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Abstract

Background. Terminology to describe extent of resection in glioblastoma is inconsistent across clinical trials. A sur-
gical classification system was previously proposed based upon residual contrast-enhancing (CE) tumor. We aimed
to (1) explore the prognostic utility of the classification system and (2) define how much removed non-CE tumor
translates into a survival benefit.

Methods. The international RANO resect group retrospectively searched previously compiled databases from 7
neuro-oncological centers in the USA and Europe for patients with newly diagnosed glioblastoma per WHO 2021
classification. Clinical and volumetric information from pre- and postoperative MRI were collected.

Results. We collected 1,008 patients with newly diagnosed IDHwt glioblastoma. 744 IDHwt glioblastomas were
treated with radiochemotherapy per EORTC-26981/22981 (TMZ/RT—TMZ) following surgery. Among these homog-
enously treated patients, lower absolute residual tumor volumes (in cm?) were favorably associated with outcome:
patients with “maximal CE resection” (class 2) had superior outcome compared to patients with “submaximal CE
resection” (class 3) or “biopsy” (class 4). Extensive resection of non-CE tumor (<5 cm3 residual non-CE tumor) was
associated with better survival among patients with complete CE resection, thus defining class 1 (“supramaximal
CE resection”).The prognostic value of the resection classes was retained on multivariate analysis when adjusting
for molecular and clinical markers.

Conclusions. The proposed “RANO categories for extent of resection in glioblastoma"” are highly prognostic and may
serve for stratification within clinical trials. Removal of non-CE tumor beyond the CE tumor borders may translate
into additional survival benefit, providing a rationale to explicitly denominate such “supramaximal CE resection.”
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The proposed RANO categories provide a tool to stratify extent of resection in

glioblastoma.

Residual contrast-enhancing (CE) and non-CE tumor is associated with outcomes.

The prognostic value of residual tumor volume is independent from molecular or
clinical markers.

Importance of the Study

Extent of resection is associated with overall survival
in glioblastoma patients. However, terminology to de-
scribe extent of resection varies substantially across
clinical studies. Based on a molecularly and clinically
well-defined cohort of 1008 /DHwt glioblastoma patients
from 7 centers in the US and Europe, we designed an
easy-to-use yet highly prognostic classification system
entitted “RANO categories for extent of resection in
glioblastoma” resting upon residual tumor volume on
postoperative MRI. Here, categories describing smaller

In glioblastoma, microsurgical resection—whenever pos-
sible—forms the basis for further medical therapies and
represents the standard of care which is followed by
radiochemotherapy.'? Prior studies provided evidence that
larger extent of resection (EOR) is associated with more fa-
vorable outcome.>7 However, the terminology used to de-
scribe EOR has been inconsistently applied across clinical
studies; hampering comparative analyses between different
reports or institutions. Here, EOR has often been defined
based upon the proportion of removed tumor although
more recent studies suggest that the absolute residual
tumor volume might be prognostically more relevant.58°
Based on these considerations, we previously proposed an
evidence-based classification system to standardize termi-
nology for EOR in glioblastoma.'®This classification system
incorporates the relative tumor volume reduction (in per-
centage), but more importantly also the absolute residual
tumor volume (in cm3).

Whereas former studies mainly focused on re-
section of contrast-enhancing (CE) tumor, the con-
cept of “supramaximal” resection beyond CE tumor
borders emerges."'? Despite recent evidence supporting
an additional survival benefit when removal of sur-
rounding non-CE tumor is provided,>®' the cut-off values
for non-CE tumor volumes which need to be removed to
convey a prognostic benefit have not been systematically
determined. As such, our previously proposed classifica-
tion system remained descriptive and lacked a clear volu-
metric definition for such a “supramaximal” resection.’”To
fill this gap, we, the multi-center and -professional RANO
resect group, retrospectively assembled a large cohort of
clinically, volumetrically, and molecularly well-annotated

volumes of postoperative contrast-enhancing (CE) but
also non-CE tumor were associated with improved
outcomes. The prognostic value of the RANO classes
was retained on a uni- and multivariate analysis when
stratifying for clinical and molecular markers including
06-methylguanine-DNA methyltransferase promotor
methylation status. The RANO categories may there-
fore serve as a stratification tool for clinical trials on
glioblastoma.

patients with newly diagnosed glioblastoma per WHO
2021 classification. We explored the prognostic utility of
our previously proposed surgical classification system in a
clinical setting of high-volume centers. Moreover, we ana-
lyzed how much non-CE tumor may need to be removed to
translate into a survival benefit, thus refining the potential
definition of “supramaximal” resection.The resulting clas-
sification system was then refined for simplicity and tested
and potential confounders using a multivariate model for
its prognostic relevance and potential confounders.

I
Methods

Clinical metadata were collected after approval from the
institutional review boards or ethics committees at each
participating center and sent for centralized analysis to the
main study center at the Ludwig-Maximilians-University
(Munich, Germany). Centralized data storage and anal-
ysis was approved by the ethics committee of the Ludwig-
Maximilians-University (AZ:21-0996). PRISMA guidelines
were followed whenever applicable (Supplementary
Table 1). Details on the study protocol and popula-
tion, volumetrics, endpoints, and statistics are given in
Supplementary Methods 1.

Study Population

RANO resect investigators queried institutional databases
at 7 neuro-oncological centers in Europe and the US for
patients with newly diagnosed glioblastoma (Figure 1A).
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MGMT methylated (n = 464) — MGMT unmethylated (n =360)  not shown: MGMT unavailable (n = 197)

Fig.1 Baseline characteristics of the entire study cohort including 1,021 glioblastoma patients. (A) Schematic localization of the 7 participating
neuro-oncological centers. (B-D) Distribution of IDH mutation status (B), MGMT promotor status (C), and first-line therapies (D) across the en-
tire study cohort (n = 1,021). (E-H) Kaplan—Meier estimates of progression-free survival (E and G) and 0S (F and H) for the entire study cohort
(n=1,021). Curves are given for patients stratified according to the respective study center (E and F) and MGMT promotor status (G and H).
Points: deceased/censored patients; shading: SEM.



Patients were selected based on the following criteria:
(1) tissue-based diagnosis of previously untreated IDH-
wildtype glioblastoma meeting the WHO 2021 classifica-
tion'; (2) pre- and postoperative MRI available for review
(including contrast-enhanced T1- and T2/FLAIR-sequences);
and (3) follow-up of >3 months after histopathological
diagnosis of glioblastoma. Patients were consecutively
treated at the individual institutions and no further search
criteria were applied to avoid the introduction of unneces-
sary confounders. A standardized set of demographic, clin-
ical, and volumetric information were extracted from the
databases (Supplementary Table 2).

Volumetric Image Analysis and Inter-Rater
Variability

Tumor volumes were quantified on pre- and postoperative
MRI (obtained <72 h after surgery whenever possible).’
Tumor volumes were delineated using the preferred institu-
tional software (BrainLab Smartbrush, Philips IntelliSpace
Discovery, 3D Slicer). Total CE tumor was measured on
contrast-enhanced T1-sequences and non-CE tumor (de-
fined as signal alterations beyond the enhancing tumor
borders) on FLAIR (if not available: T2)-sequences. Raters
ensured that postoperative FLAIR/T2-abnormalities were
not surgically induced edema or ischemia. We recorded
absolute volumes (in cm?), and calculated relative volume
reduction (in percentage) as follows: ”[(volumepasmperaﬁve
volumepreoperaﬁve)] x 100" To allow quantification of the
inter-rater variability across the different study centers, an
identical set of 12 pre- and postoperative MRIs was ana-
lyzed at each study center and data were re-transferred to
the main study center for further analysis.

Patient Classification According to EOR

The previously proposed classification system for EOR in
glioblastoma formed the basis for initial patient stratifi-
cation.'® Patients were classified based upon the relative
tumor volume reduction (in percentage) and absolute re-
sidual tumor volume (in cm?) as follows:

e “supramaximal resection of CE tumor”. beyond CE
tumor borders (cut-off values remain to be defined);

e “complete resection of CE tumor”: removal of all CE
tumor;

e “near total resection of CE tumor”: 95%-99.9% CE tumor
reduction + <1 cm? residual CE tumor;

e “subtotal resection of CE tumor”: 80%-94.9% CE tumor
reduction + <5 cm? residual CE tumor;

e “partial resection of CE tumor”: <80% CE tumor reduc-
tion + >5 cm? residual CE tumor (administered for mass
effect-related symptoms); or

e “bjopsy” no tumor reduction (intervention done for
tissue-based diagnosis only).

Statistics

Continuous variables were tested for normal distribu-
tion and equal variance using the D’Agostino-Pearson-
test. Differences between 2 groups were analyzed by the

V
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unpaired Student’s t-test, and differences between mul-
tiple groups were analyzed by a 1-way ANOVA. For non-
parametric data, we used the Mann-Whitney U-test for 2
groups and the Kruskal-Wallis test for multiple groups.
The relation between pre- and postoperative tumor vol-
umes was assessed using the Pearson correlation coeffi-
cient (r), and prediction models were built using simple
linear regression. Data are expressed as mean + SEM, and
range is given. Categorical variables are described in ab-
solute numbers and percentages. Relationships between
categorical variables were analyzed using the y3-test. For
univariate survival analysis, Kaplan—-Meier survival esti-
mates and log-rank tests were calculated. Progression was
assessed per RANO criteria.’® For multivariate survival
analysis, Cox proportional hazard regression models were
constructed to compute hazard ratios (HR) and 95% confi-
dence intervals (Cl). Markers were first assessed on univar-
iate analysis and forwarded into the multivariate model if
significant on univariate analysis. Assumptions of propor-
tional hazards and linearity were confirmed using scaled
Schoenfeld residuals (vs time) and deviance residuals.
Inter-rater agreement on volumetrics was evaluated by de-
termining the intraclass correlation coefficient (/ICC; relia-
bility: <0.5: poor, 0.5-0.75: moderate, 0.75-0-9: good, >0.9:
excellent). Statistical analyses were performed using Prism
(v9.3.1; GraphPad Software Inc., San Diego, CA) and Stata
statistical software (v17.0; StataCorp LLC., College Station,
TX). The significance level was set at P<.05. Coded data
can be accessed upon qualified request from the authors.

Results
Baseline Patient Characteristics

Data from 1021 glioblastoma patients diagnosed between
2003 and 2022 were collected (Table 1). In the entire co-
hort, male-to-female ratio was 1:0.7, mean age at diagnosis
was 61.5 + 0.4 years (18-97 years), and median preopera-
tive Karnofsky Performance Status (KPS) was 80% (20%—
100%). All tumors were assigned to WHO grade 4 meeting
WHO 2021 classification,’ IDH-wildtype was documented
in 1,008 patients (97.8%; unavailable in 13 patients, 1.3%).
06-methylguanine-DNA methyltransferase (MGMT) pro-
motor status, when reported, was methylated in 464 pa-
tients (45.5% of entire cohort; 56.3% of MGMT reported)
and unmethylated in 360 patients (35.3% of entire cohort;
43.7% of MGMT reported) (Figure 1B and C). Surgical re-
section was well tolerated with 161 patients (15.8%) experi-
encing new neurologic deficits which were generally mild.
The vast majority of patients underwent postoperative
radiochemotherapy (82.5%; including regimens utilizing
temozolomide, lomustine, or both) following surgical in-
tervention (Figure 1D). Median progression-free survival
was 8 (Cl: 8-9) months (860 patients with progressive dis-
ease; 84.2%) and median overall survival (OS) was 17 (Cl:
16-18) months (681 deceased patients; 66.7%) at a median
follow-up of 38 (Cl: 33-45) months consistent with recent
outcome data for IDH-wildtype glioblastoma (Figure 1E
and F)."718 At time of final data collection, 161 (15.8%) pa-
tients were not progressive with a median follow-up of 7
(Cl:5-9) months and 340 patients (33.3%) were alive with a
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Fig. 2 Stratification according to extent of CE tumor resection and prognostic implications. (A) Stratification of all patients undergoing micro-
surgical tumor resection (n = 910) according to the previously proposed classification system based on extent of CE tumor resection. (B and C)
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median follow-up of 12 (Cl:10-13) months including 141 pa-
tients lost to follow-up (not seen for > 12 months). Among
patients with reported MGMT promotor status, methyl-
ation was strongly associated with favorable outcomes
(Figure 1G and H)."®20

Stratification According to the Classification
System and Prognostic Implications of CE Tumor
Resection

Sufficient volumetric information to analyze surgical results
as measured by extent of CE tumor resection was available
in 1,016 patients, including 910 individuals (910/1,016 pa-
tients, 89.6%) in whom microsurgical tumor resection was
provided and 106 individuals (106/1,016 patients, 10.4%)
who underwent a stereotactic biopsy. Based on the pre-
viously proposed classification system,' patients under-
going primary tumor resection were stratified into 1 of 4
categories: “complete CE resection” (471/910 patients,
51.8%), “near total CE resection” (143/910 patients, 15.7%),
“subtotal CE resection” (197/910 patients, 21.7%), and
“partial CE resection” (99/910 patients, 10.9%) (Figure 2A).
Median preoperative CE tumor volume was 26.4 + 1.0 cm?
(0-192 cm?3) in patients undergoing microsurgical resection.
No residual CE tumor was detected in most cases with a
median postoperative CE volume of 0 + 0.1 cm?® (0-45 cm?)
and a median percentage of 100 +0.4% (0%-100%) CE
tumor resected, with 493 patients having some residual
CE tumor (Figure 2B and C). Notably, pre- and postopera-
tive CE tumor volumes correlated (r=0.295; P=.001) and a
regression analysis predicted a postoperative increase of
0.04 cm? residual CE tumor volume per each cm? of pre-
operative CE tumor volume (3,: 0.04) (Figure 2D). The pos-
itive correlation was even more pronounced for non-CE
tumor volumes (r=0.805; P=.001), and with each cm? pre-
operative non-CE volume an increase of 0.54 cm? residual
non-CE tumor volume was estimated (j,: 0.54) (Figure 2E).

To study the prognostic implications of patient stratifica-
tion according to extent of CE tumor resection, we isolated
a cohort of the 744 IDH-wildtype glioblastoma patients who
were homogenously treated as per EORTC-26981/22981-
protocol (TMZ/RT—TMZ) (Figure 2F)."” Here, we found that
patients with either “complete CE resection” had superior
survival compared to patients with “subtotal CE resection”
[20 (CI:18-21) vs 16 (Cl:14-19) months: HR:0.75, CI:0.6-1.0;
P=.024] or “partial CE resection” [20 (Cl:18-21) vs 16
(Cl:12-18) months: HR:0.54, Cl:0.4-0.8; P=.001]. Notably,
we found no evidence for differences in outcome between
the groups “subtotal CE resection” and “partial CE resec-
tion” [16 (Cl:14-19) vs 16 (Cl:12-18) months: HR:0.8, CI:0.6-
1.1; P=.192]; however, we detected survival differences

Fig.2 Continued

between the groups “complete CE resection” and “near
total CE resection” [20 (Cl:18-21) vs 17 (Cl:15-20) months:
HR:0.74, CI:0.6-1.0; P=.046] (Figure 2G and H).

Exploring the Prognostic Relevance of Non-CE
Tumor Resection to Define “Supramaximal CE
Resection”

Favorable outcomes in patients with “complete CE resec-
tion” compared to patients with “near total CE resection”
might be due to the inclusion of patients undergoing ad-
ditional resection of non-CE tumor (Figure 3A). To explore
whether patients undergoing such a “supramaximal CE
resection” beyond CE tumor borders experience a distinct
survival benefit, we selected all individuals with complete
resection of CE IDH-wildtype glioblastoma treated per
EORTC-26981/22981-protocol (n=356; Figure 3B). Among
the patients initially assigned as “complete CE resection,”
median non-CE tumor volume beyond the CE tumor core
was 32.9+2.5 cm? (0-322 c¢cm3) prior to surgery. After re-
section, median remaining non-CE tumor volume was
16.0 £ 1.6 cm?® (0-190 cm?®) and median relative non-CE
tumor reduction was 48.0 £ 3.7% (0%-100%) (Figure 3C).
On univariate analysis, larger extent of non-CE tumor re-
section quantified either as relative reduction of tumor
volume or as absolute residual tumor volume was asso-
ciated with prolonged OS. Cut-off values for the non-CE
tumor volume needed to be removed to achieve a prog-
nostic benefit were >60% non-CE tumor or<5 cm?® re-
sidual non-CE tumor (Figure 3D), validating a previously
reported cut-off.2! Patients meeting both cut-off values
had substantially better outcomes compared to patients
in which complete resection of CE tumor but less extent
of non-CE tumor resection was achieved [median OS: 29
(Cl:20-44) vs 20 (Cl:18-21) months: HR:0.62, CI:0.5-0.8;
P=.003; Figure 3E and F].This finding provides a rationale
to denote such patients as “supramaximal CE resection.”
Notably, the rate of new postoperative neurologic deficits
was not increased in such patients. We did not detect out-
come differences anymore between the groups “complete
CE resection” and “near total CE resection” when individ-
uals with “supramaximal CE resection” were subtracted
from the group of patients with “complete CE resection.”

Refining the Classification System Into the
“RANO Categories for EOR in Glioblastoma”

Incorporating the newly introduced category
“supramaximal CE resection,” the prognostic utility of the
previously proposed classification system was tested in

Pre-(B) and postoperative CE tumor volume (C; in cm?) after microsurgical tumor resection (n = 910). Median + 95% CI. (D and E) Simple linear
regression analyses comparing the pre- to the postoperative tumor volumes for CE (D) and non-CE tumor (E) in patients undergoing microsurgical
tumor resection (n = 910). Pearson correlation coefficients (r), calculated equations including slope f3,, and P-values are given. Dotted lines: 95%
Cl. (F) Schematic representation of the formation of a patient cohort exclusively including IDH-wildtype glioblastomas homogenously treated per
EORTC-26981/22981-protocol (n = 744). (G and H) Kaplan—Meier estimates of 0S in IDH-wildtype glioblastomas treated per EORTC-26981/22981-
protocol (n = 744). Patients stratified to the category “complete CE resection” were compared to “near total CE resection” (G), and patients strat-
ified to the category “subtotal CE resection” were compared to “partial CE resection” (H). Points: deceased/censored patients; shading: SEM.
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Fig. 3 Prognostic value of non-CE tumor resection beyond CE tumor borders. (A) Axial brain MRI with contrast-enhanced T1- (left on each
panel) and T2-weighted (right on each panel) sequences demonstrating a right temporo-occipital glioblastoma. On preoperative imaging (left
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the 744 IDH-wildtype glioblastoma patients homogenously
treated per EORTC-26981/22981-protocol. Acknowledging
comparable outcomes of individuals with “complete
CE resection”/“near total CE resection” or “subtotal CE
resection”/“partial CE resection,” these patients were
summarized as “maximal CE resection” (“complete CE
resection”/“near total CE resection”) or “submaximal CE
resection” (“subtotal CE resection”/“partial CE resection”)
(Figure 4A). When applying the resulting classification
system for EOR, the respective categories reflected distinct
survival outcomes: patients stratified to “supramaximal CE
resection” had superior outcomes compared to patients
with “maximal CE resection,” whereas the latter group
was superior to patients with “submaximal CE resection,’
and patients designated as “biopsy” had least favorable
progression-free survival [11 (Cl:9-13) vs 9 (CI:8-10) vs 8
(Cl:7-9) vs 5 (Cl:4-6) months; P=.001; Figure 4B] and OS
[median OS: 29 (Cl:20-44) vs 19 (Cl:17-20) vs 16 (Cl:14-18)
vs 10 (Cl:8-12] months; P=.001; Figure 4C].

We next aimed to simplify the classification system to
improve practicability without losing prognostic relevance.
Hereby, the calculation of relative reduction of tumor
volume (in percentage) is particularly challenging given the
need for thorough volumetric image analysis of both pre-
and postoperative imaging.Thus, we analyzed whether the
prognostic value is retained when relying solely on post-
operative tumor volumes as a stratification criterium. We
defined four resection classes (class 1: “supramaximal
CE resection,” class 2: “maximal CE resection,” class 3:
“submaximal CE resection,” class 4: “biopsy”) based on
the residual CE and non-CE tumor volume (in cm?3) (Figure
4D). Each resection class identified with distinct outcomes
for progression-free survival [11 (CI:9-13) vs 9 (CIl:8-10) vs
8 (Cl:7-9) vs 5 (Cl:4-6) months; P=.001; Figure 4E] and OS
[24 (CI:20-41) vs 19 (CI:17-20) vs 15 (CI:12-17) vs 10 (Cl:8-
12) months; P=.001; Figure 4F]. The prognostic relevance
held true when the resection classes were individually
tested against each other. This easy-to-use yet highly prog-
nostic stratification system was termed “RANO categories
for EOR in glioblastoma.”

Controlling for Confounding Effects: Multivariate
Analysis, Second-Line Therapies, and Inter-Rater
Variability

In univariate models, stratification according to these
newly defined RANO categories (per higher class: HR:1.46,

Fig.3 Continued

Cl:1.3-1.7; P=.001), postoperative CE volume (per cm?3:
HR:1.04, CI:1.0-1.1; P=.001), relative CE tumor reduction
(per percentage: HR:0.99, Cl:0.9-1.0; P=.001), age (per
year: HR:1.02, CI:1.0-1.1; P=.001), preoperative KPS (>90%:
HR:0.76, CI:0.6-0.9; P=.003), tumor localization [subcor
tical (reference: multifocal): HR:0.67, CI:0.5-0.9; P=.004],
and MGMT promotor methylation status (unmethylated:
HR:1.53, CI:1.3-1.9; P=.001) were associated with OS
(Supplementary Table 3). Importantly, the prognostic value
of the RANO categories was retained (HR:1.34, Cl:1.1-1.6;
P=.004) when included in a multivariate model (as contin-
uous variable) with the other univariately significant vari-
ables (Figure 5A). When stratification according to the newly
defined RANO categories was included as categorical vari-
able in the multivariate analysis and RANO class 1 was set
as reference level, decreased outcomes were confirmed
across the RANO classes (RANO class 2: HR:1.58, Cl:1.1-2.3;
P=.013/RANO class 3: HR:1.89, Cl:1.2-2.9; P=.003/RANO
class 4: HR:2.4, CI:0.7-10.9; P=.205). Interestingly, postop-
erative CE tumor volume (in cm?®) was also significant in the
multivariate model (HR:1.03, Cl:1.0-1.0) whereas relative CE
tumor reduction (in percentage) lost prognostic relevance.
It remains to be noted that several factors including age,
preoperative CE volume, tumor localization, and MGMT
promotor methylation status were associated with EOR
measured per RANO categories (Figure 5B). Although such
factors might have not confounded analyses on the prog-
nostic role for the RANO categories as they were incorpo-
rated into multivariate testing, they may predispose to
larger extents of resection in a real-world clinical setting (al-
though the role for MGMT promotor methylation status in
this context remains puzzling).

Therapeutic approaches for first progression varied
between patients when stratified per RANO categories:
whereas individuals with initially higher EOR (ie, RANO
class 1-2) underwent more often (re-)radiation or
re-resection, patients which initially had biopsy (ie, RANO
class 4) were frequently transferred for palliative care
(SupplementaryTable 4).

Quantifying the inter-rater variability across the study
centers, we found moderate inter-rater agreement on CE
tumor (/CC:0.733) and only very modest agreement for
non-CE tumor (/CC:0.507) (Figure 5C). Importantly, the con-
sistency between the raters was considerable higher when
assessed for postoperative imaging with excellent agree-
ment on CE tumor (/CC:0.932) and moderate agreement on
non-CE tumor (/CC:0.585) (Figure 5D).

tumor borders not corresponding to surgically induced edema or ischemia. On postoperative imaging (right panel), complete resection of CE and
non-CE tumors was achieved. (B) Schematic representation of the formation of a patient cohort exclusively including IDH-wildtype glioblastomas
homogenously treated per EORTC-26981/22981-protocol and in which complete CE resection was provided (n = 365). (C) Extent of non-CE tumor
removed (upper panel; in percentage) and postoperative non-CE tumor volume (lower panel; in cm?) in IDH-wildtype glioblastomas treated per
EORTC-26981/22981-protocol and in which complete CE resection was provided (n = 365). Median + 95%CI. (D) Univariate analyses for OS in
IDH-wildtype glioblastomas treated per EORTC-26981/22981-protocol and in which complete CE resection was provided (n = 365) when stratified
according to relative reduction of non-CE tumor (left panel; in percentage) or postoperative non-CE tumor volume (right panel; in cm?). P-values
are given; asterisks and bold letters indicate P < .05. (E and F) Kaplan—Meier estimates of progression-free survival (E) and 0S (F) in IDH-wildtype
glioblastomas treated per EORTC-26981/22981-protocol and in which complete CE resection was provided (n = 365). Curves are given for pa-
tients with “supramaximal” CE resection (red; defined as > 60% reduction of non-CE tumor volume + <5 cm? residual non-CE tumor) and less than
“supramaximal’ CE resection (blue). Points: deceased/censored patients; shading: SEM.
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Previous categories for extent of resection in glioblastoma adapted from Karschnia et al., 2021
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Fig.4 Stratification systems to describe EORin glioblastoma. (A) Previously proposed classification system by Karschnia etal. (in Eur J Cancer,
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Discussion

More extensive tumor resection has been shown to be asso-
ciated with outcome.?222 However, no classification system
to accurately stratify glioblastoma patients according to
EOR is available. Here, the RANO resect group proposes an
easy-to-use and prognostic stratification system entitled
“RANO categories for EOR in glioblastoma.”

Based on a large international cohort of IDH-wildtype gli-
oblastoma patients diagnosed per WHO 2021 classification
and homogenously treated per current standard of care,™
we verified the prognostic value of the RANO categories.
Patients assigned to RANO classes reflecting higher EOR
had more favorable outcome, and the difference between
each of the 4 main classes was estimated with a HR of 1.34
using a multivariate model. The introduction of additional
subclasses (ie, class 2A/B and class 3A/B) allows more de-
tailed substratification which is descriptive in nature but not
prognostically relevant per se.?*#?® Importantly, additional
removal of non-CE tumor beyond CE borders translated
into additional survival benefit which provides a rationale
to denominate such a “supramaximal CE resection” in the
setting of clinical trials. Our observation is corroborated by
a large retrospective, multi-center cohort study reporting
that IDH-wildtype glioma patients with <5.4 cm?® non-CE
tumor volume (and almost no residual CE tumor) experi-
ence particularly beneficial outcome.® It is striking that we
encountered a similar cut-off of residual non-CE tumor
tissue which conveys a prognostic benefit, and we have
proposed to define RANO class 1 (“supramaximal CE re-
section”) accordingly. Together with other studies,® our re-
sults contradict prior reports suggesting that IDH-wildtype
glioblastoma patients do not benefit from resection be-
yond CE tumor borders.2627 Further validation in prospec-
tive cohorts is warranted (eg, by incorporating the RANO
classes into clinical trials).

We ruled out that our findings on the prognostic role
of the RANO categories were confounded by molec-
ular markers (ie, MGMT promotor methylation status)
or clinical factors (eg, preoperative tumor volume, new
postoperative neurological deficits, and eloquent tumor
localization) using a meticulous statistical approach.
The beneficial association between greater EOR and
more favorable outcome therefore cannot be solely ex-
plained by the assumption that lower EOR is a surro-
gate marker for glioblastomas with closer proximity to
critical brain regions (and inherently worse prognosis),
although less eloquent localization was indeed associ-
ated with more extensive resection. Moreover, pre- and
postoperative volumes for CE and non-CE tumors were

Fig.4 Continued

directly correlated suggesting that larger tumors are
likely to invade eloquent areas, limiting extensive resec-
tion.?82% Although surgically induced neurologic deficits
were not linked to less favorable outcome, deficits were
generally mild. This might reflect the mindset that pro-
found deficits jeopardize survival,®3%3" and preventing
these should be prioritized over EOR."Thus, the favorable
effects of “supramaximal CE resection” on survival are
probably limited to patients with less eloquent localized
tumors. Notably, patients with initially larger EOR under-
went more often tumor-directed therapies for recurrence
whereas biopsy patients were frequently transferred
to palliative care. It is unclear whether this inequality
in second-line therapies contributes to the distinct out-
comes between the RANO classes or it is the natural
history of more extensive disease per se which is being
observed. The latter assumption is supported by the fact
that no second-line therapy was shown to improve sur-
vival in randomized clinical trials." As MGMT promotor
methylation was more frequently encountered in RANO
class 1 than in RANO class 2, it remains also puzzling
whether MGMT methylated tumors are indeed more
amenable to “supramaximal CE resection” which needs
to be elucidated in future studies.

Previous studies frequently quantified EOR by de-
termining the relative reduction of tumor volume (in
percentage) as a measurement of surgical efficacy®32; how-
ever, absolute residual tumor volume (in cm?) might be of
higher importance from an oncological standpoint.’%3 We
identified both factors as univariately significant, but only
residual CE tumor volume retained prognostic value in our
multivariate model.®%3* Therefore, the RANO categories
stratify patients solely on the volume of residual tumor.
This approach may also correspond to a more reliable
stratification when assessed by different raters, as our
inter-rater agreement was particularly good for postop-
erative imaging as characterized by substantially higher
ICC for both CE and non-CE tumors. Moreover, the level
of technical effort would be reduced as volumetric analysis
of preoperative imaging would become unnecessary. We
encountered considerable larger inter-rater variability for
non-CE tumor compared to CE tumor,?® which might be
interpreted as supportive of centralized imaging reviews
for studies focusing on non-CE tumor volumes. Further
studies providing uniform definitions for non-CE tumor
on imaging are warranted to standardize imaging proto-
cols and measurements. This might also pave the way
to the emerging field of Al-supported, automated tumor
segmentation.

Since the WHO 2021 classification restricts the diagnosis
of glioblastoma WHO grade 4 to IDH-wildtype tumors,

(B and C): Kaplan—Meier estimates of progression-free survival (B) and 0S (C) in IDH-wildtype glioblastomas treated per EORTC-26981/22981-
protocol (n = 744). Patients were stratified according to the categories proposed in the classification system. Points: deceased/censored pa-
tients; shading: SEM. (D) The developed RANO categories for EOR in glioblastoma which solely base upon the absolute residual tumor volume (in
cm®) on postoperative MRI. (E and F): Kaplan—Meier estimates of progression-free survival (E) and 0S (F) in IDH-wildtype glioblastomas treated
per EORTC-26981/22981-protocol (n = 744). Patients were stratified according to the RANO categories. Note that the prognostic value of the pre-
viously proposed classification system (A) is retained in the RANO categories (D) although the relative reduction of tumor volume (in percentage)
has been removed as a classification criterion. Points: deceased/censored patients; shading: SEM.
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we only included such patients in our analysis. Therefore,
we cannot comment on whether these new RANO
categories have prognostic relevance for IDH-mutant tu-
mors which may morphologically resemble all features of
glioblastoma on MRI yet have more favorable outcomes.
In turn, tumors previously characterized as low-grade
astrocytomas on histology may now be denominated as
glioblastomas WHO grade 4 defined by the presence of
qualifying molecular features. Given that these “mo-
lecular” glioblastomas may present with little-to-no con-
trast enhancement on initial imaging, it remains unclear
whether the RANO categories are of descriptive and prog-
nostic value in such entities.?” These “molecular” glio-
blastomas might have been included in our present cohort
as they would have matched our inclusion criteria; how-
ever, the recorded data do not allow us to clearly extract
how many of those patients would have been classified as
tumors other than glioblastoma when applying the WHO
2016 classification.™

It remains to be noted that our cohort predominantly
compromises glioblastoma patients undergoing micro-
surgical resection rather than biopsy (or no surgery at all)
given the surgical nature of our study, thus not necessarily
depicturing the surgical landscape which is being offered
to all affected patients. The benefits of surgery also include
tissue acquisition to guide therapy based on molecular
markers, and we cannot comment on outcome differences
between patients undergoing biopsy relative to those
managed with palliative care. Also, we have accumulated
a selected group of well-characterized patients rather than
presenting the entity of individuals being treated at our in-
stitutions during the observation period, and we believe
that we have randomly captured less than every second
patient which would be suitable for our analysis given the
retrospective nature of our study. This reflects in the seem-
ingly distinct outcomes between individual study centers
and an uncommon MGMT promotor status distribution
(as one would have expected higher number of MGMT
unmethylated patients), and we can therefore not exclude
some selection bias; also, our statistical approach did not
control for center-specific effects besides the predefined
clinical, molecular, and volumetric data on our uni- and
multivariate analysis.

Collectively, the RANO resect group herein introduces
the easy-to-use yet highly prognostic “RANO categories
for EOR in glioblastoma” to stratify glioblastoma pa-
tients according to EOR. The proposed classes are based
on measurements of residual CE as well as non-CE tumor

Fig.5 Continued

volume, and may serve for stratification and overall design
of clinical trials.
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Supplementary material is available at Neuro-Oncology
online.
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