting an intermediate cate
gory. These considerations reinforce the value of combining molecular 
status with quantitative imaging—rather than relying on either in iso
lation—when counseling patients and designing postoperative 
strategies.

A clinically relevant observation is that, within the long-survivor 
subgroup (OS ≥ 28 months), none of the covariates exam
ined—including RTV and MGMT_ms—retained a significant association 
with outcome. Although limited by sample size, this pattern suggests 
that exceptional survival in IDH-wildtype GB may be driven by un
measured biological features (e.g., rarer molecular alterations, micro
environmental or immune factors) not captured by standard 
postoperative volumetry or binary MGMT classification [21,22]. This 
highlights a critical limitation of current models and outlines a research 
agenda centered on multi-omic profiling and radiogenomic integration 
in well-phenotyped long-survivor cohorts. This likely reflects the limited 
efficacy of current GB therapies, which constrains the predictive power 
of existing models and underscores the need for improved treatment 
approaches

This retrospective, single-center study with limited statistical power 
and a reduced sample size, particularly relevant in the long-term sur
vivor subgroup, did not fully account for GB molecular heterogeneity, 
which, according to the World Health Organization 2021 tumor Clas
sification [23], includes prognostically relevant alterations such as TERT 
promoter mutations, CDKN2A/B homozygous deletions, and 
EGFR/PTEN pathway abnormalities, potentially confounding survival 
estimates, particularly in long-term GB survivors.

Even so, three practice-facing conclusions emerge:
Volumetric measurement: Routine adoption of subtraction-based RTV 

quantification is feasible and reproducible, providing a robust post
operative endpoint for clinical care and trials.

Prognostication: RTV should supersede percentage EOR when 
modeling survival and stratifying patients after surgery, in line with the 
RANO-Resect paradigm and its 1 cm³ decision boundary.

Integration: Prognostic accuracy improves when RTV is interpreted 
alongside MGMT_ms, yet current models underperform in long-term 
survivors, mandating next-generation, biology-informed predictors 
that integrate prognostically relevant molecular alterations in GB.

Collectively, these results strengthen the evidence base for RTV-first 
surgical reporting, advocate for radiologic–molecular risk integration, 
and delineate the space where existing predictors fail, namely, the tail of 
the survival curve, thereby motivating targeted discovery efforts in this 
distinct patient population.
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