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Abstract

Assess the contribution of preoperative MRI data in improving grading of adult
astrocytomas reclassified according to the WHO 2016 and cIMPACT-NOW
update 3. Retrospective unicentric cohort study of 679 adult patients treated
for newly diagnosed diffuse astrocytic and oligodendroglial tumors (January
2006—December 2016). We first systematically compared radiological (contrast
enhancement present [CE+] vs. absent [CE—]) and histopathological findings
(microvascular proliferation present [MPV+] vs. absent [MPV-]) to validate
whether this comparing step of neoangiogenesis represents an efficient method
to appreciate the representativity of the tumoral sampling. We focused on 629
cases of astrocytomas for radio-histological integrated analyses. In 598 cases
(95.1%), neoangiogenesis evaluated by MRI or histology (CE+/MPV+ or CE—/
MPV-) was identical. For the CE+/MPV— and CE—/MPV+ groups (23 cases), the
radio-histological face-to-face evaluation allowed us to assess that for 13 cases
(56.5%) the reason for this discrepancy was an undersampled tumor. We ana-
lyzed the group of CE+/MPV— (n = 8) and CE-/MPV+ (n = 2) in verified image-
guided tumoral samples. Finally, we identified three new prognostic subgroups
for molecular glioblastomas: (1) “non-representative sampling” (n = 9), (2) “Non
neoangiogenic glioblastoma at the time of diagnosis, without contrast enhance-
ment and microvascular proliferation” (n = 8), and (3) “contrast enhancing glio-
blastoma but without microvascular proliferation in a representative sample”
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INTRODUCTION

The classification of diffuse astrocytic and oligoden-
droglial tumors in adults has quickly evolved, thanks
to major advances in molecular biology (1,2. Molecular
diagnostic testing has become a mandatory addition
to histo-immunophenotypical evaluation of gliomas
in the 2016 update of the World Health Organization
(WHO) classification of tumors of the central nervous
system (CNS) (1. Therefore, no imaging criteria have
been added for the assessment of diffuse glioma diag-
nosis and grading, except for diffuse midline glioma,
H3K27M-mutant, for which precise tumor location is
required (3.

For decades, the diagnostic approach for gliomas
at Sainte-Anne hospital has involved a major step: es-
tablishing the tumor sample representativeness first.
If the sample was not representative, grading was not
formally established, and an alert on the risk of un-
dergrading was given (4. The presence of microvas-
cular proliferation and/or the presence of tumoral
contrast enhancement (CE) on the preoperative MRI
analysis had been shown to have a prognostic value
on survival in oligodendrogliomas (5. In this line, the
French Glioma Study Group confirmed in a large
series of 927 grade II gliomas according to the 2007
WHO classification that a nodular-like pattern of CE
and progressive CE over time, as opposed to faint and
patchy patterns of CE, significantly impacted sur-
vival (6).

Again, adding MRI characteristics for glioma assess-
ment and grading have generated contradictory data,
difficult to compare, mainly caused by MRI technique
differences and imaging evaluation criteria (7-10). To the
best our knowledge, few study has correlated the MRI
data in large series of gliomas reclassified according to
2016 WHO (7,11) but no study with the cIMPACT-NOW
update 3 criteria (12) defining the “diffuse astrocytic
glioma IDH-wild type with molecular features of glio-
blastoma.” This new entity, regardless of its MRI aspect,
describes an IDH-wild-type astrocytoma without mor-
phological grade 4 criteria (microvascular proliferation
and/or necrosis) but with molecular features of glioblas-
toma: (I) EGFR amplification, (2) combined gain of
chromosome 7 and loss of chromosome 10, and/or (3)
hTERT promoter mutation.

(n = 4). Neoangiogenesis processes should be assessed to improve the prognosis
accuracy of the current integrated diagnosis. We suggest adding imaging analy-

ses during the neuropathological analysis of astrocytomas in adults.

astrocytoma, histo-molecular, imaging, integrated diagnostics, WHO classification of CNS

Here, we carried out a large cohort study of adult pa-
tients with glioma focusing on the prognostic impact of
adding imaging data to the updated histomolecular data
according to the 2016 WHO and to the cIMPACT-NOW
update 3.

2 | MATERIALS AND METHODS
We performed a retrospective and consecutive cohort
study of adult patients surgically treated for a newly di-
agnosed diffuse astrocytic and oligodendroglial tumors in
a single institution at the Department of Neurosurgery,
GHU Paris—Psychiatry and Neurosciences—Sainte-
Anne Hospital—University of Paris, Paris, France, be-
tween January 2006 and December 2016. Inclusion criteria
were: (1) hemispheric supratentorial location; (2) age > 18
at diagnosis; (3) histopathological diagnosis of astrocytic,
oligodendroglial, and oligoastrocytic tumors according
to the 2007 WHO (13; (4) available clinical and follow-
up data; (5) available preoperative Magnetic Resonance
Imaging (MRI) performed in our institution; and (6)
available histopathological material for neuropathological
re-assessment. The methodology is detailed in Supporting
Information.

2.1 | Clinical data

Clinical data were obtained from medical records by a
neurosurgeon (AR) with subsequent validation by a second
neurosurgeon (JP) while blind to imaging, histopathologi-
cal, and molecular reviews. We used a specific form designed
for the study, which was established by a neurosurgeon (JP),
a neuropathologist (PV), and a neuroradiologist (MEQG).
Clinical data included: sex, age, first-line oncological treat-
ment modalities including surgery, adjuvant therapies,
oncological treatments at progression, progression-free
survival, and overall survival. Progression-free survival was
measured from the date of histopathological diagnosis to
the date of evidence of progression or to the date of death.
Tumor progression was defined according to the Response
Assessment in Neuro-Oncology criteria in use at the time
of management (14. Overall survival was measured from
the date of histopathological diagnosis to the date of death
from any cause. Surviving patients were censored at the date
of last follow-up.
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2.2 | Imaging parameters

Preoperative MRIs were performed at the time of
the diagnosis using either a 1.5-T (Signa EchoSpeed;
GE Healthcare, Milwaukee, Wis) or a 3.0-T (MR 750,
GE Healthcare) MRI scanner. Contrast-enhanced 3D
T1-weighted fast spoiled gradient-recalled acquisition
(gadoterate meglumine [Dotarem; Guerbet, Aulnay-
sous-Bois, France], 0.1 mmol/kg), axial 2D T1-weighted,
and axial 2D FLAIR were analyzed. Imaging parameter
data are available in Table 1.

2.3 | Independent radiological assessment
Imaging data were obtained from an independent cen-
tral radiological review by two neuroradiologists (STB
and MEG) while blind to clinical, histopathological, and
molecular reviews, and outcomes.

Imaging data included: presence of a tumoral CE on
preoperative MRI, which corresponds to a radiological
neoangiogenesis, pattern of CE (faint and patchy, nodu-
lar, and ring-like) as previously described (6), and pres-
ence of necrosis.

2.4 | Independent
histopathological assessment

We performed an independent neuropathological re-
view of all cases by two neuropathologists (PV and
ELZ) while blind to clinical and radiological reviews,
and outcomes.

The first aim was to confirm the initial diagnosis of
diffuse astrocytic and oligodendroglial tumors according
to the WHO 2016 classifications including the cIMPACT-
NOW update 3 (1,12,13 using additional immunostain-
ings, if necessary. Neuropathological and molecular data

GHU Paris——Psychiatry and

Parameters Neurosciences—Sainte-Anne Hospital
MR field 15T
MR machine GE Explorer
FLAIR sequence
TR/TE 8000/139 ms
FOV 22 cm
Slice thickness 3.5mm
Slice spacing 1.0 mm
3D T1 with contrast
TR/TE 10.2/3.4 ms
FOV 24 cm
Slice thickness 1.2 mm
Slice spacing 0 mm

Gadolinium dose 0.1 mmol/kg
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included microvascular proliferation (MPV), necrosis, mi-
totic count, immunostatus for IDHIR132H and ATRX,
Ip/19g-co-deletion status for suspected oligodendroglio-
mas, and results of targeted sequencing (ATERT promoter,
IDHI, IDH2, H3F3A, HIST1H3B, and BRAF).

2.5 | Histo-radiological face-to-face
consensus evaluation focused on the CE—/
MPV+ and CE+/MPV- groups

After a second look, the criterion microvascular pro-
liferation (MVP) (present/absent) was re-evaluated
by pathologists (doubtful focal endothelial prolif-
eration to MVP+ or MVP-). Neuroradiologists also
re-evaluated the CE (present/absent) (doubtful CE)
(Figure 1), including the detection of developmental
venous anomaly, as previously described (15,16. The
representativeness of the image-guided tissue sam-
pling was assessed by matching preoperative MRI and
early postoperative MRI (<48 h) for surgical resection
or early postoperative CT-scan (<24 h) for biopsy to
analyze the location of the surgically resected or biop-
sied area (Figure S1). For biopsy, we used the largest
pneumocephalus bubble at the biopsy site to detect the
surgical site. We checked in detail biopsy sites of CE+
tumors (inside or outside of contrast enhancing area)
on preoperative MRI.

2.6 | Standard protocol approvals,
registrations, and patient consents

This study was authorized by the French National
Data Information and Freedom Commission (CNIL,
reference number DE-2017-079) and the local eth-
ics committee (CPP Ile-de-France 6, reference number
n°2017-A02324-49, CPP/63-17).

TABLE 1 Magnetic resonance imaging
sequence parameters

3T
GE MR 750

10 000/190 ms
22 cm
3.5 mm

0.5 mm

620/4.2 ms
24 cm

1.2 mm

0 mm

0.1 mmol/kg
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Adult newly diagnosed gliomas - 2006/2016
(n=763)

——| Clinical & MRI data not available (n=76) |

Adult grade 2 & 3 & 4 newly diagnosed gliomas
with available clinical and imaging data
(n=687)

Exclusion after neuropathological review (n=8)
[—| - Mixed glio-neuronal tumors (n=7)
- Lack of material (n=1)

WHO 2016 adult grade 2 & 3 & 4 histopathologically proven newly
diagnosed gliomas with available clinical and imaging data
(n=679)

G2 (n=54) + G3 (n=58) + G4 (n=567)

—l Neoangiogenesis assessment (n=629) I—

—>| Exclusion of oligodendrogliomas (n=50) |

Independent histopathological assessment (n=629)
- Microvascular Proliferation (MVP+) (n=542)
- No Microvascular Proliferation (MVP-) (n=87)

Independent radiological assessment (n=629)
- Contrast Enhancement (CE+) (n=567)
- No Contrast Enhancement (CE-) (n=62)

L |- CE+/MVP+ (n=539) -—

L |- CE-/MVP+ (n=3) -—

Identical neoangiogenesis processes (n=598)

- CE-/ MVP- (n=59)

Radio-histological discrepancies (n=31)

- CE+/ MVP- (n=28)

[Mixed

radio-histological face-to-face consensus evaluation of neoangiogenesis|

Histopathological modifications (n=4) Radiological modifications (n=4)
- MVP- changed to MVP+ (n=3) - CE+ changed to CE- (n=3)
- MVP+ = Developmental Venous Anomaly (n=1) - CE+ = Developmental Venous Anomaly (n=1)

FIGURE 1 Patient flow chart

3 | RESULTS

CE+ / MVP- and CE-/ MVP+ groups (n=23)

- Undersampled tumours (n=13)

- CE+ / MVP- but perivascular inflammatory infiltrates (n=8)
- CE- / MVP+ without sampling error (n=2)

females, 43.4%) were available for full analyses (54
grade 2 gliomas, 8.0%; 58 grade 3 anaplastic gliomas,

3.1 | Patient characteristics 8.5%; and 567 grade 4 glioblastomas, 83.5%). Here, we
decided to focus on astrocytomas for further analyses
The patient flow chart is illustrated in Figure 1. (n = 629). Main patient characteristics are detailed in

A total of 679 patients (384 males, 56.6% and 295 Table S1. The median age at diagnosis was 60 years
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Contrast Contrast
Astrocytomas
+ N
Microvascular
P:olif;lrati:n + 542 15
Mi I
Proliferation = 8 64
FIGURE 2 Correlation analyses between microvascular

proliferation and contrast enhancement (CE) for astrocytomas after
consensus evaluation. Here, we described the correlation between the
presence (+) or the absence (—) of microvascular proliferation and CE
for astrocytomas after consensus evaluation

(range, 19-87) and 365 patients had a surgical resec-
tion (58.0%).

3.2 | Insights from the combined histo-
radiological neoangiogenesis evaluation

For 598 cases (95.1%), angiogenesis evaluated by a
histological criterion (MPV) or a radiological crite-
rion (CE) was identical (539 CE+/MVP+ and 59 CE-/
MVP-). For the other 31 cases (4.9%), the face-to-face
histological and radiological evaluation found discrep-
ancies (3 cases of CE-/MVP+ and 28 cases of CE+/
MVP-).

These 31 cases, including 18 biopsies and 13 surgi-
cal resections, benefited from a re-assessment during a
radio-histological consensus evaluation. Here, the cri-
terion MVP (present/absent) was changed in four cases
and the criterion CE (present/absent) was changed in
four cases.

Four cases with CE+/MVP— were changed to CE-/
MVP- with three cases related to a spontaneous hyper-
signal in T1 sequence and one case related to the pres-
ence of a developmental venous anomaly. One CE—/
MVP+ case was changed to CE-/MVP- according to
the misdiagnosis of MVP in context of developmen-
tal venous anomaly and three CE+/MVP— cases were
changed to CE+/MVP+ according to the identification
of a focal MVP.

Finally, we found 606 cases (96.3%) with identical neo-
angiogenesis processes including 542 CE+/MVP+ and 64
CE-/MVP-.

The two CE-/MVP+ remaining cases (with repre-
sentative surgical samples) had only focal microvascu-
lar proliferation, which could explain the absence of CE
on preoperative MRI. The vast majority of the 23 CE+/
MVP- remaining cases were caused by 13 undersam-
pled tumors. Finally, eight CE+/MVP— cases present a
classical morphological aspect except the presence of a
marked perivascular lymphocytic inflammatory infil-
trates and a gemistocytic component (Figures 1 and 2).

The histo-radiological consensus evaluation is illus-
trated in Figure SI and imaging data analyses are de-
tailed in Table 2.
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3.3 | Insights from an extended use of MRI
data in the integrated astrocytoma diagnosis

Insights from the WHO 2007 and the WHO 2016
Classifications are detailed in Figures S2 and S3.
Changes in subtypes and grading between the 2016 WHO
Classification with the cIMPACT-NOW update 3 and in-
tegrative radio-histo-molecular assessment are illustrated
in Figure 2.

The integrated radio-histo-molecular classification,
focusing on astrocytomas and incorporating preoper-
ative radiological analysis, allowed us to easily distin-
guish a group of classic glioblastoma whose diagnosis
was finally carried out by the contribution of molecular
criteria, but that could also have been done by a com-
bined radio-histological evaluation.

The extended radio-histo-molecular integrated
diagnosis refined the diagnosis of diffuse astrocytic
glioma, IDH-wild type with molecular features of
glioblastoma (n = 21) into three subgroups: (1) “non-
representative sampling” (n = 9), (2) “Non neoangio-
genic glioblastoma at the time of diagnosis, without
CE and microvascular proliferation” (n = 8), and (3)
“contrast enhancing glioblastoma but without mi-
crovascular proliferation in a representative sample”
(n = 4). Interestingly, in all these cases, gemistocytic
and/or perivascular lymphocytic inflammatory infil-
trates were identified (Figure S1).

Four of the five cases of “non neoangiogenic” (CE—/
MPV-) diffuse astrocytic glioma, IDH-wild type with
molecular features of glioblastoma with available post-
operative MRI follow-up (n = 5/8) had a ring-like CE,
which appeared early during the follow-up (mean
4.3 months, range 1-9 months).

Finally, grade 3 anaplastic astrocytomas, IDH-wild
type (n = 6) were reclassified as “non-representative sam-
pling” (n = 2) and the remaining four cases have not been
reclassified. Grade 3 anaplastic astrocytomas, I/DH-
mutant (n = 25) were reclassified as “non-representative
sampling” (n = 3) and the remaining 22 cases have not
been reclassified.

We found a higher rate of “non-representative sam-
ple” in the diffuse astrocytic glioma, IDH-wild type with
molecular features of glioblastoma group (61.5%) than
in grade 3 anaplastic astrocytoma, IDH-mutant (23.1%)
than in grade 3 anaplastic astrocytoma, IDH-wild type
(15.4%).

3.4 | Saurvival analyses

The median follow-up period was 64.9 months (range,

16.5-98.8) for grade 2 astrocytomas, 33.8 months (range,

0-112.8) for grade 3 anaplastic astrocytomas, and

15.2 months (range, 0-87.5) for grade 4 glioblastomas.
The progression-free survival and overall sur-

vival of patients according the 2016 WHO with the
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TABLE 2 Imaging data analyses (n = 629)
Contrast Radio-histological
enhancement Type of contrast enhancement Necrosis discordances
For
neoangiogenesis
Classification n (%) Faint & patchy Nodular Ring-like n (%) processes
WHO 2016 classification + cIMPACT-NOW updates
Grade 2 astrocytomas, IDH-wild type 0/0 (0%) 0 0 0 0/0 (0%)
Grade 2 astrocytomas, IDH-mutant 3/32 (9.4%) 3 0 0 3/32 (9.4%)
Grade 3 anaplastic astrocytomas, IDH-wild type 2/6 (33.3%) 0 1 1 1 4/6 (66.7%)
Grade 3 anaplastic astrocytomas, IDH-mutant 5/25(20.0%) 3 1 1 1 6/25 (24.0%)
Grade 4 glioblastomas, IDH-wild type 514/514 (100%) 31 67 416 416 514/514 (100%0)
Grade 4 glioblastomas, IDH-mutant 24/28 (85.7%) 3 4 17 17 4/28 (14.3%)
Grade 4 diffuse midline gliomas, 2/3(66.7%) 0 0 2 2 0/3 (0%)
H3K27M-mutant
Grade 4 diffuse astrocytic gliomas, IDH-wild 13/21 (61.9%) 8 1 4 4 12/21 (57.1%)
type, with molecular features of glioblastoma
Integrated radio-histo-molecular classification
Grade 2 astrocytomas, IDH-wild type 0/0 (0%) 0 0 0 0 0/0 (0%)
Grade 2 astrocytomas, IDH-mutant 3/32 (9.4%) 3 0 0 0 3/32 (9.4%)
Grade 3 anaplastic astrocytomas, IDH-wild type 0/4 (0%) 0 0 0 0 2/4 (50.0%)
Grade 3 anaplastic astrocytomas, IDH-mutant 2/22 (9.1%) 2 0 0 0 3/22 (13.6%)
Grade 4 glioblastomas, IDH-wild type 514/514 (100%) 31 67 416 416 514/514 (100%)
Grade 4 glioblastomas, IDH-mutant 27/31 87.1%) 4 5 18 18 7131 (22.6%)
Grade 4 diffuse midline gliomas, 2/3(66.7%) 0 0 2 2 0/3 (0%)
H3K27M-mutant
Grade 4 glioblastoma /D H-wild type, with 4/4 (100%) 4 0 0 0 4/4 (100%)
contrast enhancement but without
microvascular proliferation in a representative
sample
Nonrepresentative sampling of a grade 4 9/9 (100%) 4 1 4 4 8/9 (88.9%)
glioblastoma IDH-wild type
Grade 4 glioblastoma IDH-wild type, without 0/8 (0%) 0 0 0 0 0/8 (0%)

contrast enhancement and microvascular
proliferation

cIMPACT-NOW update 3, and the integrated radio-
histo-molecular classification are presented in Table 3
and Figures 3-5 and Figure S4.

Out of the nine patients from the “non-representative
sampling” in the diffuse astrocytic glioma IDH-wild
type with molecular features of glioblastoma group, four
received a standard chemoradiation protocol (Stupp
regimen) as first-line adjuvant oncological treatment.
However, three had only chemotherapy and two had
only radiotherapy, which corresponds to undertreated
patients.

The median overall survival was significantly longer
in patients with “grade 4 glioblastoma IDH-wild type,
with CE but without microvascular proliferation in a
representative sample” (18.7 months), than patients with

“grade 4 glioblastoma IDH-wild type, without CE and
microvascular proliferation” (13.9 months), and than pa-
tients from the “non-representative sampling of a grade
4 glioblastoma IDH-wild type” (9.6 months) without
reaching statistical significance (p = 0.197).

The median overall survival was significantly longer
in the non-enhancing tumor subgroup (99.4 months)
than in the faint and patchy CE subgroup (88.2 months)
and the nodular and ring-like CE subgroup (13.5 months)
(p <0.001) (Figure 6). Similarly, the median progression-
free survival was significantly longer in the non-
enhancing tumor subgroup (33.9 months) than in the
faint and patchy CE subgroup (23 months) and the nod-
ular and ring-like CE subgroup (10 months) (p < 0.001)
(Figure 6).



INTEGRATED RADIO-HISTO-MOLECULAR CLASSIFICATION Brain 7of 13
Pathology
TABLE 3 Survival analyses according to the histopathological classification (n = 629)
Progression-free survival Overall survival
Classification n Mean = SD Median CI195% MeanxSD  Median CI95%
WHO 2016 classification + cIMPACT-NOW
updates
Grade 2 astrocytomas, IDH-wild type 0 - - - - -
Grade 2 astrocytomas, IDH-mutant 32 345133 35.9 23.1-41.1 91.4+38 98.8 nr-nr
Grade 3 anaplastic astrocytomas , IDH-wild type 6 29.6+159 214 2.5-73.3 283%170 8.1 0-105.4
Grade 3 anaplastic astrocytomas, IDH-mutant 25 349+ 64 30.5 7.7-58.8  57.7x4.7 70.8 60.8-nr
Grade 4 glioblastomas, IDH-wild type 514 13.1 £0.6 10.0 9.0-11.0 189 1.0 13.5 12-15.9
Grade 4 glioblastomas, IDH-mutant 28 320%55 23.0 17.0-35.3  56.6£6.7 47.0 35.3-nr
Grade 4 diffuse midline gliomas, 3 4.5+3.6 4.5 0.9-8.0 53%31 2.9 1.7-11.4
H3K27M-mutant
Grade 4 diffuse astrocytic gliomas, IDH-wild 21 11.8+2.7 8.0 4.9-9.8 176 £3.5 12.2 7.3-23.1
type, with molecular features of glioblastoma
Integrated radio-histo-molecular classification
Grade 2 astrocytomas, IDH-wild type 0 - - - - - -
Grade 2 astrocytomas, IDH-mutant 32 345+33 359 23.1-41.1 914 +£38 98.8 nr-nr
Grade 3 anaplastic astrocytomas, IDH-wild type 4 38.6+18.5 32.6 10.1-73.3 41.1 £23.6 29.0 1.0-105.4
Grade 3 anaplastic astrocytomas, IDH-mutant 22 39771 33.9 4.6-649 61.2%£5.0 nr 60.8—nr
Grade 4 glioblastomas, IDH-wild type 514 13.1£0.6 10.0 9.0-11.0 189 £ 1.0 13.5 12.0-15.9
Grade 4 glioblastomas, IDH-mutant 31 30.2£49 23.0 14.0-353  539%6.0 47.0 35.3-88.2
Grade 4 diffuse midline gliomas, 3 4.5+%3.6 4.5 0.9-8.0 53%3.1 2.9 1.7-11.4
H3K27M-mutant
Grade 4 diffuse astrocytic gliomas, IDH-wild 4 17.6 £ 7.4 11.0 8.8-39.6 264%104 18.7 11.3-56.8
type, with molecular features of glioblastoma
and without microvascular proliferation
Periphery of grade 4 glioblastomas, IDH-wild 11 10.6 £3.9 7.2 2.5-9.2 11.2 £ 3.8 9.6 0-18.8
type
Early-stage grade 4 glioblastomas, IDH-wild type 8 7.8 £33 4.8 3.0-24.0 16.3t49 13.9 16.0-19.1

Abbreviations: CI 95%, 95% confidence interval; nr: not reached; SD: Standard deviation.

4 | DISCUSSION

4.1 | Key results

Herein, we report a large study of 629 astrocytomas in
adults with an independent radio-histo-molecular cen-
tral review, reclassified according to the 2016 WHO
classification incorporating cIMPACT-NOW update 3
followed by a combined radio-histological consensus to
assess the practical value of an extended use of MRI data
in the integrated diagnosis.

First, we confirmed that the 2016 WHO classifica-
tion incorporating cIMPACT-NOW update 3 presented
a higher prognostic value than the 2016 WHO classifi-
cation, reinforcing the discriminative importance of the
selected histo-molecular characteristics, as suggested by
a previous study (17.

Second, the combined radio-histological neoangiogene-
sis evaluation was concordant in 96.3%, proving that this
simple step is efficient for the evaluation of the represen-
tativity of the tumor sample.

Third, we expanded the present knowledge identify-
ing that diffuse astrocytic glioma, IDH-wild type with
molecular features of glioblastoma according to
cIMPACT-NOW update 3 encompasses three prognostic
subgroups: (1) nonrepresentative sampling of a grade 4
glioblastoma /D H-wild type (CE+/MPV—), which corre-
sponded to a surgical sampling located on the periphery
of a contrast-enhancing area (42.9% of cases; median
overall survival of 9.6 months). This group does not ap-
pear biologically and prognostically different from clas-
sical glioblastomas, IDH-wild type. The only diagnostic
difficulty concerns neuropathological analysis (MPV—
without necrosis) caused by the non-representativeness of
the surgical samples. In these cases, the establishment of
the adequate diagnosis can, therefore, be carried out as
well by adding the molecular data but also by adding the
basic MRI data. Preoperative imaging is very often avail-
able as part of the minimum presurgical evaluation. (2)
“Non angiogenic glioma” at the time of diagnosis (CE—,
MPV—- with an imaged-guided representative sample)
(38.1% of cases; median overall survival of 13.9 months).
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FIGURE 3 Diagnosis and grade changes from 2016 WHO Classification with cIMPACT-NOW updates to integrative radio-histo-
molecular assessment. Integrated radio-histo-molecular classification. AIII-IDHmut: grade 3, anaplastic astrocytoma, /D H-mutant; AIII-
IDHwt: grade 3, anaplastic astrocytoma, /DH-wild type; mol-GBM: diffuse astrocytic glioma, IDH-wild type, with molecular features

of glioblastoma ; periph-GBM-/DHmut: periphery of grade IV, glioblastoma, /D H-mutant; periph-GBM-IDHwt: periphery of grade I'V,
glioblastoma, /DH-wild type; GBM-IDHwt, CE—, MVP-: grade 4 glioblastoma /DH-wild type, without contrast enhancement (CE) and
microvascular proliferation; GBM-IDHwt, CE+, MVP—: grade 4 glioblastoma /DH-wild type, with CE but without microvascular proliferation
in a representative sample. Kaplan—-Meier estimates of overall survival (OS) according to our integrated radio-histo-molecular classification.
Concerning AIII-/DHwt (left), the median OS was longer in patients with AIII-/DHwt (29 months) than patients with periph-GBM-IDHwt

(2.6 months), without reaching statistical significance (p = 0.107). Concerning AIII-ZDHmut (middle), the median OS was significantly longer in
patients with AIII-/DHmut (not reached) than patients with periph-GBM-I/DHmut (23.1 months) (p = 0.010). Concerning mol-GBM (right), the
median OS was longer in patients with GBM-IDHwt, CE+, MVP- (18.7 months), than patients with GBM-IDHwt, CE—, MVP— (13.9 months),
and than patients with periph-GBM-IDHwt (9.6 months), without reaching statistical significance (p = 0.197)

These astrocytomas can develop CE areas early during
the follow-up (80.0% of cases in our study). These tumors
could correspond to the “early-stage glioblastoma,” as
described by Ideguchi et al (18. In our cohort, they par-
adoxally had a poorer survival rate and rather represent
fast growing tumors. (3) A very rare situation, “grade 4
glioblastoma /D H-wild type, with CE but without micro-
vascular proliferation in a representative sample” (19.0%;
median overall survival of 18.7 months) in which the CE
could not be explained by microvascular proliferation but
instead by marked perivascular lymphocytic infiltrates.
Interestingly, all of these cases included a morphological
gemistocytic tumoral component, a well described asso-
ciation (19. However, to date, no study has demonstrated
that a perivascular lymphocytic infiltrate could on its own
create a CE.

Finally, we confirmed that the pattern of CE ob-
served on preoperative MRI (no CE, faint and patchy,
nodular and ring-like) significantly impacts overall
survival, as previously described (6. The ring-like and
nodular patterns of CE were associated with a lower

overall survival rate, which highlights its usefulness as
an easily available prognostic marker in an integrated
grading system.

4.2 | Interpretation

Tumoral sampling representativity, which is reached in
98% of the cases in our study, is frequently mentioned
in pathology (20 but it is rarely integrated into the diag-
nostic process in daily clinical neuropathology practice.
The variable proportion of these sampling biases could
partly explain the variability of the percentage of con-
trast enhancing tumors, in different subtypes and grades
of astrocytomas, which are a hallmark of aggressive-
ness. Delfanti et al., found no significant difference in CE
among 40 grade 2/3 oligodendrogliomas, /DH-mutant,
and /DH-wild-type astrocytomas but none of these tumors
demonstrated marked CE on MRI (7. The absence of CE
was also predictive of longer progression-free survival in
series of gliomas reclassified according to the 2016 WHO
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FIGURE 4 Comparison of survival analyses in astrocytomas according to the classifications used. Kaplan—Meier estimates of progression-
free survival (PFS) and OS for astrocytomas according to histo-molecular classifications. Concerning Grade 2 astrocytomas, the median PFS
and OS were longer in patients with AII-ZDHmut (WHO 2016 classification with - MPACT-NOW update 3 and our integrated classification)
(35.9 and 98.8 months, respectively), than in patients with AIl (WHO 2007 classification) (24.0 and 66.3 months, respectively), and than

in patients with AII-ZDHwt (WHO 2016 classification) (8.1 and 21.2 months, respectively). Concerning Grade 3 anaplastic astrocytomas,

the median PFS was longer in patients with AIII-/DHmut (our integrated classification) (33.9 months), than in patients with AIII-IDHwt

(our integrated classification) (32.6 months), than in patients with AIII-ZDHmut (WHO 2016 classification & WHO 2016 classification with
cIMPACT-NOW update 3) (30.5 months), than in patients with AIII-IDHwt (WHO 2016 classification with - MPACT-NOW update 3)

(21.4 months), than in patients with AIIT (WHO 2007) (9.2 months), and than in patients with AIII-ZDHwt (WHO 2016 classification)

(9.0 months). The median OS was longer in patients with AIII-/DHmut (our integrated classification) (not reached), than in patients with AIII-
IDHmut (WHO 2016 classification & WHO 2016 classification with - MPACT-NOW update 3) (70.8 months), than in patients with AIII-/DHwt
(our integrated classification) (29.0 months), than in patients with AIIT (WHO 2007) (18.8 months), than in patients with AIII-IDHwt (WHO
2016 classification) (11.0 months), than in patients with AIII-IDHwt (WHO 2016 classification with cIMPACT-NOW update 3) (8.1 months)
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Comparison of survival analyses in glioblastomas according to the classifications used. Kaplan—Meier estimates of

progression-free survival (PFS) and OS for glioblastomas according to histo-molecular classifications. The median PFS was longer in patients
with GBM-IDHmut (WHO 2016 classification & WHO 2016 classification with cIMPACT-NOW update 3 & our integrated classification)
(23.0 months), than in patients with GBM-IDHwt, CE+/MVP— (our integrated classification) (11.0 months), than in patients with GBM (WHO
2007 classification) (10.0 months) or patients with GBM-IDHwt (WHO 2016 classification & WHO 2016 classification with cIMPACT-NOW
update 3 & our integrated classification) (10.0 months), than in patients with mol-GBM (WHO 2016 classification with c MPACT-NOW
update 3) (8.0 months), than in patients with periph-GBM-IDHwt (our integrated classification) (7.2 months), and than in patients with
GBM-IDHwt, CE-/MVP— (6.0 months). The median OS was longer in patients with GBM-/DHmut (WHO 2016 classification & WHO 2016
classification with cIMPACT-NOW update 3 & our integrated classification) (47.0 months), than in patients with GBM-IDHwt, CE+/MVP-
(our integrated classification) (18.7 months), than in patients with GBM-IDHwt, CE-/MVP— (14.5 months), than in patients with GBM (WHO
2007 classification) (14.4 months), than in patients with GBM-IDHwt (WHO 2016 classification & WHO 2016 classification with cIMPACT-
NOW update 3 & our integrated classification) (13.5 months), than in patients with mol-GBM (WHO 2016 classification with cIMPACT-NOW
update 3) (12.2 months), and than in patients with periph-GBM-IDHwt (our integrated classification) (9.6 months)

classification (10,21. Otherwise, in grade 3 anaplastic glio-
mas, IDH-mutant, CE seems to be associated with a worse
survival outcome (22. The integration step allows us to de-
tect a limited number of nonrepresentative samples in our
cohort (n = 15, 2.2%). Recently, Hasselblatt et al. reclas-
sified 212 grade 2 diffuse astrocytomas, according WHO
2016 and excluded 44 contrast-enhancing cases, which
represented a significant proportion of nonrepresenta-
tive surgical samples (20%) (23. These comparative data
in each molecular subgroup associated to the “corrected
step” of sampling evaluation were analyzed, as well as how
they related to patient survival. We also assessed whether
the representative stage improves the prognostic value of
the grade or could replace the integration of more sophisti-
cated and expensive biomarkers, particularly in centers or
countries with limited resources (24).

Here, integrating imaging into histo-molecular anal-
yses helps in refining survival data for glioma patients.
This method of making a diagnosis, without questioning
WHO 2016, but by simply adding conventional MRI data
for the neuropathological analysis and for establishing

the neuropathological report, allows us to discriminate
between these three prognostic groups in the recently de-
scribed diffuse astrocytic glioma, IDH-wild type with mo-
lecular features of glioblastoma. We underline the interest
of a radiological analysis during the realization of the neu-
ropathology report in order to take into account the repre-
sentativity of surgical sampling in the final diagnosis.

The concept of “non angiogenic” grade 4 glioblastoma,
IDH-wild type is defined radiologically as small abnormal
signal intensity on FLAIR sequences without CE detected
by an MRI performed early in the course of the disease
(18,25,26. This concept has been described earlier than
cIMPACT-NOW update 3, and to the best of our knowl-
edge, no initial and serial data describing detailed MRI re-
sults in a molecular glioblastoma series are yet available. In
our series, grade 4 glioblastoma IDH-wild type, without CE
and microvascular proliferation are molecularly similar to
classic glioblastoma, IDH-wild type but present lower sur-
vival rates than classic grade 4 glioblastoma, /D H-wild type,
which suggested either an early-stage at diagnosis or a fast-
growing glioblastomas. However, in our study, we cannot
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Comparison of survival analyses according to the pattern of contrast enhancement (CE). Kaplan—Meier estimates of PFS and

OS according to the pattern of CE. The median PFS was significantly longer in the non-enhancing tumor subgroup (33.9 months) than in the
faint and patchy CE subgroup (23 months) and the nodular and ring-like CE subgroup (10 months) (p < 0.001). The median OS was significantly
longer in the non-enhancing tumor subgroup (99.4 months) than in the faint and patchy CE subgroup (88.2 months) and the nodular and ring-

like CE subgroup (13.5 months) (p < 0.001)

exclude that the difficulties establishing the glioblastoma
diagnosis on a lesion without CE could modify the achieve-
ment of the optimal treatment and influence the more unfa-
vorable prognosis.

Finally, grade 4 glioblastoma /DH-wild type, with CE
but without microvascular proliferation in a representa-
tive sample are very exceptional. The CE could not be
explained by MPV but rather by the presence of a peri-
vascular lymphocytic inflammatory infiltrates, which
alters the blood-brain barrier (27,28. They could repre-
sent a subgroup of less aggressive glioblastomas with a
frequent gemistocytic component.

4.3 | Generalizability

The present study suggests systematically carrying out a
radiological assessment during neuropathological analysis
in order to: (1) assess the tumoral sample representative-
ness to (2) propose an integrated radio-histo-molecular di-
agnosis of adult gliomas and, (3) improve the oncological
management, especially for patients at risk of an under-
grading, caused by an undersampled tumors.

4.4 | Limitations

The results should be interpreted with full knowledge
of the exploratory and retrospective design of the study,
which excluded patients based on lack of clinical data,

imaging data, and/or tumor material. The design of this
study, without an external validation set and a low num-
ber of patients in the new prognostic groups proposed,
also limited the generalizability of the results. As a con-
sequence, the clinical relevance of the predictors of post-
operative outcomes remain to be confirmed by further
investigations.

4.5 | Conclusion

We report a large study of 629 gliomas in adults with
an independent radio-histo-molecular central review
followed by a combined radio-histological face-to-face
consensus evaluation of the neoangiogenesis processes
to assess the importance of an integrated radio-histo-
molecular classification at the era of the 2016 WHO
Classification with cIMPACT-NOW updates. We dem-
onstrated that combining MVP on histopathological
analysis and CE on imaging represents an easy and ef-
fective step to assess undersampled tumors. Adding
preoperative and postoperative imaging analyses to the
current histo-molecular diagnosis in daily clinical prac-
tice seems to be promising. Multicentric studies will have
to be carried out in order to clarify the place of imaging
in the diagnosis of gliomas.
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SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section.

FIGURE S1 Histo-radiological consensus evaluation
illustration. Left: Contrast-enhanced 3D T1 FSPGR
sequence showing a ring-like tumor located in the left
lenticular nuclei with a peripheral hypo-signal. Right:
Hematoxylin Phloxine Saffron stains showing an image
guided tissue sampling performed in the peripheral
hypo-signal (superior) or in the ring-like component
(middle and inferior)

FIGURE S2 Diagnosis and grade changes from 2007
WHO to 2016 WHO Classification. 2007 WHO
Classification. All: grade 2, diffuse astrocytoma;
AIII: grade 3, anaplastic astrocytoma; OAII : grade 2,
oligo-astrocytoma; OAIIIl: grade 3, anaplastic oligo-
astrocytoma; OII: grade 2, oligodendroglioma; OIII:
grade 3, anaplastic oligodendroglioma; GBM: grade 4,
glioblastoma; GBMo: grade 4, glioblastoma with oligo-
dendroglioma component; GBM-PNET: grade 4, glio-
blastoma with primitive neuroectodermal tumor-like
component; GC-GBM: grade 4, giant cells glioblastoma,;
and GS: grade 4, gliosarcoma. 2016 WHO Classification.
ATI-IDHmut: grade 2, diffuse astrocytoma, /DH-mutant;
AII-IDHwt: grade 2, diffuse astrocytoma, /D H-wild type;
AIII-IDHmut: grade 3, anaplastic astrocytoma, IDH-
mutant; AIII-/DHwt: grade 3, anaplastic astrocytoma,
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IDH-wild type; OII: grade 2, oligodendroglioma, IDH-
mutant and 1p/19q-codeleted; OIII: grade 3, anaplastic
oligodendroglioma, /DH-mutant and 1p/19q-codeleted;
DMG: grade 4, diffuse midline glioma, H3K27M-mutant;
GBM-IDHmut: grade 4, glioblastoma, IDH-mutant;
GBM-IDHwt: grade 4, glioblastoma, IDH-wild type;
GC-GBM: grade 4, giant cells glioblastoma, IDH-wild
type; GS: grade 4, gliosarcoma, IDH-wild type; GBME:
grade 4, epithelioid glioblastoma, IDH-wild type

Figure S3 Diagnosis and grade changes from 2016
WHO Classification to 2016 WHO Classification with
cIMPACT-NOW updates. 2016 WHO Classification.
AIl-IDHmut: grade 2, diffuse astrocytoma, IDH-
mutant; AII-IDHwt: grade 2, diffuse astrocytoma,
IDH-wild type; AIII-IDHmut: grade 3, anaplastic astro-
cytoma, IDH-mutant; AIII-IDHwt: grade 3, anaplastic
astrocytoma, IDH-wild type; OII: grade 2, oligoden-
droglioma, IDH-mutant and 1p/19q-codeleted; OIII:
grade 3, anaplastic oligodendroglioma, /DH-mutant
and 1p/19g-codeleted; DMG: grade 4, diffuse midline
glioma, H3K27M-mutant; GBM-IDHmut: grade 4, glio-
blastoma, /IDH-mutant; GBM-IDHwt: grade 4, glioblas-
toma, IDH-wild type; GC-GBM: grade 4, giant cells
glioblastoma, IDH-wild type; GS: grade 4, gliosarcoma,
IDH-wild type; GBME: grade 4, epithelioid glioblas-
toma, IDH-wild type. WHO 2016 with cIMPACT-NOW
updates. GBM-mol: diffuse astrocytic glioma, /IDH-wild
type, with molecular features of glioblastoma

FIGURE S4 Survival analyses. The color legend is simi-
lar to Figures 4, 5 and Figure S3

TABLE S1 Main characteristics of the study sample
(n =679)
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