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Abstract 
Background.   Following surgery, patients with newly diagnosed glioblastoma frequently enter clinical trials. 
Nuanced risk assessment is warranted to reduce imbalances between study arms. Here, we aimed (I) to analyze 
the interactive effects of residual tumor with clinical and molecular factors on outcome and (II) to define a postop-
erative risk assessment tool.
Methods.   The response assessment in neuro-oncology (RANO) resect group retrospectively compiled an inter-
national, seven-center training cohort of patients with newly diagnosed glioblastoma. The combined associations 
of residual tumor with molecular or clinical factors and survival were analyzed, and recursive partitioning analysis 
was performed for risk modeling. The resulting model was prognostically verified in a separate external validation 
cohort.
Results.   Our training cohort compromised 1003 patients with newly diagnosed isocitrate dehydrogenase-wildtype 
glioblastoma. Residual tumor, O6-methylguanine DNA methyltransferase (MGMT) promotor methylation status, 
age, and postoperative Karnofsky Performance Score were prognostic for survival and incorporated into regres-
sion tree analysis. By individually weighting the prognostic factors, an additive score (range, 0–9 points) inte-
grating these four variables distinguished patients with low (0–2 points), intermediate (3–5 points), and high risk 
(6–9 points) for inferior survival. The prognostic value of our risk model was retained in treatment-based subgroups 
and confirmed in an external validation cohort of 258 patients with glioblastoma. Compared to previously postu-
lated models, goodness-of-fit measurements were superior for our model.
Conclusions.   The novel RANO risk model serves as an easy-to-use, yet highly prognostic tool for postoperative 
patient stratification prior to further therapy. The model may serve to guide patient management and reduce im-
balances between study arms in prospective trials.

Key Points

•	 Oncological value of resection interacts with other clinical factors.

•	 Novel RANO risk model integrates the extent of resection with other factors to estimate 
postoperative survival.

•	 Goodness-of-fit measurements superior compared to previous risk models.

Development and validation of a clinical risk model 
for postoperative outcome in newly diagnosed 
glioblastoma: A report of the RANO resect group  
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Glioblastoma represents the most frequent primary brain 
tumor in adults and is characterized by locally destructive 
infiltrative growth.1 Maximal safe surgical resection is re-
commended for initial management of newly diagnosed 
disease,2,3 and in cases where resection appears not safely 
feasible a biopsy allows for a tissue-based neuropatholog-
ical diagnosis.4 Although surgery is routinely followed by 
concomitant radiochemotherapy and maintenance chemo-
therapy, progression inevitably occurs and is characterized 
by a poor prognosis.5 Numerous clinical trials are prospec-
tively enrolling patients with newly diagnosed glioblas-
toma after initial surgical resection to assess novel medical 
or radiotherapeutic approaches.6,7 Proper risk stratification 
of enrolled patients prior to randomization is paramount 
to reduce potential imbalances between study arms, which 
otherwise might dilute meaningful outcome differences 
between the interventional and the control arms.

The residual postoperative tumor volume as a measure-
ment for extent of tumor resection has been reliably as-
sociated with survival,8,9 and we previously established a 
classification system to standardize terminology across 
clinical studies (denoted as “response assessment in 
neuro-oncology (RANO) categories for extent of resection 
in glioblastoma”).10 Importantly, other clinical predictors of 
outcome such as neurological function or certain patient 
demographics have been proposed to interact with the on-
cological benefits of resection. Nuanced weighting of the 
oncological role of resection along with these other prog-
nostic factors is warranted to generate a reliable risk strat-
ification system given the heterogenous associations of 
resection and survival within different clinical or molecular 
patient subgroups.11

In the current study, we made use of our classification 
system to analyze the interactive associations of residual 
tumors with clinical or molecular factors and outcomes in 
patients with newly diagnosed glioblastoma. The evidence 
is then compiled into an easy-to-use risk model to estimate 
the postoperative outcome, and an adjustment for further 
therapy is applied to retain the prognostic relevance of our 
risk model independent of therapy after surgery. For that 
purpose, we also explored whether the prognostic value 
of the risk model can be verified in an external validation 
cohort. Finally, we compared our risk model to previously 
postulated risk models to provide an evidence-based ra-
tionale for selecting among the available tools for patient 
stratification in the setting of prospective clinical trials.

Methods

Clinical data were collected at each study center, and 
coded data were transferred to the main study center at 
Ludwig Maximilians University in Munich, Germany. The 
study protocol including centralized data storage and anal-
ysis was approved by the local institutional review board 
(AZ 21-0996).

Study Population: Training and Validation 
Cohorts of Newly Diagnosed Glioblastoma

The institutional databases of seven neuro-oncological 
centers in Europe and the United States were searched 
for patients with newly diagnosed glioblastoma (Figure 
1A). Patients were consecutively treated at the individual 
institutions and identified based on the following criteria: 
(I) new tissue-based diagnosis of previously untreated 
supratentorial isocitrate dehydrogenase (IDH)-wildtype 
glioblastoma meeting the diagnostic standard stated by 
the WHO 2021 classification12; (II) pre- and postoperative 
MRI available for review; and (III) follow-up of ≥ 3 months 
after diagnosis of glioblastoma. In patients meeting the 
three criteria, a predefined set of demographic, clinical, 
and tumor volumetric information was extracted from the 
databases and imaging datasets by the individual study 
centers. The patients assigned to the training cohort were 
previously described to establish the classification system 
for the extent of resection, and a detailed overview of the 
data stratified per study center was provided.10 An addi-
tional external validation cohort was assembled and has 
not been previously reported.

Measurements of Tumor Volume for Patient 
Stratification

For volumetric assessment, tumors were manually delin-
eated on pre- and postoperative scans.10,13 Although vol-
umetric measurements were obtained from institutional 
raters rather than a centralized imaging review, sufficiently 
low inter-rater variability within our group was previ-
ously verified.10 Whenever possible, postoperative MRI 
was obtained within 72 h following resection.14 The total 

Importance of the Study

The residual postoperative tumor volume has been as-
sociated with survival in newly diagnosed glioblastoma. 
The interactive effects between the extent of resection 
and other prognostic factors on outcome are insuffi-
ciently understood. We, therefore, studied a molecularly 
and clinically well-defined cohort of 1003 patients with 
newly diagnosed IDH-wildtype glioblastoma. Based on 
this international seven-center cohort, we provide evi-
dence that the association between the extent of resec-
tion and outcome depends on other clinical markers. A 

novel easy-to-use risk score was designed which inte-
grates residual tumor volume, MGMT promotor status, 
age, and postoperative KPS to estimate survival on an 
individual patient level. Given that the prognostic value 
of the risk model was retained in an external valida-
tion cohort of 258 patients with glioblastoma, the novel 
RANO risk model may serve as a stratification tool to 
guide therapeutic management and to inform clinical 
trials, which will eventually help to reduce prognostic 
imbalances between study arms.
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Figure 1.  Baseline characteristics of patients with newly diagnosed glioblastoma assigned to the training cohorts. (A) Geographic represen-
tation of the seven neuro-oncological centers providing the training cohort (n = 1003) and the neuro-oncological center providing the training 
cohort (n = 258). (B) RANO classification for extent of resection in glioblastoma characterizing four distinct classes based upon residual tumor. 
(C) Distribution of RANO classes, MGMT promotor methylation status, and postoperative therapies across patients assigned to the training co-
hort. (D) Multivariate analysis for the training cohort using a Cox proportional hazard regression model estimating the hazard ratio for death. All 
included variables were of significance on univariate analysis. CE: contrast-enhancing; KPS: Karnofsky performance status. Hazard ratio ± 95% 
confidence interval.
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contrast-enhancing tumor was quantified on contrast-
enhanced T1-sequences, and non-contrast-enhancing 
tumor was measured on FLAIR- or T2-sequences.10 To dis-
tinguish non-contrast-enhancing tumor from edema or 
postsurgical changes, the anatomical tissue integrity of 
the surrounding parenchyma together with the signal in-
tensity compared to cerebrospinal fluid or normal white 
matter was considered as recently outlined and proven to 
be of prognostic relevance.4,10,13 Also, other standard-of-
care sequences (including non-enhanced T1-sequences) 
were reviewed to delineate hematoma from residual 
tumor. Moreover, raters ensured that postoperative FLAIR- 
or T2-abnormalities were not due to ischemic changes. 
For this purpose, diffusion-weighted images were util-
ized when deemed necessary by the raters. For multifocal 
disease, the volumetrics of each focus were summed to-
gether. Absolute tumor volumes measured in cm3 were de-
termined and patients were stratified following the RANO 
classification for extent of resection. Here, four prognos-
tically distinct classes are distinguished based on the re-
sidual tumor volume (Figure 1B).10 For the validation 
cohort from the Massachusetts General Brigham network 
(including Dana–Farber Cancer Institute), only information 
about a patient’s RANO class for the extent of resection 
but no detailed volumetric details were available for our 
review.

Definition of Clinical Endpoints

Patients were followed until death or date of database clo-
sure, with patients lost to follow-up being censored on the 
day of the last follow-up. Database closure was in February 
2022 for the training cohort, and March 2023 for the val-
idation cohort. Date of surgery (or biopsy if no open re-
section was performed) was set as date of diagnosis. To 
avoid overlap with a previously reported cohort from UCSF 
in which resection was provided between 1997 and 2017,8 
only UCSF patients in which initial surgery was performed 
after 2016 were included in the current study. The first MRI 
showing disease progression per RANO criteria was set as 
date of first recurrence.15 While a small subset of patients 
was evaluated using iRANO/mRANO criteria in the setting 
of clinical trials, this might not have confounded our anal-
ysis given that there is no difference in correlation with 
outcome compared to the RANO criteria.16 Progression-
free survival was defined as the time between diagnosis 
and first recurrence or death from any cause, and overall 
survival was defined as the time between diagnosis and 
death from any cause.

Statistics: Descriptive Statistics, Risk Modeling, 
and Validation of the Risk Model

Continuous variables were analyzed for normal distribu-
tion and equal variance by making use of the D’Agostino-
Pearson test. The unpaired Student’s t-test was applied 
to test for differences between two groups with para-
metric data, and the Mann–Whitney U-test was applied for 
non-parametric data. Data are expressed as mean ± SEM if 
not indicated otherwise, and range is given. The relation-
ship between the categorical variables of the two groups 

was analyzed using the χ2-test, and such variables are de-
scribed in absolute numbers and percentages.

For survival analysis stratifying two groups to a binary 
variable, Kaplan–Meier survival estimates and log-rank 
tests were computed. The proportional hazard assump-
tion was confirmed using scaled Schoenfeld residuals 
(versus time) and deviance residuals. For the calculation 
of the median follow-up, the reverse Kaplan–Meier method 
was applied. For univariable survival analysis of out-
comes depending on a continuous variable such as age, 
Cox proportional hazard regression models were calcu-
lated to estimate hazard ratios (HRs) and 95% confidence 
intervals (CIs). Markers of prognostic significance with a 
P-value ≤ 0.05 on univariate analysis were forwarded into 
a multivariable survival analysis using a Cox proportional 
hazard regression model.

To analyze the interactive associations of the extent of 
resection (measured as residual tumor) with other prog-
nostic molecular or clinical factors and survival, recur-
sive partitioning analysis divided the training cohort into 
different survival risk categories via the Stata model for 
the CART algorithm.17 Here, the response to one input 
variable depends on values of inputs higher in the tree. 
As such, the hierarchical structure of the decision-tree 
guarantees that interactions between predictors are auto-
matically modeled.18 Since residual tumor volume, age, 
O6-methylguanine DNA methyltransferase (MGMT) pro-
motor methylation status, and postoperative Karnofsky 
Performance Score (KPS) were found to be independently 
significant by multivariable analysis, they were included as 
potential splits in the decision tree. Age and postoperative 
KPS were dichotomized as binary variables by choosing 
clinically meaningful cut-offs (age: ≤ 65 years as character-
istic age defining elderly populations in study protocols19; 
postoperative KPS: ≥ 80 with ability to pursue normal ac-
tivity including work), which proved to be of significance 
on step-wise log-rank testing. Patients with incomplete in-
formation on those variables were dropped by the CART 
algorithm. The minimal number of events per node was 
set to 10 deceased patients, and splits are determined by 
martingale residuals of a Cox model to calculate (approx-
imate) chi-square values for possible cut-points of the 
covariates. Given that we aimed to construct a postoper-
ative risk model at a time before further therapy had been 
administered while the use of more aggressive postoper-
ative therapy was significant on multivariate analysis, we 
performed adjustment of our recursive partitioning anal-
ysis for postoperative therapy by incorporation of “post-
operative therapy” as a categorical variable in the Stata 
module for the CART algorithm. Terminal regression tree 
nodes were integrated into a single risk category if they 
did not differ when tested by log-rank survival analysis. 
To translate the resulting risk categories into a clinically 
easy-to-use risk model, we calculated an additive scoring 
system that represents the individual risk categories based 
on the absolute number of points. Points assigned for in-
dividual categories reflect the interactions predicted by 
the decision-tree analysis, and the score reflects the risk 
categories from the decision-tree analysis. The prognostic 
value of our calculated risk model was tested in an external 
validation cohort. Goodness-of-fit measurements (in-
cluding Harrell’s c-index, pseudo-R2 values, and the index 
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of prediction accuracy (IPA)) were compared between 
our risk model and previously postulated models.20,21 For 
calculation of the IPA, model Brier scores (at 18 months 
following diagnosis) and null model Brier scores were 
computed using the Stata model for risk prediction in sur-
vival analysis.22

The statistical analyses were performed using Prism 
(v10.2.1; GraphPad Software Inc., San Diego, CA) and Stata 
statistical software (v17.0; StataCorp LLC., College Station, 
TX). The significance level was set at P ≤ 0.05.

Data Availability Statement

Coded data can be accessed upon qualified request from 
the corresponding authors.

Results

Baseline Patient Characteristics: Training and 
Validation Cohorts

Clinical data from 1003 patients with newly diagnosed 
IDH-wildtype glioblastoma were assembled to serve as 
a seven-center training cohort, and information from 258 
different patients was collected to represent an external 
single-center validation cohort. All tumors were diag-
nosed according to the criteria proposed by the WHO 2021 
classification based on tissue-based neuropathological 
assessment.12 In the entire cohort of 1261 (training and 
validation) patients, the reported method to assess IDH 
status was next-generation sequencing (n = 455, 36.1%), 
pyrosequencing (n = 197, 15.6%), immunohistochemistry 
combined with pyrosequencing (n = 112, 8.9%), 
immunohistochemistry alone (n = 171; 13.6%), PCR (n = 7, 
0.6%), or not available for our review (n = 319, 25.3%).

In the training cohort, resection of the contrast-
enhancing and non-contrast-enhancing tumor was char-
acterized as “supramaximal” resection in 157 patients 
(15.7%; defined as RANO class 1), as “maximal” resec-
tion in 477 patients (47.6%; defined as RANO class 2), as 
“submaximal” resection in 263 patients (26.2%; defined as 
RANO class 3), and “biopsy” was provided in 106 patients 
(10.6%; defined as RANO class 4) (Figure 1C). A total of 755 
of 897 patients (84.2%) who underwent an open tumor re-
section received an MRI within 72 h after resection to de-
termine the residual tumor volume. In 156 patients (15.6%), 
surgical intervention resulted in new postoperative deficits 
of any kind. The most commonly encountered deficits were 
hemiparesis (30/156 patients, 19.2%), aphasia (17/156 pa-
tients, 10.9%), and visual field deficits (17/156 patients, 
10.9%). MGMT promotor status was methylated in 456 pa-
tients (45.5%), unmethylated in 350 patients (34.9%), and 
not available in 197 patients (19.6%). Following resection 
or biopsy, the vast majority of patients received concom-
itant radiochemotherapy (828 patients; 82.6%).2,3 At the 
time of database closure after a median follow-up time of 
38 months, 845 patients (84.3%) were found to have pro-
gressive disease and 667 patients (66.5%) were deceased. 
Median time until first progression was 8 months (CI: 8–9 
months), and overall survival was 17 months (CI: 16–18 

months). Differences between centers in clinical charac-
teristics as well as outcomes were previously reported in 
detail.10

For patients allocated to the validation cohort, there 
were no differences regarding demographics compared 
to the training cohort (Table 1). Here, information on the 
date of postoperative imaging timing was only avail-
able in a small subset of 16 patients, in which MRI was 
obtained within 72 h in 15 patients (93.8%). Compared to 
patients in the validation cohort, patients in the valida-
tion cohort had more favorable clinical features including 
more frequent presentation of tumors with subcortical an-
atomical localizations, higher postoperative KPS, smaller 
contrast-enhancing tumor volumes on preoperative im-
aging, and a higher rate of postoperative concomitant 
radiochemotherapy. However, patients in which surgical 
tumor resection was performed had generally less ex-
tensive resection as quantified by the “RANO classifica-
tion for extent of resection” compared to patients in the 
training cohort.

Identification of Prognostic Markers in the 
Training Cohort

To study the interactive associations of the extent of re-
section with other clinical or molecular markers and 
outcomes, we first delineated markers of prognostic rele-
vance in the training cohort. For this purpose, we tested 
a large set of patient characteristics for their associations 
with overall survival using a univariate analysis (Table 
2). The reported method to control for MGMT promotor 
methylation status was pyrosequencing (n = 774 patients, 
61.4%), methylation-specific PCR combined with Sanger 
sequencing (n = 112 patients, 8.9%), methylation-specific 
PCR only (n = 84 patients, 6.7%), or not available for our re-
view (n = 291 patients, 23.1%). Here, the following markers 
were favorably associated with overall survival: younger 
age (as continuous variable), methylated MGMT promotor 
methylation status (as binary variable), higher extent of 
resection per RANO class (as categorical variable), higher 
postoperative KPS (as continuous variable), superficial an-
atomical tumor localization (as categorical variable), and 
more intense first-line therapy following surgical interven-
tion (ie, any radiochemotherapy; as categorical variable). 
By computing a multivariate Cox proportional hazard re-
gression model, all these markers except tumor localiza-
tion retained their prognostic significance (Figure 1D). 
When testing clinically meaningful binary cut-offs for the 
continuous variables (age: ≤ 65 years as characteristic age 
defining elderly populations in study protocols19; post-
operative KPS: ≥ 80 with ability to pursue normal activity 
including work), those cut-offs yielded the greatest HRs 
between the two resulting groups. Notably, there was a 
step-wise decrease in the HR for death with lower RANO 
classes (reflecting more extensive resection) while the as-
sociations between outcome and postoperative manage-
ment were rather inconsistent depending on the exact 
type of postoperative therapy provided. When postoper-
ative therapy was removed from the multivariate model, 
the four key prognostic markers (age, MGMT promotor 
methylation status, RANO class, and postoperative KPS) 
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Table 1.  Characteristics for the training and external validation cohort of newly diagnosed IDH-wildtype glioblastoma. Characteristics are given for 
patients with newly diagnosed IDH-wildtype glioblastoma WHO grade 4 in the training cohort (n = 1003), in the external validation cohort (n = 258), 
and the overall cohort (n = 1261). Differences between the groups were assessed using the unpaired Student’s t-test (for parametric data) or the 
Mann–Whitney U-test (for non-parametric data) for continuous variables; and categorical variables were assessed by the χ2-test. Kaplan–Meier 
estimates and log-rank testing were used for survival analyses. (Sub-)cortical refers to the cortical grey matter and the subcortical white matter. 
Deep-seated refers to midline structure involvement (including thalamus, basal ganglia, hypothalamus, and mesencephalon). P-values are given, and 
asterisks indicate P ≤ 0.05.

Clinical characteristics Training cohort Validation cohort Total P-value

Overall n = 1,003 n = 258 n = 1,261

Demographics Age at diagnosis 
(years; range)

61.6 ± 0.4 (18–94) 60.9 ± 0.7 (23–94) 61.4 ± 0.3 (18–94) 0.187

M:F ratio 1:0.7 1:0.7 1:0.7 0.546

Clinical markers Preoperative KPS 
(median, range)

80 (20–100) n.a. - -

Postoperative KPS 
(median, range)

80 (10–100) 90 (50–100) 80 (10–100) *0.001

New 
postoperative def-
icit (n, %)

156 (15.6%) n.a. - -

IDH status (n, %) Wildtype 1,003 (100%) 258 (100%) 1,261 (100%) 1.000
Mutated 0 0 0

MGMT promotor (n, %) Methylated 456 (45.5%) 113 (43.8%) 569 (45.1%) *0.001
Non-methylated 350 (34.9%) 136 (52.7%) 486 (38.5%)
n.a. 197 (19.6%) 9 (3.5%) 206 (16.3%)

Localization at diag-
nosis (n, %)

(Sub-)cortical 759 (75.7%) 228 (88.4%) 987 (78.3%) *0.001

Deep-seated 123 (12.3%) 14 (5.4%) 137 (10.9%)
Multifocal 121 (12.1%) 16 (6.2%) 137 (10.9%)
Dominant 505 (50.3%) 133 (51.6%) 638 (50.6%) *0.001
Non-dominant 480 (47.9%) 109 (42.3%) 589 (46.7%)
n.a. 18 (1.8%) 16 (6.2%) 34 (2.7%)

Tumor volumes (cm3) Preoperative CE 32.8 ± 0.9 14.8 ± 1.0 29.1 ± 0.8 *0.001
Preoperative 
non-CE

59.0 ± 1.7 n.a. - -

Postoperative CE 4.1 ± 0.4 3.9 ± 0.3 4.1 ± 0.3 *0.001
Postoperative 
non-CE

36.9 ± 1.2 n.a. - -

RANO class for extent of 
resection

Class 1 
(“supramaximal”)

157 (15.7%) 11 (4.3%) 168 (13.3%) *0.001

Class 2 (“max-
imal”)

477 (47.6%) 51 (19.8%) 528 (41.9%)

Class 3 
(“submaximal”)

263 (26.2%) 180 (69.8%) 443 (35.1%)

Class 4 (“biopsy”) 106 (10.6%) 16 (6.2%) 122 (9.7%)
First-line therapy (n, %) RT only 63 (6.3%) 2 (0.8%) 65 (5.2%) *0.001

TMZ/RT→TMZ 744 (74.2%) 172 (66.7%) 916 (72.6%)
CeTeG 23 (2.3%) 2 (0.8%) 25 (2.0%)
TMZ alone 28 (2.8%) 5 (1.9%) 33 (2.6%)
TMZ/
RT→TMZ + ex-
perimental drug

61 (6.1%) 77 (29.9%) 138 (10.9%)

None or BSC 67 (6.7%) 0 67 (5.3%)
n.a. 17 (1.7%) 0 17 (1.4%)

Outcome Follow-up 
(months)

38 (33–45) 39 (33–56) 38 (34–44) *0.001

PFS (months) 8 (8–9) 8 (7–9) 8 (8–9) 0.089

OS (months) 17 (16–18) 20 (18–22) 18 (17–19) *0.003

Abbreviations: BSC: best supportive care. CeTeG: TMZ + CCNU/RT→TMZ + CCNU. CCNU: lomustine. CE: contrast-enhancing tumor. F: female. 
IDH: Isocitrate dehydrogenase. KPS: Karnofsky performance status. M: male. MGMT: O6-methylguanine DNA methyltransferase. n.a.: not avail-
able for review. non-CE: non-contrast-enhancing tumor. OS: overall survival. PFS: progression-free survival. RANO: Response Assessment In 
Neuro-Oncology. RT: radiotherapy. TMZ: temozolomide. -: not applicable.
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remained of significance while any trend was lost for the 
variable denoting tumor localization.

Developing an Integrative Risk Model for 
Outcome: Decision-Tree Analysis

Based on the training cohort of patients with newly diag-
nosed glioblastoma, we aimed to construct a postopera-
tive risk model that is prognostic for survival by weighting 
prognostic clinical and molecular markers. We forwarded 
the factors that were of significance in multivariate as-
sessment into a recursive partitioning analysis to build an 
integrative risk model (Figure 2A). Complete information 
for all selected variables was available in 771 of the 1003 
patients (76.9%) assigned to the training cohort, and only 
those patients were therefore available for decision-tree 
analysis. To enhance clinical usability by simplification, 
we used a dichotomized definition of the variables “age” 
and “postoperative KPS” for splitting the tree. Given that 
our risk model aimed to serve as a postoperative stratifi-
cation tool while the type of postoperative therapy was 
indeed a prognostic marker on multivariate analysis, the 
type of postoperative management was not included as 
a covariate but as a stratification factor for the decision 
tree. Making use of repetitive tree splitting, the presence 
of 11 terminal leaves was computed (minimal HR: 0.57, 
maximal HR: 3.92). By post-hoc combination of terminal 
decision tree leaves with no differences in log-rank sur-
vival analysis, three distinct risk categories were identi-
fied (Figure 2B):

•	 Risk category I (n = 312; three leaves): patients with any 
open cytoreductive resection, a postoperative KPS ≥ 80, 
methylated MGMT promotor (or unmethylated MGMT 
promotor with “supramaximal” resection), and ≤ 65 
years (or > 65 years with “supramaximal” or “maximal” 
resection);

•	 Risk category II (n = 348; five leaves): patients with a post-
operative KPS ≥ 80 following “submaximal” resection, 
methylated MGMT promotor, and > 65 years; patients 
with a postoperative KPS ≥ 80 following “maximal” or 
“submaximal” resection and unmethylated MGMT pro-
motor; patients with a postoperative KPS < 80 following 
any open cytoreductive resection and ≤ 65 years (or > 65 
years with “supramaximal” or “maximal” resection); 
and patients with a postoperative KPS ≥ 80 following bi-
opsy and ≤ 65 years;

•	 Risk category III (n = 111; three leaves): patients with a 
KPS < 80 following “submaximal” resection and > 65 
years; patients with a biopsy and > 65 years (or ≤ 65 
years with a KPS < 80).

Overall survival was most favorable for patients assigned 
to risk category I, followed by patients in risk category II, 
while patients in risk category III had the least favorable 
outcome (24 (CI: 21–27) versus 16 (CI: 15–18) versus 6 (CI: 
4–8) months; P = 0.001). Similar observations were made 
when progression-free survival was used as an endpoint, 
and each of the three risk categories corresponded to dis-
tinct outcomes (11 (CI: 10–12) versus 9 (CI: 8–9) versus 3 (CI: 
3–4) months; P = 0.001). Patients within an individual risk 
category therefore did not differ in outcome.

Conversion of the Risk Model into an Additive 
Score

To determine a patient’s individual postoperative risk in a 
simplified way, we translated the three risk categories into 
an additive composite score (entitled “RANO risk score 
for postoperative outcome”). Here, the presence of the 
four prognostic key factors (RANO class for the extent of 
resection, postoperative KPS, age, and MGMT promotor 
methylation status) is acknowledged on an individual point 
scale (Figure 3A). The total score represents the sum of the 
points which is individually designated to each of the prog-
nostic factors, and ranges from zero to nine points. The fac-
tors “age” and “MGMT promotor methylation status” are 
weighted depending on the presence of other risk factors 
as predicted by the decision-tree analysis. By calculating 
the total score, patients characterized by a low (0–2 points; 
risk category I), intermediate (3–5 points; risk category II), 
and high risk (6–9 points; risk category III) for poor postop-
erative outcome can be distinguished.

The prognostic value of the three risk categories was 
conserved in the training cohort subgroup of patients who 
were homogenously treated according to the EORTC-NCIC 
protocol (TMZ/RT→TMZ) (Figure 3B),23 and this notion 
held true when only patients with (sub-)cortical tumor lo-
calization were included. Also, the prognostic relevance of 
the risk model was retained in patients who were managed 
with other therapeutic approaches. In addition, not only 
the risk category per se but also the absolute point score 
was associated with the outcome. An exponential increase 
in HR for death was predicted for each additional point on 
the risk score as displayed by univariate Cox proportional 
hazard regression modeling (with the cumulative risk score 
being considered as continuous variable) (Figure 3C).

External Validation and Comparison with Other 
Risk Models

To confirm the prognostic relevance of our risk model and 
minimize the risk that the observed differences in outcome 
between the risk categories are due to overfitting, we ex-
plored whether the prognostic relevance of our risk model 
holds true in an external dataset. Complete information on 
the four key variables necessary to calculate our risk model 
was available in 210 of the 258 patients (81.4%) assigned 
to the validation cohort (Figure 4A). Reflecting the different 
clinical characteristics compared to the training cohort 
(Supplementary Table S1), a lower fraction of patients was 
assigned to risk category III. Based on these patients, the 
value of our risk model was substantiated given that the 
presence of three prognostically distinct classes was de-
tected (Figure 4B). Here, the overall survival of the 54 pa-
tients assigned to risk category I was most favorable with 
37 (24–79) months, while the 141 patients in risk category II 
had an intermediate outcome of 19 (CI: 16–20) months, and 
the 15 patients denoted as risk category III had a poor sur-
vival of 11 (CI: 5–17) months (P = 0.001). Notably, here we 
found the prognostic value of our risk model not only re-
tained in the subgroup of patients treated per EORTC-NCIC 
protocol (even when limited to patients with (sub-)cortical 
tumor localization; Figure 4C) but also with other manage-
ment approaches (Figure 4D).
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Finally, we aimed to put our risk model into the perspec-
tive of available tools for patient stratification in the setting 
of prospective clinical trials by providing a head-to-head 
comparison with previously postulated risk models for 
newly diagnosed glioblastoma (Figure 4E). Making use of 
our training cohort as well as our validation cohort, we com-
puted goodness-of-fit measurements for our risk model, the 
simplified RTOG RPA model by Li and colleagues (three risk 
groups),24 the RPA model by Molinaro and colleagues (four 
risk groups),8 and the GBM-molRPA model by Wee and col-
leagues (three risk groups).25 As indicated by the calculated 
Harrel’s c-indices and supported by the pseudo-R2 values, 
our risk model was superior in concordance between pre-
dicted with observed survival compared to the three other 

risk models. Also, the simplified RTOG RPA model as well 
as the RPA model proposed by Molinaro and colleagues 
even failed to discriminate between different risk groups 
in our cohorts. While both our risk model and the GBM-
molRPA distinguished three risk groups characterized by 
distinct outcomes, the latter model was designed prior to 
the current WHO 2021 classification with its restriction of 
the diagnosis of glioblastoma to IDH-wildtype tumors. As 
one of three groups in the GBM-molRPA model originally 
compromised mainly patients with IDH-mutant tumors, the 
application of the GBM-molRPA model to an IDH-wildtype 
cohort such as ours virtually only distinguished two out-
come groups. The findings on most favorable goodness-of-
fit measurements for our risk model also held true when 

Table 2.  Univariate Cox proportional hazard model for patients with newly diagnosed IDH-wildtype glioblastoma from the training cohort. Univariate 
analysis testing information on tumor volumetrics together with demographic, clinical, and molecular markers using Cox proportional hazard models 
among patients with newly diagnosed IDH-wildtype glioblastoma assigned to the training cohort (n = 1003). Hazard ratio, 95% confidence interval, 
and P-value are given for analyzed variables. (Sub-)cortical refers to the cortical grey matter and the subcortical white matter. Deep-seated refers to 
midline structure involvement (including thalamus, basal ganglia, hypothalamus, and mesencephalon). Asterisks indicate P ≤ 0.05.

Univariate analysis for the training cohort

Variable Type of variable Overall survival

Hazard ratio 95% confidence interval P-value

RANO class

RANO class (categorical) 1 (“supramaximal”) 0.28 0.2–0.4 *0.001

2 (“maximal”) 0.40 0.3–0.5 *0.001

3 (“submaximal”) 0.50 0.4–0.7 *0.001

4 (“biopsy”; reference level) – – –

RANO class (continuous) continuous 1.44 1.3–1.6 *0.001

Demographics

Sex Male (versus female) 1.01 0.9–1.2 0.065

Age (years) Continuous (older) 1.03 1.02–1.04 *0.001

>65 years (versus ≤ 65 years) 1.8 1.5–2.0 *0.001

Clinical markers

Postoperative KPS Continuous (higher) 0.98 0.97–0.99 *0.001

≥80 (versus < 80) 0.56 0.5–0.7 *0.001

New postoperative deficit No (versus yes) 1.12 0.7–1.1 0.264

Tumor localization Subcortical 0.68 0.5–0.9 *0.001

Deep-seated 1.06 0.8–1.4 0.689

Multifocal (reference level) – – –

Affected hemisphere Dominant (versus non-dominant) 1.01 0.9–1.2 0.840

Molecular markers

MGMT promotor status Unmethylated (versus methylated) 1.43 1.2–1.7 *0.001

Management following surgery

Further first-line therapy TMZ/RT→TMZ + experimental 0.25 0.2–0.4 *0.001

CeTeG 0.31 0.2–0.6 *0.001

TMZ/RT→TMZ 0.42 0.3–0.6 *0.001

Radiotherapy only 0.77 0.5–1.2 0.198

Temozolomide only 0.82 0.5–1.4 0.452

No further therapy (reference level) – – –

Abbreviations: CeTeG: TMZ + CCNU/RT→TMZ + CCNU. KPS: Karnofsky Performance Score. MGMT: O6-methylguanine DNA methyltransferase. 
RANO: Response Assessment In Neuro-Oncology. RT: radiotherapy. TMZ: temozolomide.
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Newly diagnosed IDH-wildtype glioblastoma (n = 771)

Open resection (RANO class 1-3)
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RANO class 1-2

Risk category 1

n (patients) = 312 versus 348 versus 111
n (events) = 172 versus 219 versus 82

*p = 0.001

mOS: 24 versus 16 versus 6 months

Risk category 2 Risk category 3

RANO class 3

Risk category I

100

75

50

O
ve

ra
ll 

su
rv

iv
al

 (
%

)

25

0

0

No. at risk 

Risk category I 312

348

111

217

181

16

101

45

1

50

21

1

27

5

1

9

4

1

6

3

1

Risk category II

Risk category III

12 24

Time from diagnosis to death (months)

36 48 60 72

n (patients) = 312 versus 348 versus 111
n (events) = 240 versus 288 versus 101

*p = 0.001

mPFS: 11 versus 9 versus 3 months100

75

50

P
ro

g
re

ss
io

n
-f

re
e 

su
rv

iv
al

 (
%

)

25

0

0

312

348

111

116

78

4

46

23

1

21

9

1

10

5

1

4

3

1

4

2

1

12 24

Time from diagnosis to first recurrence (months)

36 48 60 72

Risk category II Risk category III

HR 0.57

(n = 190)

HR 0.79

(n = 70)

HR 1.41

(n = 27)

HR 1.22

(n = 176)

HR 1.15

(n = 89)

HR 1.37

(n = 36)

HR 3.92

(n = 26)

HR 0.90

(n = 20)

HR 3.06

(n = 17)

HR 3.16

(n = 68)

HR 0.75

(n = 52)

KPS ≥80

MGMT methylated MGMT unmethylated

Age ≤65 years

Age ≤65 years

Age ≤65 years Age >65 years

Age >65 years

Age >65 years

KPS <80
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Figure 2.  Identification of risk categories by recursive partitioning analysis. (A) Decision-tree analysis for the training cohort integrating the four variables (extent 
of resection, MGMT promotor status, KPS, and age) which were of significance on multivariate analysis. Variables are incorporated as categorical factors, and 
three distinct risk categories were identified by combination of the terminal decision tree leaves. Note that only patients from the training cohort in which informa-
tion for all four variables were available were included (n = 771), and adjustment for postoperative therapy was applied. Reference to the median overall survival 
of the training cohort was used by the algorithm. (B) Kaplan–Meier estimates of overall and progression-free survival for training cohort patients stratified to risk 
category I (n = 312) compared to risk category II (n = 348) or risk category III (n = 111). Points indicate deceased or censored patients, light shading indicates SEM.
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the external validation cohort was restricted to the 145 pa-
tients in which complete information to calculate all four 
risk models was available.

Discussion

In 2024, it is expected that more than 12,000 patients will 
be diagnosed with an IDH-wildtype glioblastoma in the 
United States.26 Acknowledging the poor median overall 
survival of 12–17 months,27 novel treatment strategies are 
desperately needed and clinical trials for innovative thera-
peutic interventions in addition to radiochemotherapy are 
regularly offered to affected patients.2,3 Based on molec-
ularly well-defined contemporary cohorts of newly diag-
nosed glioblastoma, we propose a prognostic stratification 
tool for risk assessment to minimize imbalances between 
study arms. This easy-to-use risk model exhibits major im-
plications for the design of clinical trials and may guide 
clinical patient management.

The RANO risk score individually classifies newly diag-
nosed patients prior to further postoperative therapy as 
being at low, intermediate, or high risk for poor postopera-
tive survival by integrating clinical and molecular variables 
into an additive scoring system based on the decision-
tree analysis. Given that three distinct survival categories 
were also observed in the external validation dataset, we 
ruled out that the prognostic associations of lower scores 
with more favorable outcomes were induced by the pres-
ence of unknown confounders or modeling errors. Our ex-
ploratory analysis might implicate associations of higher 
scores with outcomes even within the same risk category, 
but the limited sample size does not allow definitive con-
clusions from such a post-hoc analysis. With the extent of 
tumor resection being predicted to represent the primary 
node by recursive partitioning analysis, this points toward 
a substantial prognostic relevance of resection which cor-
roborates prior findings from prospective trials reporting 
that patients with lower residual contrast-enhancing tumor 
volumes experience substantially longer survival.28,29 The 
previously established RANO classification represents an 
objective and validated tool to quantify the extent of re-
section,10,30–32 and the current data highlight that resection 
beyond the contrast-enhancing borders might convey an 
additional survival benefit.4 Importantly, both the decision-
tree analysis or the risk score might be equally used to as-
sign individual patients to their risk category as the score 
reflects the results from the recursive partitioning analysis.

Making use of a decision-tree design, our risk model 
adds granularity to the assumption of a prognostic role 
for resection by recognizing other prognostic factors such 
as neurological function,9 MGMT promotor methylation 
status,33 and age.19,34 The notion of the interactive effects 
between risk factors and surgery is exemplified by the sa-
lient association of supramaximal resection with outcome 
in tumors with unmethylated MGMT promotor status, 
while no difference between supramaximal and max-
imal resection was predicted in patients with methylated 
MGMT promotor status (while both categories being su-
perior to submaximal resection). This finding is in line with 
prior studies indicating survival benefits of more extensive 

resection particularly in unmethylated tumors,28 which 
might be due to the absence of effects from alkylating 
chemotherapy to mitigate the unfavorable effects of re-
sidual postoperative disease.2,3 Importantly, the induction 
of substantial neurologic deficits may negate the benefit 
of more extensive resection as acknowledged by our risk 
model.35,36 There was no difference in outcome between 
older patients in which biopsy was provided compared to 
older patients in which subtotal open resection with a poor 
postoperative performance was administered. Here, our 
data might be interpreted in accordance with the prospec-
tive, controlled ANOCEF trial which failed to demonstrate 
the superiority of open resection over biopsy in individ-
uals over 70 years of age37; and it is tempting to speculate 
that fewer complete resections in this vulnerable patient 
cohort might have contributed to the negative results of 
the ANOCEF trial. In turn, it remains to be seen in future 
prospective, randomized trials whether a biopsy is per se 
associated with worse outcomes (compared to subtotal re-
section) or whether a biopsy is only an indirect surrogate 
parameter for a less favorable clinical risk profile.

In our two study cohorts, the RANO risk score was supe-
rior in predicting accurate outcomes of individual patients 
compared to other risk models. This might be due to the 
fact that other models were predominantly developed in 
the era prior to the WHO 2021 classification,12 and also due 
to the detailed integration of the extent of resection into 
our decision-tree analysis. Further statistical power might 
be added by determining category-specific cut-offs for con-
tinuous variables (including KPS and age) or by the inclu-
sion of in-depth genetic information into the risk model,38 
while it will be of importance to conserve simple clinical 
applicability for routine clinical management and retro-
spective availability of data to post-hoc assign patients to 
their risk categories. Although we corrected our statistical 
approach for further therapy to create a postoperative risk 
tool, validation in prospective (homogenously treated) co-
horts with a standardized follow-up (imaging) protocol and 
inclusion criteria (such as tumor localization) is warranted 
to herald the introduction of our RANO risk score into the 
design of glioblastoma trials. Given that we did not apply 
a central slide review in our cohort, we also cannot rule 
out that a small subset of patients with an H3K27-altered 
diffuse midline glioma might have been missed. This spe-
cifically also includes uncertainty about whether testing for 
both IDH1 and IDH2 was performed in younger patients, 
and also which cutoff was applied for MGMT methylation 
status assessment. Acknowledging a high level of surgical 
neuro-oncological expertise in the contributing study cen-
ters, the generalizability of our findings on the prognostic 
associations with the risk score and outcome to centers 
with lower case volumes is to be assessed. In this context, 
more robust yet refined reporting systems for postop-
erative neurological function are mandatory to be devel-
oped.39 Also, data on surgical adjuncts or Carmustine wafer 
implantation were not available for review as we only con-
trolled for residual tumor volume as a measurement of sur-
gical success. Furthermore, it also remains to be elucidated 
whether the prognostic value of the risk score is retained in 
a recurrent disease setting (where supramaximal resection 
beyond the contrast-enhancing tumor borders might be of 
less relevance).5
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Risk category I:
low risk profile
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Figure 3.  RANO risk score for postoperative outcome. (A) Additive scoring system serving to assign patients to one of the three distinct risk 
categories based on the total score. Note that each factor is individually weighted, and the individual points dedicated to the two factors MGMT 
promotor status and age depend on the presence of other risk factors. (B) Kaplan–Meier estimates of overall survival for training cohort patients 
which received postoperative radiochemotherapy (TMZ/RT→TMZ; n = 577) or other management approaches (n = 194). Patients are stratified 
into three risk categories based on the RANO risk score, and three prognostically distinct groups can be seen in both patient cohorts. Points in-
dicate deceased or censored patients, light shading indicates SEM. (C) Hazard ratios for death depending on the total score calculated among 
training cohort patients treated with postoperative radiochemotherapy (TMZ/RT→TMZ; n = 577) or other management approaches (n = 194). The 
cumulative RANO risk score was modelled as continuous variable, and an exponential hazard increase can be observed for higher scores.
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258 IDH-wildtype
glioblastoma patients as
external validation cohort

210 IDH-wildtype
glioblastoma patients with

sufficient clinical data48 patients excluded
39 postoperative KPS not available
9 MGMT status not available
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n (patients) = 54 versus 141 versus 15
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#p = 0.001
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#p = 0.001
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*0.001

*0.001

0.67
(0.6-0.7)

0.63
(0.6-0.7)

0.63
(0.6-0.7)

0.60
(0.6-0.6)

19.5%

9.6%

7.5%

7.3%

Legends:

12.8%

8.7%

5.3%

6.6%

*0.001

0.051

**0.572

*0.001

0.62
(0.6-0.7)

0.56
(0.5-0.6)

**0.51
(0.5-0.6)

0.59
(0.5-0.6)

12.6%

3.3%

**0.9%

10.7%

11.6%

3.3%

**–0.9%

6.3%

IPA: index of prediction accuracy defined as IPA = 1 – (model Brier score [18 months ]/null model Brier score [18 months])
*The variable 'able to work' was defined with a KPS of 80 and more.

**The size of the validation cohort for the RPA proposed by Molinaro et al. was only n = 135 due to missing variables on pre- or post--operative
tumor volumes. Calculated measurements need therefore to be interpreted with a high level of caution.

***No IDH-mutant tumors were included given that the WHO 2021 classification restricted the diagnosis of glioblastoma to IDH-wildtype tumors.
Accordingly, RPA class 1 originally including also IDH-mutant tumors was limited in size (exploratory cohort: n = 97; validation cohort: n = 6)

A

CB

D

E

Figure 4.  External validation and comparison with other risk models. (A) Schematic representation of the formation of the final validation co-
hort exclusively including IDH-wildtype glioblastomas in which complete information to calculate the RANO risk score were available (n = 210). 
(B)–(D) Kaplan–Meier estimates of overall survival for patients in the validation cohort displayed for the overall cohort (B) and for the subgroups 
of patients treated with postoperative radiochemotherapy (C; TMZ/RT→TMZ; n = 132) or other management approaches (D; n = 78). Note that 
the presence of three distinct survival groups was confirmed. Points indicate deceased or censored patients, light shading indicates SEM. (E) 
Goodness-of-fit measurements including Harrell’s c-index and pseudo-R2 values for the RANO risk score model, the simplified RTOG RPA model, 
the RPA described by Molinaro and colleagues (2020), and the GBM-molRPA. Measurements were assessed separately for the training (n = 771) 
and validation cohort (n = 210).
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Collectively, we herein introduce the easy-to-use yet 
highly prognostic “RANO risk score for postoperative 
outcome” to assign glioblastoma patients into distinct 
categories according to the expected postoperative sur-
vival. The model reflects the integration of prognostic 
markers into a single measurement and aims to serve to 
reduce imbalances between study arms in the setting of 
clinical trials.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (https://academic.oup.com/neuro-oncology).
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