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Abstract

Background The 2021 WHO classification of CNS tumors allows flexibility in the grading of IDH-mutant astrocytic glio-
mas, leading to some ambiguity. Following the approval of vorasidenib for WHO grade 2 astrocytomas and oligodendroglio-
mas based on the positive Phase III INDIGO trial, identifying prognostic criteria to differentiate between grade 2 and grade
3 tumors has become increasingly important.

Methods We retrospectively searched our institutional database for patients meeting the diagnostic criteria for IDH-mutant
astrocytomas (grade 2 and 3) according to the WHO 2021 classification. Clinical, radiological and molecular data were col-
lected; outcome was compared using log-rank analysis and prognostic markers were subsequently forwarded in a multivari-
ate model.

Results We identified 91 patients with IDH-mutant astrocytomas with available neuropathological and clinical data, includ-
ing 61 WHO grade 2 (67.0%) and 30 WHO grade 3 (33.0%) tumors. At a median follow-up of 89 months, median progres-
sion-free survival was 67 months for WHO grade 2 and 53 months for WHO grade 3 tumors. Median overall survival was
216 months for WHO grade 3 tumors, while it was not reached for WHO grade 2 tumors. Univariate analysis showed that
higher WHO grade, increased mitotic count, elevated Ki67 indices and preoperative contrast enhancement were associ-
ated with poorer outcomes; however, only contrast enhancement retained prognostic significance on multivariate analysis
(»=0.03 for overall survival, p=0.02 for progression-free survival).

Conclusion While our findings await confirmation in larger prospective cohorts, neuropathological grading criteria might
need to be accompanied by clinical information including contrast enhancement to prognostically distinguish grade 2 from
grade 3 tumors.
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Introduction

Clinical efficacy of the IDH-mutant protein inhibitor vora-
sidenib in terms of improved progression-free survival in
IDH-mutant gliomas has recently been demonstrated in the
INDIGO trial, leading to its widespread approval in sev-
eral countries, although final overall survival data are still
pending [1]. Notably, early phase 1 trials revealed a reduced
radiological response to vorasidenib in gliomas with con-
trast enhancement (CE) [2, 3], highlighting the need for a
more precise distinction between grade 2 and grade 3 IDH-
mutant CNS gliomas in clinical decision-making.

The 2021 WHO classification of CNS tumors defines
IDH-mutant astrocytoma WHO grade 3 by focal or dis-
persed anaplasia and significant mitotic activity, distinguish-
ing it from WHO grade 2 tumors with low mitotic activity
and a well-differentiated infiltrative astrocytic phenotype
[4]. Grade 3 tumors may also display atypical mitoses and
multinucleated tumor cells, while hallmark criteria of CNS
WHO grade 4 such as microvascular proliferation, necro-
sis, and homozygous CDKN2A/B deletion, are absent [4].
However, microscopic grading method might be considered
susceptible to interobserver variability and lacks standard-
ized criteria for defining increased cellular density and
mitotic activity [5]. Accordingly, previous studies produced
conflicting results on whether tumor grade indeed correlates
with patient outcome [6-9].

Besides histological criteria, several clinical factors
were demonstrated to be associated with tumor course
and prognosis [10—12]. Notably, contrast enhancement on
preoperative imaging is critical in evaluating IDH-mutant
astrocytomas, correlating with higher grade, larger vol-
ume, and worse outcomes [13—15]. Moreover, new contrast
enhancement on follow-up imaging may indicate malig-
nant progression to a higher grade in the recurrent setting,
often linked to neoangiogenesis and genetic alterations from
prior therapies such as temozolomide or radiotherapy [16].
In turn, up to 50% of grade 2 IDH-mutant astrocytomas
may show some degree of enhancement, underscoring the
challenge of relying solely on imaging to predict grade or
molecular status [17, 18]. Novel advanced MRI techniques,
including perfusion algorithms, provide insights into tumor
microcirculation offering additional information on tumor
aggressiveness and activity [19]. Similarly, modern molec-
ular positron emission tomography (PET) using '|F-flu-
oroethyl-L-tyrosine (['®F]FET) enables a more refined
visualization of tumor cell pathophysiology and metabo-
lism. Overall, most diffuse gliomas show uptake of amino
acid tracers, with PET positivity rates reported at 70-80%
for grade 2 gliomas and around 90% for grade 3 and 4 glio-
mas, with oligodendrogliomas demonstrating higher uptake
than astrocytomas [20]. While imaging findings are not
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acknowledged by the WHO 2021 classification when grad-
ing IDH-mutant astrocytomas, it appears unclear whether
contrast enhancement represents an independent risk factor
for less favourable outcome or simply a surrogate parameter
for higher WHO grades. Traditional risk factors include age
over 40 years, tumor diameter>6 cm, and the presence of a
neurologic deficit; however, those variables were identified
on cohorts treated before implementation of IDH mutation
status into the integrated neuropathological diagnosis [21].
Given that the recent phase III INDIGO trial enrolled only
patients with WHO 2016-defined grade 2 astrocytomas or
oligodendrogliomas without contrast enhancement on MRI
and without prior radiotherapy or chemotherapy, regulatory
approval of vorasidenib in the US and Europe is currently
limited to WHO grade 2 IDH-mutant astrocytomas and oli-
godendrogliomas. As a result, its clinical efficacy has been
established exclusively for grade 2 gliomas, with no avail-
able data supporting its use in grade 3 IDH-mutant tumors.
Thus, distinguishing between grade 2 and grade 3 IDH-
mutant gliomas is critical for treatment decisions, especially
given the biological differences yet to be fully understood
[1,2].

In this study, we aimed to evaluate the prognostic signifi-
cance of histopathological, clinical, and radiological criteria
in grade 2 and 3 IDH-mutant gliomas through expert slide
and imaging review. We assessed variables using univari-
ate and multivariate analyses to determine which clinical,
radiographic, and histopathological variables, individually
or in combination may serve as prognostic markers in IDH-
mutant WHO grade 2 and grade 3 astrocytomas.

Patients and methods
Study population

The institutional database of the Department of Neurosur-
gery at the University Hospital Munich (Ludwig-Maximil-
ians University) was retrospectively reviewed to identify
patients with a histopathological diagnosis of IDH-mutant
astrocytoma (WHO grade 2 or 3) according to the WHO
2021 classification. Patient demographics and clinical
parameters, including age, sex, Karnofsky Performance
Status (KPS), treatment regimens, imaging findings, tumor-
bearing hemisphere and localization along with molecu-
lar data were collected. Progression-free survival (PFS)
and overall survival (OS) were evaluated as key outcome
measures. Progression was defined based on the Response
Assessment in Neuro-Oncology (RANO) 2.0 criteria [22]
and PFS was measured as the interval between initial diag-
nosis and first recurrence, death from any cause, or last
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follow-up. OS was defined as the interval from the initial
diagnosis to the date of death or last follow-up.

Neuropathological analysis

Histological sampling was performed using either a ste-
reotactic, frame-based biopsy technique or surgical resec-
tion. For biopsies, regions with contrast enhancement or (in
case of no contrast enhancement) increased tracer uptake
on ["F]FET-PET were specifically targeted during plan-
ning to minimize the risk of undersampling. Subsequent
histopathological and molecular analyses were conducted at
the Center for Neuropathology and Prion Research of the
LMU Munich. All hematoxylin and eosin (H&E)-stained
slides from the primary diagnoses in the study cohort were
re-evaluated by two senior neuropathologists (V.R., P.H.).
Grading was updated, if needed, based on histological find-
ings in conjunction with molecular data according to the
2021 WHO Classification of Tumors of the Central Nervous
System.

Key histological features—including cell density, micro-
vascular proliferation, neoplastic glioma cell morphology,
nuclear pleomorphism, necrosis, and mitotic activity—were
systematically evaluated and scored. Mitotic activity was
quantified as mitotic count per 10 high-power fields (HPF),
corresponding to 2.38 mm?, in alignment with the WHO
classification which standardizes mitotic assessment per
mm? to ensure comparability across different microscopes.
MGMT promoter status was determined by Sanger sequenc-
ing of CpG sites 74-98 as previously described [23]. A CpG
site was considered methylated if its cytosine/thymine peak
ratio exceeded 50%. The overall percentage of methylated
CpG sites was calculated for each patient and classified as
unmethylated (0-8 methylated CpG sites), partially meth-
ylated (9—12 methylated CpG sites), or methylated (13-25
methylated CpG sites).

Imaging analysis

Preoperative MRI scans were reviewed for the presence
or absence of contrast enhancement (CE) on T1-weighted
sequences following gadolinium administration, based
on visual assessment by two independent readers and dis-
crepancies were resolved by consensus. Tumor location
was classified as supratentorial or infratentorial and further
stratified by hemisphere (left vs. right). In patients under-
going stereotactic biopsy, if present, regions with contrast
enhancement or increased tracer uptake on [18 FIFET-PET
were preferentially targeted during trajectory planning to
minimize sampling bias and ensure adequate representation
of biologically active or potentially more aggressive tumor
regions. Imaging data were collected retrospectively and

integrated with clinical and histopathological parameters
for prognostic analyses.

Statistical analysis

Continuous variables were assessed for normal distribu-
tion and equal variance using the D’ Agostino-Pearson test.
For parametric data, differences between two groups were
tested by the unpaired Student’s t-test. For non-parametric
data, the Mann-Whitney U-test was used. The relation-
ship between categorical variables was analyzed using the
y2-test. Univariate analyses of categorical variables were
performed using Kaplan-Meier survival estimates and log-
rank tests. Cox proportional hazards models were applied to
assess both continuous and categorical variables on univari-
ate analyses. For multivariate analysis, Cox proportional
hazards models were employed to evaluate the combined
impact of multiple variables. Hazard ratios (HRs) and their
corresponding 95% confidence intervals (95% Cls) were
calculated to quantify the associations. Principle Compo-
nent Analysis (PCA) was conducted to reduce dimensional-
ity of continuous variables and identify patterns within the
variables. This technique transforms the original features
into a set of linearly uncorrelated components, ranked by
the proportion of variance they explain in the data. The
analysis aimed to visualize relationships and clusters within
the patient cohort by projecting the data onto the first two
principal components (PC1 and PC2), which captured the
highest variance. Components were interpreted based on
their loadings, representing the contributions of the original
variables to each principal component. All analyses were
performed using GraphPad PRISM 10 software. The sig-
nificance level was set at p<0.05.

Results

Baseline patient characteristics

Clinical characteristics

We identified 91 patients with newly diagnosed IDH-
mutated astrocytoma of WHO grades 2 and 3, fulfilling
the diagnostic criteria of the WHO 2021 classification
(Table 1; Fig. 1A). The mean age at diagnosis was 36+ 12
years (range: 20—76), with a male-to-female ratio of 1.2:1
and a median Karnofsky Performance Status (KPS) of 90%
(range: 60-100%) (Fig. 1B). Other clinical baseline char-
acteristics such as tumor localization did not differ signifi-
cantly between grade 2 and grade 3 tumors (Table 1).
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Table 1 Characteristics of the Clinical characteristics WHO Grade 2 WHO Grade Total p-value
study cohort. Patient characteris- 3
tics for all individuals with IDH- Overall 61 30 91
mutant Astrocytoma grade 2 and . . .
grade 3 (n=91) were analyzed. Tissue specimen biopsy 39 (64%) 25 (83%) 64 (70%) 0.087
Survival analyses were conducted resection 22 (36%) 5(17%) 27 (30%)
using Kaplan—Meier estimates Demographics age at diagnosis 35+15 36+11 36+12 0.342
and log-rank tests. Continuous (vears)
variables were tested for normal M:F-ratio 1.03:1 1.5:1 1.2:1
distribution and equal variance Clinical markers KPS at diagnosis 90 (60-100) 90 (80-100) 90 0.145
using the D’/.\gostinofPearson— (median, range) (60-100)
teSti G{"(‘;P ‘?‘tfer“’nces nere MGMT promotor (n, %)  methylated 49 (81%) 28 (93%) 77 (85%) 0.338
ZZi t‘f: :te:t“( fofg;?;?;;c fi;a) partially methylated 10 (16%) 2 (7%) 12 (13%)
and the Mann—Whitney U-test non-methylated 2(3%) 0(0%) 2(2%)
(for non-parametric data). Cat- TERT (n, %) mutated 2 (3%) 0 (0%) 2 (2%) 0.764
egorical variables were assessed not mutated 34 (56%) 16 (54%) 50 (55%)
by fisher’s exact-test. Differences na. 25 (41%) 14 (46%) 39 (43%
between tumor grade were ana- k67 jndex median (range) 3 (1-10) 10 (2-30) 5(1-30)  *<0.001
ﬁgiﬁé‘ﬁ;ﬁ%ﬁ&f ig;ft(rgr Mitotic count median (range) 0(0-1) 2(0-3) 0(0-3)  *<0.001
non-parametric data). Abbrevia- Localization (n, %) supratentorial 58 (95%) 26 (87%) 84 (92%) 0.242
tions: CCNU, lomustine; KPS, infratentorial 0(0%) 1.(3%) 1 (1%)
Karnofsky performance score; brainstem 3 (5%) 3 (10%) 6 (7%)
M, male; n.a., not available; dominant 34 (56%) 14 (47%) 48 (53%) 0.594
PC, procarbazine/cenu; PFS, non-dominant 24 (39%) 12 (40%) 36 (40%)
progression-free survival; RT, brainstem 3 (5%) 3 (10%) 6 (7%)
radiotherapy; TERT, telomerase o hancement  enhancing 18 (29%) 17 (57%) 35(38%)  *0.021
reverse transcriptase promoter,
TMZ, Temozolomide non-enhancing 43 (71%) 13 (43%) 56 (62%)
First-line therapy (n, %)  wait-and-scan 27 (44%) 2 (7%) 29 (32%) *<0.001

RT 18 (30%) 4 (13%) 22 (24%)

T™Z 11 (18%) 16 (53%) 27 (30%)

PC 2 (3%) 0 (0%) 2 (2%)

RT—TMZ 2 (3%) 2 (7%) 4 (4%)

RT/TMZ 1 (2%) 6 (20%) 7 (8%)

Outcome Follow-up (months) 89 (4-315) 84 (19-253) 89 (4-315)
PFS (months) 67 59 60 0.174
OS (months) not reached 216 (19-253) not reached 0.062

(4-315)

Histopathological markers

For histopathological classification, tissue for integrated
diagnosis was obtained by stereotactic biopsy in 64 patients
(70.3%) and by open surgical resection in 27 patients
(29.7%). Based on histopathological and molecular fea-
tures, 61 patients (67.0%) were diagnosed with WHO grade
2 and 30 (33.0%) with WHO grade 3 astrocytoma (Fig. 1B).
MGMT promoter methylation was detected in 77 patients
(84.6%), while 2 patients (2.2%) showed an unmethylated
status.

Imaging
On preoperative MRI, contrast enhancement was observed
in 29.5% (18/61) of WHO grade 2 tumors and 56.7%

(17/30) of grade 3 tumors (*p=0.02; Table 1, Supplemen-
tary Fig. 1D). Stratified by tissue acquisition modality,
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contrast enhancement was present in 74.1% of patients
undergoing surgical resection and 53.1% of those with ste-
reotactic biopsy.

Initial treatment strategies

Initial treatment strategies varied significantly by tumor
grade (*p=0.001). Most patients with grade 2 tumors were
managed with a watch-and-wait approach (44.3%; 27/61),
while grade 3 patients more frequently received active
treatment, including postoperative chemotherapy (53.3%;
16/30), radiotherapy (13.3%; 4/30), or radiochemotherapy
(26.7%; 8/30) using temozolomide or procarbazine/CCNU
(PC) regimens (Fig. 1B).
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Outcome: uni- and multivariate analysis of
prognostic factors

After a median follow-up of 89 months in grade 2 and 84
months in grade 3 tumors, 40 patients with grade 2 tumors
and 25 patients with grade 3 tumors had disease progression
after a median of 67 months and 59 months (respectively;
p=0.17) (Fig. 2A). Among patients with grade 2 tumors
(n=61; 13.1% deceased), the median overall survival
was not reached. In contrast, patients with grade 3 tumors
(n=30; 23.3% deceased) had an estimated median overall
survival of 216 months (p=0.06) (Fig. 2B).

To identify markers predictive of a more aggressive clini-
cal course in patients with IDH-mutant astrocytoma, various
clinical and histopathological factors were initially evaluated
using univariate analysis (Tables 2 and 3). Analyses were
conducted for the entire cohort and included the following
parameters: sex, age, surgical modality and KPS at diag-
nosis; contrast enhancement on MRI at initial presentation;
CNS WHO grade; and histological and molecular markers.
PCA was used to identify key variance patterns and revealed
a strong positive correlation between the mitotic count and
the Ki-67 proliferation index, while the proliferation indi-
ces inversely correlating with KPS suggesting a potential
association between tumor proliferation and patient out-
come (Fig. 2C). Furthermore, Cox regression analysis dem-
onstrated a significant correlation between a higher Ki-67
proliferation index and both reduced PFS (*p=0.03) and
OS (*p=0.01). In contrast, a higher mitotic count was asso-
ciated only with shorter PFS (*p=0.03). Stepwise cut-off
value analysis for mitotic count and the Ki-67 proliferation
index was performed using Kaplan-Meier estimates, iden-
tifying optimal thresholds of <2 vs. >2 mitoses/10 HPF
(*»=0.04) and 3% Ki-67-positive cells (***p<0.001),
respectively (Fig. 2D; Supplementary Fig. 1C). Addition-
ally, univariate analysis identified a significant association
between contrast enhancement on initial MRI and both PFS
(*p=0.01) and OS (*p=0.02). Interestingly, WHO grade,
based on current grading criteria, was only significant for
OS (*p=0.04) and not for PFS (p=0.13).

To further evaluate independent prognostic effects,
we conducted multivariate Cox regression analyses using
progression-free survival (Fig. 2E) and overall survival
(Fig. 2F) as outcome variables. Given that clinical charac-
teristics including contrast enhancement on MRI at initial
presentation along with histological markers (CNS WHO
grade, mitotic count, Ki67 index) were of significance,
these markers were subsequently included in a multivariate
cox regression model. Here, only the presence of contrast
enhancement retained its prognostic significance on PFS
(*p=0.02) and OS (*p=0.03). The associations between
outcome and histological markers of anaplasia, including

mitotic count, Ki-67 proliferation index, and WHO grade
were lost on multivariate analysis (Fig. 2E, F). To assess
the risk of sampling bias, a Kaplan-Meier analysis was
conducted, showing no significant differences in outcomes
and Ki67 proliferation index between biopsy and resection
(Supplementary Fig. 1A-B, D).

Validation of the prognostic value of contrast
enhancement in different treatment subgroups

To evaluate the prognostic significance of contrast enhance-
ment at initial diagnosis, we conducted a subgroup analysis
stratifying patients by first-line treatment regardless of WHO
grade. Most patients were managed with a watch-and-wait
strategy (n=29), followed by chemotherapy (n=29) and
radiotherapy (n=22). Within each treatment group, patients
were further categorized based on the presence of con-
trast enhancement on T1-weighted post-contrast MRI. The
majority of contrast-enhancing tumors were grade 3 IDH-
mutant astrocytomas (n=17; 56.7%), whereas only 18 grade
2 IDH-mutant astrocytomas (29.5%) demonstrated contrast
enhancement. Subsequently, Kaplan-Meier estimates were
used to evaluate the impact of contrast enhancement on
PFS. Across all treatment strategies, contrast enhancement
was associated with shorter time to progression, with statis-
tically significant effects observed in the radiotherapy and
watch-and-wait subgroups (Fig. 2G-I).

Discussion

Traditionally, distinguishing histologic grade 2 from grade 3
diffuse gliomas relies on microscopic evaluation of focal or
diffuse anaplasia, with mitotic count as the key discrimina-
tor [4]. However, this assessment shows significant interob-
server variability and survival outcomes for grade 2 and
grade 3 IDH-mutant gliomas often overlap, likely due to
subjective, unclear criteria [24]. Recently, the definition of
grade 2 IDH-mutant astrocytoma has gained clinical impor-
tance following the approval of vorasidenib as an additional
treatment option for patients with a favourable risk profile
[1,2].

While we performed an expert slide review to reduce
inter-rater variability, both a higher mitotic count and
Ki-67 proliferation index were significantly associated with
poorer outcomes in univariate analyses. However, none of
them retained its prognostic significance in multivariate
models that included clinical and radiographic variables.
This underscores the limited standalone prognostic value
of histopathological proliferation markers. Notably, nei-
ther the current WHO classification nor the grading criteria
proposed by Daumas-Duport et al. provide clearly defined
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{ Fig. 1 Baseline patient characteristics. (A) CONSORT diagram:
Between 2016 and 2021, 1214 patients underwent stereotactic biop-
sies. Patients with IDH-mutant tumors were eligible, while those with
WHO grade 4, 1p/19q co-deletion, or incomplete clinical/histologi-
cal data since initial diagnosis were excluded. (B) Distribution of sex
(left), tissue specimen types (middle), and WHO grades (right) at initial
diagnosis of the entire study cohort (n=91). (C) Treatment strategies
following initial diagnosis for patients with IDH-mutant astrocytoma
grade 2 (n=61) and grade 3 (n=30). Sankey plot illustrating treat-
ment pathways of patients from initial diagnosis to disease progres-
sion. Nodes represent key time points in the disease course, including
diagnosis and first progression. Treatment modalities (watch-and-wait,
chemotherapy, radiotherapy, radiochemotherapy) are color-coded, and
arc thickness reflects the respective number of patients

thresholds for mitotic count, contributing to inconsistencies
in its clinical application [4]. As a result, retrospective stud-
ies have yielded mixed findings regarding its prognostic rel-
evance [8, 25]. In our cohort, a threshold of >2 mitoses per
10 high-power fields was associated with inferior outcomes
in IDH-mutant astrocytomas, supporting the continued rele-
vance of mitotic activity for risk stratification. Still, the loss
of significance in multivariate analysis suggests that mitotic
count alone is insufficient to guide therapeutic decisions in
the absence of corroborating clinical or imaging markers.

It is important to mention that the lack of CDKN2A/B
status and methylation profiling represents a limitation of
this retrospective study, as many cases were diagnosed
before these methods became routine. Tissue constraints,
particularly in biopsy-only cases, often precluded compre-
hensive molecular testing. In future cohorts with standard-
ized molecular work-up, integration of these markers may
further improve risk stratification.

In IDH-mutant astrocytomas, contrast enhancement on
MRI has been positively associated with tumor grade [26].
However, previous studies have shown that only 60% of
grade 3 IDH-mutant astrocytomas display patchy, faint
enhancement, while 20-50% of grade 2 tumors also exhibit
some degree of contrast enhancement [24]. In our cohort,
contrast enhancement was observed in 29.5% of WHO
grade 2 and 56.7% of grade 3 astrocytomas, consistent with
the beforementioned studies [24].

Histopathological markers such as mitotic count and
Ki-67 index, as well as contrast enhancement in preopera-
tive scans, were each significantly associated with outcome
in univariate analysis. However, in multivariate Cox regres-
sion, only contrast enhancement remained a significant
independent predictor of reduced progression-free and over-
all survival. Thus, contrast enhancement may serve as a use-
ful marker for distinguishing less aggressive tumors from
those with more aggressive biology, regardless of WHO
grade. This finding aligns with prior observations. For
instance, Wang et al. demonstrated that among anaplastic
IDH-mutant gliomas, patients whose tumors lacked contrast
enhancement had significantly longer PFS and OS [27].

However, it should be noted that this study was conducted
prior to the implementation of the WHO 2016 classification.
Similarly, in a large series of lower-grade gliomas, Suchor-
ska et al. found that contrast-enhancing IDH-mutant tumors
had markedly worse survival, whereas enhancement had no
prognostic impact in IDH-wildtype tumors [18]. Lasocki et
al. further corroborated that solid enhancement on MRI is
an adverse prognostic indicator in IDH-mutant astrocyto-
mas, remaining significant even on multivariate analysis,
whereas molecular factors like CDKN2A/B deletion only
showed modest survival effects [28]. Our results confirm
and extend these observations in the context of the 2021
WHO classification. In practical terms, even in the absence
of grade 4 features, an enhancing IDH-mutant astrocytoma
behaves more aggressively, supporting the integration of
imaging features into risk stratification. Although contrast
enhancement was recorded as a binary variable, we did not
systematically collect data on specific patterns of enhance-
ment, such as nodular, ring-like, or patchy configurations
representing a limitation of our study. Future research
is needed to clarify the prognostic relevance of distinct
enhancement characteristics.

Treatment heterogeneity, particularly the high frequency
of a watch-and-wait approach in WHO grade 2 tumors and
the comparatively low rate of combined chemoradiotherapy
in grade 3 tumors, poses a potential confounder when inter-
preting prognostic markers. To address this, we conducted
subgroup analyses stratified by first-line adjuvant treatment
and evaluated the prognostic impact of contrast enhance-
ment within each group. Notably, contrast enhancement
remained significantly associated with shorter progression-
free survival in both the watch-and-wait and radiotherapy
groups, underscoring its prognostic value independent
of initial treatment and its potential to inform therapeu-
tic decisions. Given limited subgroup sizes, multivariate
adjustment for treatment modality was not feasible and our
findings should therefore be interpreted with caution pend-
ing prospective validation in uniformly treated cohorts.

Along with previous studies, our findings support an
integrative grading approach that incorporates both histo-
pathological and clinical data. Rapid tumor growth leads
to hypoxia within the tumor microenvironment inducing
tumor angiogenesis. However, these vessels are often dys-
functional allowing contrast agents to extravasate into the
tissue. Therefore, it is tempting to speculate that such imag-
ing evidence of blood—-brain barrier breakdown corresponds
to a more aggressive tumor phenotype [29, 30]. Indeed, our
multivariate analysis suggests that contrast enhancement
may capture a confluence of adverse biological features
including increased proliferative activity, microvascular
proliferation, or unseen molecular alterations that are not
fully captured by histological assessment alone. Supporting
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Fig.2 Identification and evaluation of various clinical and histological
parameters. (A-B) Kaplan—Meier estimates of progression-free sur-
vival (A) and overall survival (B) for the entire study cohort. Curves
represent patients stratified according to the WHO grade. Points rep-
resent progressive/deceased or censored patients. (C) PCA was per-
formed to reduce dimensionality and visualize patterns within the
entire dataset. Each point represents an individual patient. Principal
components 1 (PC1) and 2 (PC2) capture the highest variance in the
data. Clustering indicates similarities and differences among patients
based on continuous variables (KPS, age, mitotic count, Ki67 prolifer-
ation index). (D) Kaplan—Meier estimates of progression-free survival

this notion, Lasocki et al. recently showed in a radioge-
nomic study that MRI features had a stronger prognostic
association with survival than CDKN2A/B deletion status
in grade 2-3 IDH-mutant astrocytomas [28].

It should be noted that the majority of tissue specimens
in our cohort were obtained via stereotactic biopsy, with his-
tological analysis predominantly indicating a WHO grade 2

@ Springer

for the entire study cohort. Patients are stratified by mitotic count (<2
versus >2 mitoses) (E-F) Multivariate Cox proportional hazard regres-
sion models estimating the hazard ratio (HR) for progression (E) and
death (F) including factors significant on univariate analysis. PFS and
OS were used as the respective outcome variables and hazard ratios
with 95% confidence intervals are shown for each covariate included
in both models. (G-I) Kaplan—Meier estimates of PFS following first-
line treatment: watch-and-wait (G), chemotherapy (H), and radiother-
apy (I). Patients are stratified by contrast enhancement (CE) on initial
MRI. Points represent progression or censored patients

tumor. Although biopsy samples were obtained from the con-
trast-enhancing region or, if available, areas with the highest
tracer uptake on ['*F]JFET-PET, there is a risk of undersam-
pling, as only a small portion of the tumor is available for
diagnostic evaluation. Conversely, more aggressive tumor
regions, indicated by contrast enhancement or increased
tracer uptake, may not always be separately sampled during
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Table 2 Univariate Cox proportional hazard analysis for progression-free survival in patients with IDH-mutant WHO grade 2 and grade 3 astro-
cytoma. Univariate analysis of the entire study cohort was performed using log-rank tests to assess the association of clinical and histopathologi-
cal parameters with progression-free survival. Results are presented as hazard ratios with 95% confidence intervals. Pvalues are given, asterisks

indicate p <0.05
Univariate analysis for WHO grade 2 and 3 astrocytoma
Variable TBype of variable Progression Free Survival
Hazard ratio 95% confidence interval p-value

WHO Grade Grade 3 (versus grade 2) 1,50 0.87-2,52 0.13
Surgery biopsy (versus resection) 1.17 0.46-3.32 0.76
Histologic features

Mitotic count continuous 1.37 1.02-1.81 *0.03

Ki67 proliferation index continuous 1.04 1.00-1.08 *0.03
Demographics

Sex male (versus female) 0.68 0.41-1.13 0.14

Age (years) continuous (older) 0.98 0.95-1.00 0.07
Clinical and Radiological markers

Contrast enhancement enhancing (versus non-enhancing) 2.05 1.17-3.58 *0.01

KPS at diagnosis continuous (higher) 1.04 0.53-1.94 0.9
Molecular markers

MGMT promotor status unmethylated (versus methylated) 1.05 0.244.91 0.57

TERT mutated (versus non-mutated) 1.30 0.07-6.34 0.8

Table 3 Univariate Cox proportional hazard analysis for overall survival in patients with IDH-mutant WHO grade 2 and grade 3 astrocytoma.
Univariate analysis of the entire study cohort was conducted using log-rank tests to evaluate the relationship between clinical and histopathologi-
cal parameters and overall survival. The results are reported as hazard ratios with 95% confidence intervals. Pvalues are given, asterisks indicate

»=0.05
Univariate analysis for WHO grade 2 and 3 astrocytoma
Variable Type of variable Overall survival
Hazard ratio 95% confidence interval p-value

WHO grade grade 3 (versus grade 2) 3.14 1.03-9.92 *0.04
Surgery biopsy (versus resection) 1.38 0.48-4.53 0.57
Histologic features

Mitotic count (continuous) continuous 1.65 0.95-2.79 0.06

Ki67 proliferation index continuous 1.08 1.01-1.14 *0.01
Demographics

Sex male (versus female) 0.98 0.34-2.76 0.96

Age (years) continuous (older) 0.98 0.92-1.04 0.57
Clinical and Radiological markers

Contrast enhancement enhancing (versus non-enhancing) 4.33 1.31-15.47 *0.02

KPS at diagnosis <80 (versus higher) 1.03 0.154.12 0.97

surgical resection. This could result in the histopathological
diagnosis failing to capture the most aggressive components
of the tumor. Nevertheless, a Kaplan-Meier analysis strati-
fying patients by initial surgical approach revealed no sig-
nificant differences in progression-free survival or overall
survival. However, this finding should be interpreted with
caution given the retrospective design and limited cohort
size. Patients in the biopsy group more frequently presented
without contrast enhancement, indicating potentially less
aggressive tumor biology. Moreover, institutional prac-
tice during the study period favored biopsy for presumed
low-grade tumors, which may have introduced selection
bias. While some patients later underwent resection at

progression, these were not modeled as time-dependent
covariates, representing a methodological limitation.

The INDIGO trial demonstrated that the mutant IDH pro-
tein inhibitor vorasidenib significantly improves progres-
sion-free survival, establishing its potential for widespread
use in the treatment of IDH-mutant gliomas [1]. However,
the trial specifically included patients with grade 2 astrocy-
toma or oligodendroglioma as classified by the WHO 2016
criteria, raising critical questions about the precise distinc-
tion between IDH-mutated CNS WHO grade 2 and grade 3
gliomas. This distinction is poised to become increasingly
relevant for treatment decision-making, especially as the
biological differences between these grades remain poorly
defined.
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Although limited by sample size, our findings are largely
confirmatory. They support previously reported associations
between MRI contrast enhancement and clinical outcome
in IDH-mutant gliomas, now validated in a contemporary
cohort characterized by stringent molecular definitions. Fur-
thermore, our data suggest that a multidimensional approach
integrating histopathological features and imaging markers
may enhance risk stratification by distinguishing patients
with a favorable prognosis, who may be candidates for less
intensive treatment strategies (including vorasidenib mono-
therapy), from those more likely to benefit from early, inten-
sive therapy despite histopathological grade 2 classification.

Future research should aim to develop comprehensive
prognostic models incorporating contrast enhancement,
molecular imaging, histopathological grading, and genomic
profiling, similar to approaches recently proposed for
meningiomas [31]. In addition, metabolic imaging using
amino acid PET warrants further investigation as a poten-
tial biomarker to improve risk stratification in IDH-mutant
gliomas [32, 33].

In conclusion, our study confirms that contrast enhance-
ment remains a key prognostic indicator in IDH-mutant
diffuse astrocytomas. It adds to the ongoing discussion by
demonstrating that, within the framework of modern WHO
classification, the presence of enhancement is associated
with outcomes more consistent with higher-grade disease.
These findings underscore the importance of integrat-
ing molecular, histopathological, and radiological data to
inform clinical decision-making in the era of targeted IDH
inhibition.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s11060-0
25-05173-z.

Author contributions Study concept and design: J.B.; P.K. Data col-
lection: J.B.; V.R.; PN.H. Analysis and interpretation of data: J.B.;
N.T.; J.C.T.; PK.Drafting of the manuscript: J.B.; P.K. Revising of the
manuscript: all authors revised the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Competing interests The authors declare no competing interests.

Disclosure Jens Blobner: No disclosures. Viktoria Ruf: No disclo-
sures. Jonathan Weller: No disclosures. Nico Teske: No disclosures.
Robert Forbrig: No disclosures. Niklas Thon: No disclosures. Nathalie
L. Albert has received honoraria for lectures, consultation or advisory
board participation from ABX, Advanced Accelerator Applications,
Carthera, ITM, Medsir, Novartis, OncLive, Servier and Telix Pharma-

@ Springer

ceuticals, and research funding from Novocure and Telix Pharmaceu-
ticals. Louisa von Baumgarten: No disclosures. Stephan Schoenecker:
No disclosures. Joerg-Christian Tonn has received honoraria for con-
sultation from, CarThera, ERCM, and Impatients Florian Ringel: No
disclosures. Patrick N. Harter No disclosures. Philipp Karschnia: No
disclosures.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Mellinghoff IK, van den Bent MJ, Blumenthal DT, Touat M,
Peters KB, Clarke J, Mendez J, Yust-Katz S, Welsh L, Mason
WP, Ducray F, Umemura Y, Nabors B, Holdhoff M, Hottinger
AF, Arakawa Y, Sepulveda JM, Wick W, Soffietti R, Perry JR,
Giglio P, de la Fuente M, Maher EA, Schoenfeld S, Zhao D, Pan-
dya SS, Steelman L, Hassan I, Wen PY, Cloughesy TF (2023)
Vorasidenib in IDH1- or IDH2-mutant low-grade glioma. N Engl
J Med 389:589-601. https://doi.org/10.1056/NEJMo0a2304194

2. Mellinghoff IK, Lu M, Wen PY, Taylor JW, Maher EA, Arrill-
aga-Romany I, Peters KB, Ellingson BM, Rosenblum MK, Chun
S, Le K, Tassinari A, Choe S, Toubouti Y, Schoenfeld S, Pan-
dya SS, Hassan I, Steelman L, Clarke JL, Cloughesy TF (2023)
Vorasidenib and ivosidenib in IDH1-mutant low-grade glioma: a
randomized, perioperative phase 1 trial. Nat Med 29:615-622. ht
tps://doi.org/10.1038/s41591-022-02141-2

3. Mellinghoff IK, Penas-Prado M, Peters KB, Burris HA 3rd,
Maher EA, Janku F, Cote GM, de la Fuente M1, Clarke JL, Elling-
son BM, Chun S, Young RJ, Liu H, Choe S, Lu M, Le K, Has-
san I, Steelman L, Pandya SS, Cloughesy TF, Wen PY (2021)
Vorasidenib, a dual inhibitor of mutant IDH1/2, in recurrent or
progressive glioma; results of a first-in-human phase I trial. Clin
Cancer Res 27:4491-4499. https://doi.org/10.1158/1078-0432.C
cr-21-0611

4. Daumas-Duport C, Scheithauer B, O’Fallon J, Kelly P (1988)
Grading of astrocytomas. A simple and reproducible method.
Cancer 62:2152-2165. https://doi.org/10.1002/1097-0142(19881
115)62:10%3C2152::aid-cncr2820621015%3E3.0.c0;2-t

5. vanden Bent MJ (2010) Interobserver variation of the histopatho-
logical diagnosis in clinical trials on glioma: a clinician’s per-
spective. Acta Neuropathol 120:297-304. https://doi.org/10.1007
/s00401-010-0725-7

6. Chang S, Zhang P, Cairncross JG, Gilbert MR, Bahary JP, Dolin-
skas CA, Chakravarti A, Aldape KD, Bell EH, Schiff D, Jaeckle
K, Brown PD, Barger GR, Werner-Wasik M, Shih H, Brachman
D, Penas-Prado M, Robins HI, Belanger K, Schultz C, Hunter
G, Mehta M (2017) Phase III randomized study of radiation
and temozolomide versus radiation and nitrosourea therapy for
anaplastic astrocytoma: results of NRG oncology RTOG 9813.
Neuro Oncol 19:252-258. https://doi.org/10.1093/neuonc/now23
6


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMoa2304194
https://doi.org/10.1038/s41591-022-02141-2
https://doi.org/10.1038/s41591-022-02141-2
https://doi.org/10.1158/1078-0432.Ccr-21-0611
https://doi.org/10.1158/1078-0432.Ccr-21-0611
https://doi.org/10.1002/1097-0142(19881115)62:10%3C2152::aid-cncr2820621015%3E3.0.co;2-t
https://doi.org/10.1002/1097-0142(19881115)62:10%3C2152::aid-cncr2820621015%3E3.0.co;2-t
https://doi.org/10.1007/s00401-010-0725-7
https://doi.org/10.1007/s00401-010-0725-7
https://doi.org/10.1093/neuonc/now236
https://doi.org/10.1093/neuonc/now236
https://doi.org/10.1007/s11060-025-05173-z
https://doi.org/10.1007/s11060-025-05173-z

Journal of Neuro-Oncology

10.

11.

12.

13.

14.

15.

16.

Bell EH, Zhang P, Shaw EG, Buckner JC, Barger GR, Bullard
DE, Mehta MP, Gilbert MR, Brown PD, Stelzer KJ, McElroy JP,
Fleming JL, Timmers CD, Becker AP, Salavaggione AL, Liu Z,
Aldape K, Brachman DG, Gertler SZ, Murtha AD, Schultz CJ,
Johnson D, Laack NN, Hunter GK, Crocker IR, Won M, Chakra-
varti A (2020) Comprehensive genomic analysis in NRG oncol-
ogy/rtog 9802: a phase III trial of radiation versus radiation plus
procarbazine, lomustine (CCNU), and vincristine in high-risk
low-grade glioma. J Clin Oncol 38:3407—3417. https://doi.org/10
.1200/jc0.19.02983

Duregon E, Bertero L, Pittaro A, Soffietti R, Ruda R, Trevisan
M, Papotti M, Ventura L, Senetta R, Cassoni P (2016) Ki-67 pro-
liferation index but not mitotic thresholds integrates the molecu-
lar prognostic stratification of lower grade gliomas. Oncotarget
7:21190-21198. https://doi.org/10.18632/oncotarget.8498

Olar A, Wani KM, Alfaro-Munoz KD, Heathcock LE, van Thuijl
HEF, Gilbert MR, Armstrong TS, Sulman EP, Cahill DP, Vera-
Bolanos E, Yuan Y, Reijneveld JC, Ylstra B, Wesseling P, Aldape
KD (2015) IDH mutation status and role of WHO grade and
mitotic index in overall survival in grade II-1II diffuse gliomas.
Acta Neuropathol 129:585-596. https://doi.org/10.1007/s00401-
015-1398-z

Aoki K, Nakamura H, Suzuki H, Matsuo K, Kataoka K, Shimam-
ura T, Motomura K, Ohka F, Shiina S, Yamamoto T, Nagata Y,
Yoshizato T, Mizoguchi M, Abe T, Momii Y, Muragaki Y, Wata-
nabe R, Ito I, Sanada M, Yajima H, Morita N, Takeuchi I, Miyano
S, Wakabayashi T, Ogawa S, Natsume A (2018) Prognostic rel-
evance of genetic alterations in diffuse lower-grade gliomas.
Neuro Oncol 20:66—77. https://doi.org/10.1093/neuonc/nox132
Dao Trong P, Gluszak M, Reuss D, von Deimling A, Wick A,
Koénig L, Debus J, Herold-Mende C, Unterberg A, Jungk C
(2023) Isocitrate-dehydrogenase-mutant lower grade glioma in
elderly patients: treatment and outcome in a molecularly charac-
terized contemporary cohort. J Neurooncol 161:605-615. https://
doi.org/10.1007/s11060-022-04230-1

Wijnenga MMJ, French PJ, Dubbink HJ, Dinjens WNM,
Atmodimedjo PN, Kros JM, Smits M, Gahrmann R, Rutten GJ,
Verheul JB, Fleischeuer R, Dirven CMF, Vincent A, van den Bent
MJ (2018) The impact of surgery in molecularly defined low-
grade glioma: an integrated clinical, radiological, and molecular
analysis. Neuro Oncol 20:103-112. https://doi.org/10.1093/neuo
nc/nox176

Park YW, Park KS, Park JE, Ahn SS, Park I, Kim HS, Chang JH,
Lee SK, Kim SH (2023) Qualitative and quantitative magnetic
resonance imaging phenotypes may predict CDKN2A/B homo-
zygous deletion status in isocitrate dehydrogenase-mutant astro-
cytomas: a multicenter study. Korean J Radiol 24:133—-144. https
://doi.org/10.3348/kjr.2022.0732

Katzendobler S, Niedermeyer S, Blobner J, Trumm C, Harter PN,
von Baumgarten L, Stoecklein VM, Tonn JC, Weller M, Thon N,
Weller J (2024) Determinants of long-term survival in patients
with IDH-mutant gliomas. J Neurooncol 170:655-664. https://do
i.org/10.1007/s11060-024-04826-9

Weller J, Katzendobler S, Blobner J, Thiele F, Becker H, Quach
S, Egensperger R, Niyazi M, Suchorska B, Thon N, Weller M,
Tonn JC (2022) Limited efficacy of temozolomide alone for
astrocytoma, IDH-mutant, CNS WHO grades 2 or 3. J Neuroon-
col 160:149-158. https://doi.org/10.1007/s11060-022-04128-y
Yu Y, Villanueva-Meyer J, Grimmer MR, Hilz S, Solomon DA,
Choi S, Wahl M, Mazor T, Hong C, Shai A, Phillips JJ, Wainer
BH, McDermott M, Haas-Kogan D, Taylor JW, Butowski N,
Clarke JL, Berger MS, Molinaro AM, Chang SM, Costello JF,
Oberheim Bush NA (2021) Temozolomide-induced hypermu-
tation is associated with distant recurrence and reduced sur-
vival after high-grade transformation of low-grade IDH-mutant

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

gliomas. Neuro Oncol 23:1872-1884. https://doi.org/10.1093/ne
uonc/noab081

Joyner DA, Garrett J, Batchala PP, Rama B, Ravicz JR, Patrie
JT, Lopes MB, Fadul CE, Schiff D, Jain R, Patel SH (2023) MRI
features predict tumor grade in isocitrate dehydrogenase (IDH)-
mutant astrocytoma and oligodendroglioma. Neuroradiology
65:121-129. https://doi.org/10.1007/s00234-022-03038-0
Suchorska B, Schiiller U, Biczok A, Lenski M, Albert NL, Giese
A, Kreth FW, Ertl-Wagner B, Tonn JC, Ingrisch M (2019) Con-
trast enhancement is a prognostic factor in IDH1/2 mutant, but not
in wild-type WHO grade II/I1I glioma as confirmed by machine
learning. Eur J Cancer 107:15-27. https://doi.org/10.1016/].ejca.
2018.10.019

Reis J, Stahl R, Zimmermann H, Ruf V, Thon N, Kunz M, Liebig
T, Forbrig R (2021) Advanced MRI findings in medulloblasto-
mas: relationship to genetic subtypes, histopathology, and immu-
nohistochemistry. J Neuroimaging 31:306-316. https://doi.org/10
1111/jon.12831

Wollring MM, Werner JM, Ceccon G, Lohmann P, Filss CP, Fink
GR, Langen KJ, Galldiks N (2023) Clinical applications and
prospects of PET imaging in patients with IDH-mutant gliomas. J
Neurooncol 162:481-488. https://doi.org/10.1007/s11060-022-0
4218-x

Pignatti F, van den Bent M, Curran D, Debruyne C, Sylvester R,
Therasse P, Afra D, Cornu P, Bolla M, Vecht C, Karim AB (2002)
Prognostic factors for survival in adult patients with cerebral low-
grade glioma. J Clin Oncol 20:2076-2084. https://doi.org/10.120
0/jc0.2002.08.121

Wen PY, Chang SM, Van den Bent MJ, Vogelbaum MA, Macdon-
ald DR, Lee EQ (2017) Response assessment in neuro-oncology
clinical trials. J Clin Oncol 35:2439-2449. https://doi.org/10.120
0/jc0.2017.72.7511

Mollemann M, Wolter M, Felsberg J, Collins VP, Reifenberger
G (2005) Frequent promoter hypermethylation and low expres-
sion of the MGMT gene in oligodendroglial tumors. Int J Cancer
113:379-385. https://doi.org/10.1002/ijc.20575

van den Bent MJ, French PJ, Brat D, Tonn JC, Touat M, Elling-
son BM, Young RJ, Pallud J, von Deimling A, Sahm F, Figarella
Branger D, Huang RY, Weller M, Mellinghoff IK, Cloughsey
TF, Huse JT, Aldape K, Reifenberger G, Youssef G, Karschnia P,
Noushmehr H, Peters KB, Ducray F, Preusser M, Wen PY (2024)
The biological significance of tumor grade, age, enhancement,
and extent of resection in IDH-mutant gliomas: how should they
inform treatment decisions in the era of IDH. inhibitors? Neuro
Oncol 26:1805-1822. https://doi.org/10.1093/neuonc/noae107
Kros JM, Rushing E, Uwimana AL, Hernandez-Lain A, Michotte
A, Al-Hussaini M, Bielle F, Mawrin C, Marucci G, Tesileanu
CMS, Stupp R, Baumert B, van den Bent M, French PJ, Gorlia
T (2023) Mitotic count is prognostic in IDH mutant astrocytoma
without homozygous deletion of CDKN2A/B. Results of consen-
sus panel review of EORTC trial 26053 (CATNON) and EORTC
trial 22033-26033. Neuro Oncol 25:1443-1449. https://doi.org/1
0.1093/neuonc/noac282

Castet F, Alanya E, Vidal N, Izquierdo C, Mesia C, Ducray F, Gil-
Gil M, Bruna J (2019) Contrast-enhancement in supratentorial
low-grade gliomas: a classic prognostic factor in the molecular
age. J Neurooncol 143:515-523. https://doi.org/10.1007/s11060-
019-03183-2

Wang YY, Wang K, Li SW, Wang JF, Ma J, Jiang T, Dai JP (2015)
Patterns of tumor contrast enhancement predict the prognosis of
anaplastic gliomas with IDH1 mutation. AJNR Am J Neuroradiol
36:2023-2029. https://doi.org/10.3174/ajnr.A4407

Lasocki A, Buckland ME, Molinaro T, Xie J, Whittle JR, Wei
H, Gaillard F (2023) Correlating MRI features with additional
genetic markers and patient survival in histological grade 2-3

@ Springer


https://doi.org/10.1093/neuonc/noab081
https://doi.org/10.1093/neuonc/noab081
https://doi.org/10.1007/s00234-022-03038-0
https://doi.org/10.1016/j.ejca.2018.10.019
https://doi.org/10.1016/j.ejca.2018.10.019
https://doi.org/10.1111/jon.12831
https://doi.org/10.1111/jon.12831
https://doi.org/10.1007/s11060-022-04218-x
https://doi.org/10.1007/s11060-022-04218-x
https://doi.org/10.1200/jco.2002.08.121
https://doi.org/10.1200/jco.2002.08.121
https://doi.org/10.1200/jco.2017.72.7511
https://doi.org/10.1200/jco.2017.72.7511
https://doi.org/10.1002/ijc.20575
https://doi.org/10.1093/neuonc/noae107
https://doi.org/10.1093/neuonc/noac282
https://doi.org/10.1093/neuonc/noac282
https://doi.org/10.1007/s11060-019-03183-2
https://doi.org/10.1007/s11060-019-03183-2
https://doi.org/10.3174/ajnr.A4407
https://doi.org/10.1200/jco.19.02983
https://doi.org/10.1200/jco.19.02983
https://doi.org/10.18632/oncotarget.8498
https://doi.org/10.1007/s00401-015-1398-z
https://doi.org/10.1007/s00401-015-1398-z
https://doi.org/10.1093/neuonc/nox132
https://doi.org/10.1007/s11060-022-04230-1
https://doi.org/10.1007/s11060-022-04230-1
https://doi.org/10.1093/neuonc/nox176
https://doi.org/10.1093/neuonc/nox176
https://doi.org/10.3348/kjr.2022.0732
https://doi.org/10.3348/kjr.2022.0732
https://doi.org/10.1007/s11060-024-04826-9
https://doi.org/10.1007/s11060-024-04826-9
https://doi.org/10.1007/s11060-022-04128-y

Journal of Neuro-Oncology

29.

30.

31.

IDH-mutant astrocytomas. Neuroradiology 65:1215-1223. https:
//doi.org/10.1007/s00234-023-03175-0

Jain RK (2001) Normalizing tumor vasculature with anti-angio-
genic therapy: a new paradigm for combination therapy. Nat Med
7:987-989. https://doi.org/10.1038/nm0901-987

Wen PY, Kesari S (2008) Malignant gliomas in adults. N Engl J
Med 359:492-507. https://doi.org/10.1056/NEJMra0708126
Maas SLN, Stichel D, Hielscher T, Sievers P, Berghoff AS,
Schrimpf D, Sill M, Euskirchen P, Blume C, Patel A, Dogan H,
Reuss D, Dohmen H, Stein M, Reinhardt A, Suwala AK, Wefers
AK, Baumgarten P, Ricklefs F, Rushing EJ, Bewerunge-Hudler
M, Ketter R, Schittenhelm J, Jaunmuktane Z, Leu S, Greenway
FEA, Bridges LR, Jones T, Grady C, Serrano J, Golfinos J, Sen C,
Mawrin C, Jungk C, Hénggi D, Westphal M, Lamszus K, Etmi-
nan N, Jungwirth G, Herold-Mende C, Unterberg A, Harter PN,
Wirsching HG, Neidert MC, Ratliff M, Platten M, Snuderl M,
Aldape KD, Brandner S, Hench J, Frank S, Pfister SM, Jones

@ Springer

32.

33.

DTW, Reifenberger G, Acker T, Wick W, Weller M, Preusser M,
von Deimling A, Sahm F (2021) Integrated molecular-morpho-
logic meningioma classification: a multicenter retrospective anal-
ysis, retrospectively and prospectively validated. J Clin Oncol
39:3839-3852. https://doi.org/10.1200/jc0.21.00784

Albert NL, Furtner J, van den Bent MJ, Preusser M (2024) The
potential of amino acid PET imaging for prediction and monitor-
ing of vorasidenib response in IDH-mutant gliomas. Neuro Oncol
26:403-406. https://doi.org/10.1093/neuonc/noad240

Galldiks N, Werner J-M, Stetter I, Puhr HC, Nakuz TS, Stoffels
G, Albert NL, Langen K-J, Lohmann P, Preusser M (2024) Eval-
uation of early metabolic changes following vorasidenib using
FET PET in patients with IDH-mutant gliomas. Neuro-Oncology
Adv 6. https://doi.org/10.1093/noajnl/vdae210

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1200/jco.21.00784
https://doi.org/10.1093/neuonc/noad240
https://doi.org/10.1093/noajnl/vdae210
https://doi.org/10.1007/s00234-023-03175-0
https://doi.org/10.1007/s00234-023-03175-0
https://doi.org/10.1038/nm0901-987
https://doi.org/10.1056/NEJMra0708126

	﻿Clinical and neuropathological criteria for distinguishing between IDH-mutant astrocytomas of WHO grade 2 and 3
	﻿Abstract
	﻿Introduction
	﻿Patients and methods
	﻿Study population
	﻿Neuropathological analysis
	﻿Imaging analysis
	﻿Statistical analysis

	﻿Results
	﻿Baseline patient characteristics
	﻿Clinical characteristics
	﻿Histopathological markers
	﻿Imaging
	﻿Initial treatment strategies
	﻿Outcome: uni- and multivariate analysis of prognostic factors
	﻿Validation of the prognostic value of contrast enhancement in different treatment subgroups

	﻿Discussion
	﻿References


