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KEYWORDS Abstract  Background: Mutation of the isocitrate dehydrogenase (IDH) gene and co-deletion
IDH mutation; on chromosome 1p/19q is becoming increasingly relevant for the evaluation of clinical
Glioma; outcome in glioma. Among the imaging parameters, contrast enhancement (CE) in WHO
Contrast II/TIT glioma has been reported to indicate poor outcome in the past. We aimed
enhancement; at reassessing the prognostic value of CE in these tumours within the framework of molecular
Co-del 1p/19q; markers using a machine learning approach (random survival forests [RSF]) as well as conven-
Machine learning tional Cox regression modelling.

Methods: 301 patients with WHO grade II (n = 181) or grade III glioma (n = 120) were strat-
ified according to their molecular profile. Pre-operative magnetic resonance imaging (MRI)
was reviewed and volumetric analyses of CE and T, volumes were performed followed by con-
ventional univariate and multivariate Cox analyses. Furthermore, the dataset was split into
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discovery and validation datasets, and RSFs were trained on the discovery dataset to predict
the individual risk of each patient. Concordance indices for Cox and RSF models were deter-
mined and the variable importance of explanatory variables was assessed using the minimal-
depth concept.

Results: In IDH mut tumours only, both conventional Cox regression modelling and RSF an-
alyses showed that CE on initial MRI is a prognostic factor for survival with dependence on
volume (p < 0.05). In contrast, presence of CE on initial MRI was not associated with
outcome in /DH wt tumours.

Conclusions: In patients with diffuse IDH wt gliomas WHO grade II/I11, CE is not associated
with survival, whereas in tumours with an /DH mutation, presence of CE on initial MRI is

linked to inferior survival.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Disease course in diffuse glioma depends on de-
mographic, histological, molecular and radiological
features. Currently, a three-way classification based on
isocitrate dehydrogenase (/D H) mutation and co-del 1p/
19q has been implemented into the updated WHO
classification with consequences for risk stratification
and treatment planning [1—3]. Furthermore, malignancy
of a glioma is often assumed in case of contrast
enhancement (CE) on initial magnetic resonance imag-
ing (MRI) [4—6]. So far, IDH mutation has been
described to be associated with radiological features,
such as tumour size, location and CE in malignant gli-
omas [7—10]. However, in this context, WHO II tu-
mours had always been analysed separately from WHO
III gliomas. Recent studies indicate that molecular
markers such as IDH mutation and co-del 1p/19q are
clinically more relevant than grading [11—14]. This
suggests that diffuse gliomas WHO II and III should be
analysed with respect to their molecular properties.

The prognostic value of pre-therapeutic parameters is
often determined by modelling end-points like overall
survival (OS) and progression-free survival (PFS) with
Cox proportional hazard models. Although well estab-
lished, these models rely on assumptions, and appro-
priate variable selection in multivariate analysis is
controversial [15]. Modern machine learning techniques
offer alternatives for statistical modelling in survival
settings; random survival forests (RSFs) are particularly
promising in that they can deal with correlated vari-
ables, do not rely on restrictive assumptions and provide
an intuitive measure of the importance of individual
variables [16]. RSFs are based on a combination of
multiple decision trees and as a consequence can identify
and capture interactions between variables.

The present study uses both conventional Cox
regression and RSF analysis to investigate the prog-
nostic role of CE in patients with gliomas WHO grade
II/IIT in light of IDH mutation status and co-deletion
1p/19q.

2. Materials and methods
2.1. Patient cohort

Data of all newly diagnosed patients with a histological
diagnosis of a WHO grade II or grade III glioma un-
dergoing either biopsy or surgery between 2005 and
2015 in the Department of Neurosurgery of the LMU
Munich were retrospectively analysed. We included all
cases since 2010, as in those cases /DH mutation testing
was regularly performed as part of the clinical routine,
as well as all cases since 2005, where information on co-
deletion 1p/19q was already available and IDH muta-
tion testing could be performed retrospectively.
Furthermore, data on clinical and imaging follow-up
had to be available; patients who previously received a
‘wait-and-see’ strategy in case of a non-enhancing
tumour and who were referred to our centre in case of
a new CE were excluded from the study. The study was
approved by the ethic committee of the Ludwig-
Maximilians University, Munich. Stereotactic biopsies
were performed using high-resolution contrast-
enhanced T1-weighted MRI. In case of CE, this area
was used for biopsy. Medical records were reviewed for
demographic and clinical data, such as age and Kar-
nofsky Performance Score (KPS) at diagnosis, imaging
data and treatment parameters. Decisions on choice of
treatment modality, such as the surgical procedure and
adjuvant therapy, were made by an interdisciplinary
tumour board. Informed consent was obtained from all
patients. Date of death or last follow-up and date of
progression were obtained on the basis of regular
follow-up investigations scheduled every 6 months in
WHO grade II and every 3 months in WHO grade 111
patients. Date of last follow-up was 30th September
2017. OS was calculated from the date of first diagnosis
until death or date of last follow-up. PFS was calculated
from date of first diagnosis until radiological or clinical
progression according to MacDonald criteria, as many
patients were included before publication of RANO
criteria [17,18].
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2.2. Magnetic resonance imaging

MRI was performed on 3.0 T scanners (Philips Intera 3T,
Andover, MA, and Signa HDxt, GE Healthcare, Mil-
waukee, WI). The standardised protocol comprised an
axial diffusion-weighted, an axial T,-weighted, an axial
fluid-attenuated inversion recovery (FLAIR) sequence,
and T;-weighted gradient-echo sequences before and
after the administration of a gadolinium-based contrast
agent. Evaluation of CE was performed on T-weighted
gradient-echo sequences by experienced investigators
(B.S., M.L., B.E.W.) taking into account any CE, which
was not related to vascular structures, regardless of its size
and appearance. A volumetric analysis of the CE volume
and T,-based volume was performed using the Brainlab
2.0 neuronavigational software as described previously
[19]. A more detailed description can be found in the
supplementary material section.

2.3. Histology and grading

All tumours were formalin-fixed and paraffin-embedded
according to standard procedures. And 2-pm sections
were cut and stained with haematoxylin and eosin
(H&E) before histopathological grading. Grading was
independently assessed by two experienced neuropa-
thologists (U.S. and A.G.); all incongruent cases were
discussed until a consensus concerning the diagnosis was
reached. Analyses were done blinded for molecular and
clinical parameters.

2.4. Sequencing and co-del 1p/19q analysis

IDHI and IDH2 mutations were examined by pyrose-
quencing, while co-del 1p/19q was detected using mi-
crosatellite markers as described previously [20].
Detailed description can be found in the supplement.

2.5. Statistical analysis and machine learning

Conventional statistical analyses were performed using
the SPPS 22.0 software. Demographic data were
analysed via chi-square test in case of categorical
variables and via Wilcoxon test in case of continu-
ously scaled as variables. Univariate and multivariate
Cox regression modelling was performed for survival
analyses.

Machine learning analysis was performed with R
(version 3.4.4), using the framework mlr [21,22]. A short
description of the RSF algorithm principle can be found
in the supplementary material section. To ensure unbi-
ased evaluation of predictive performance, the data were
split into discovery and validation datasets with a 2:1
ratio. Two RSFs with 5000 trees each were trained on
the discovery dataset with the target variables PFS and
OS, respectively, using the package randomForestSRC
[23]. Age, KPS, presence of co-del 1p/9q, surgery versus

biopsy, adjuvant treatment, WHO grade, presence of
CE and presence of IDH mutation were used as
explanatory variables. To minimise the risk of over-
fitting, default settings of the RSF algorithm were used
(mtry = 3, nodesize = 3). The trained RSF models were
used to predict an individual risk of each patient in the
discovery and validation datasets; predictions in the
discovery dataset were made with out-of-bag data. As a
measure of predictive performance, the concordance
indices in each dataset were calculated. The validation
dataset was split into high- and low-risk groups using
the median of the predicted risk, and a Kaplan—Meier
analysis was performed.

To investigate whether the RSF model for OS
captured the interaction between CE and IDH muta-
tion, the 48-month survival was predicted for all pa-
tients in the discovery dataset and compared in notched
boxplots with respect to CE and IDH mutation. In
notched boxplots, non-overlapping notches suggest a
significant difference in medians. In case that the RSF
model correctly captured the interaction between CE
and IDH, it was expected that notches overlap in pa-
tients with IDH wt, and not in patients with IDH
mutation.

Table 1
Patient characteristics.
Parameter All patients IDH wt IDH mut
Total number 301 93 208
% 30.9 69.1
WHO grading
Grade 11 181 34 147
% 60.1 36.5 70.7
Grade 111 120 59 61
% 39.9 63.5 29.3
Age < 45 years 173 31 142
% 57.5 333 68.2
KPS < 80 10 7 3
% 0.3 7.5 1.4
Resection 64 5 59
% 21.3 5.4 28.4
Biopsy 237 88 149
% 78.7 94.6 71.6
Radiochemotherapy 30 23 7
% 10 24.7 33
EBRT 50 28 22
% 16.6 30.1 40.6
Chemotherapy 124 25 99
% 41.2 26.9 47.6
Wait-and-see 97 17 80
% 322 18.2 38.5
Contrast 121 45 76
enhancement (CE)
% 40.2 58.4 36.5
CE: WHO 11 48 8 40
% 39.7 17.8 52.6
CE: WHO III 73 37 36
% 60.3 82.2 474

EBRT = external beam radiation therapy; IDH = isocitrate dehy-
drogenase; KPS = Karnofsky performance scale; WHO = World
Health Organisation.

Percentages are in-column values.
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The importance of explanatory variables was deter-
mined from the trained RSF models using the minimal-
depth concept [16]. The minimal depth is the forest-
averaged distance to the tree trunk at which an explana-
tory variable is used for data splitting; variables with a
strong predictive performance have a low minimal depth.

3. Results

A total number of 301 patients with either WHO grade 11
(n = 181) or WHO grade III (n = 120) were included. Of
them, 208 (69.1%) patients had an /D H mutation, that is,
147 of 181 (81.2%) of WHO grade II and 61 of 120
(50.8%) of WHO grade III gliomas. The prevalence of
IDH2 mutation was 6.7% in our study population. Open
tumour resection was performed in 64 patients, while 237
patients received stereotactic biopsy. The large number of
biopsies reflects the high number of patients with
eloquently located tumours referred to our centre. A
difference in surgical procedure based on /DH mutation
status can be ruled out, as both biopsy and resection were
performed in order to obtain molecular characteristics.
Treatment differed significantly between WHO
groups (p < 0.0001), reflecting the fact that patients with

a grade II tumour were less likely to receive therapy than
patients with a grade III tumour, whereas presence of
CE did not influence choice of treatment modality
within the WHO groups (p = 0.19 in the WHO 1I/
p = 0.7 in the WHO III group, see also Table | for
detailed treatment description).

3.1. Molecular groups and outcome

Median follow-up time in the entire study population
was 64.1 months for the survivors. During the follow-up
period, 215 patients were alive, 86 patients died and 134
had experienced tumour progression. Median OS in the
entire group was not reached. Mean estimated survival
was 147.7 months (95% confidence interval [CI],
133.8—161.6), and median PFS was 38.1 months (95%
CI, 31.2—-44.9).

Stratification according to the three molecular sub-
groups revealed the following distribution of survival
times: ID H wt patients had the worst outcome while IDH
mut/co-del 1p/19q did best (p < 0.001, see Table 2, Fig. 1).
Further univariate and multivariate analyses were per-
formed within the IDH wt versus /DH mut group, the
latter consisting both of 1p/19q co-deleted and non-co-

Table 2
PFS and OS times according to molecular pattern and CE.
Parameters PFS (median, HR (95% CI fo  p-value Events/ OS (median, 95% CI) HR p-value Events/
95% CI) patients (months) (95% CI for HR) patients
(months)
IDH wt 15.1 (13.5—16.8) 0.41 (0.33—0.51) <0.001 134/301 25.7 (20.0—31.4) 0.18 (0.11-0.24)  <0.001  86/301
IDH mut/no 53.8 (30.0—77.3) 113.2% (102.9—123.4)
co-del 1p/19q
IDH mut/co-del 68.8 (47.5—74.2) 198.1" (181.2—215.1)
1p/19q
CE
Entire group
CE yes 32.3 (19.9—44.8) 0.59 (0.42—0.84) 0.002 134/301  92.0 (60.9—123.1) 0.46 (0.33—0.76)  0.001 86/301
CE no 71.8 (50.6—93.0) 164.8" (147.3—182.2)
WHO 11
CE yes 50.2 (16.4—84.0) 0.73 (0.44—1.21) 0.22 71/181 167.8 (150.7—185.0) 0.77 (0.30—2.08)  0.62 23/181
CE no 77.8 (52.1—-103.5) 181.1 (161.5—-200.7)
WHO III
CE yes 23.0 (15.4—30.6) 0.74 (0.44—1.25) 0.26 63/120  56.5 (27.2—85.4) 0.72 (0.42—1.22 0.30 63/120
CE no 32.8 (0.5=70.5) 59.3 (52.7-101.5)
IDH wt
CE yes 14.8 (6.6—22.9) 0.76 (0.45—-1.29) 0.31 56°/93 24.5 (16.2—-32.8) 0.77 (0.46—1.27)  0.30 60/93
CE no 15.9 (13.7—18.1) 27.4 (18.6—36.2)
IDH mut
CE yes 47.3 (22.7-72.0) 0.60 (0.38—0.93) 0.02 781208 140.9 (120.0—199.4) 0.31 (0.14—0.69)  0.002 26/208
CE no 89.3 (67.2—111.3) 196.1 (178.0—213.4)
IDH mut/no co-del 1p/19q
CE yes 36.8 (21.1-52.4) 0.48 (0.26—0.90) 0.02 41/88 99.3% (79.2—119.5) 0.39 (0.15—0.98)  0.04 18/88
CE no 86.4 (42.8—93.9) 112.4" (102.7—122.2)
IDH mut/co-del 1p/19q
CE yes 87.9 (31.8—144.0) 0.62 (0.33—1.20) 0.15 37/120 151.1* (126.3—175.9)  0.08 (0.01-0.69)  0.003 8/120
CE no 106.0" (88.0—124.1) 214.8" (199.6—230.1)

PFS = progression-free survival, OS = overall survival; CI = confidence interval; HR = hazard ratio; IDHI/2 = isocitrate dehydrogenase 1
mut = mutation; co-del 1p/19q = co-deletion on chromosomes 1p/19q; WHO = World Health Organisation; CE = contrast enhancement.

& Mean values (median not reached).

® In 4 of 60 patients out of the IDH wt group, no date of progression was documented before death.
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Fig. 1. Progression-free survival (left, p < 0.001) and overall survival (right p < 0.001) according to the /DH mutation and 1p/19q co-

deletion status. IDH = isocitrate dehydrogenase.

deleted patients. A separate analysis according to co-
deletion 1p/19q in the /DH mut group could not be per-
formed due to the low number of events.

3.2. CE, volumetric parameters and molecular subgroups

CE was present in 40.2% of all patients. WHO III tu-
mours were more likely to present with CE (60.8%) than
WHO II tumours (26.5%, p < 0.001). In WHO grade 11
and III tumours pooled together, presence of CE was
associated with shorter PFS/OS while when WHO 11
and WHO III were analysed separately, the presence of
CE enhancement was associated neither with PFS nor
with OS (see Table 2, Fig. 2).

CE occurred more often in /DH wt tumours (45/93;
48.4%) compared to IDH mut gliomas (76/208; 36.5%);

Progression-free survival

== No CE =~ CE
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however, this difference was not statistically
significant (p = 0.057). Mean CE volume was 1.51 ml;
no statistical difference in volume was observed between
IDH mut (1.76 ml) and IDH wt tumours (1.40 ml;
p = 0.38).

Stratification of outcome revealed CE not to be
associated with prognosis in /DH wt patients, while it
was significantly associated with outcome in the two
IDH mut groups (see Table 2, Figs. 3 and 4).

Assessment of T, volume revealed that IDH mut
tumours were larger (mean volume, 76.8 ml [standard
deviation, 86.7 ml]) than IDH wt tumours (53.3 ml
[standard deviation, 54.1]; p = 0.005). While there was
no correlation of T, tumour volume with outcome in the
IDH wt group (p = 0.41 for PFS/p = 0.22 for OS),
smaller-sized IDH-mutated tumours had longer PFS

Overall survival

1.00 g
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0.50] -----------oo-- e 3
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Fig. 2. Apparent influence of contrast enhancement on progression-free survival (left, p = 0.002) and overall survival (right, p = 0.001)
when WHO grade II and WHO III are pooled together. WHO = World Health Organisation.
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Fig. 3. While contrast enhancement (CE) was not associated with progression-free survival (PFS; upper left, p = 0.31) or overall survival
(OS; upper right, p = 0.30) in the IDH wt group, presence of CE on initial magnetic resonance imaging was a negative prognostic factor
for PFS (lower left, p = 0.02) and OS (lower right, p = 0.002) in the /DH mut group. IDH = isocitrate dehydrogenase.

(p < 0.001) but not OS (p = 0.15) times; this result,
however, should be regarded cautiously due to the
relatively low number of events for OS compared to the
number of events for PFS.

3.3. Molecular markers within cohorts with/without CE

Within the cohorts of tumours either with or without
CE, the stratification according to the molecular sub-
classification remained associated with prognosis: pa-
tients with ZDH mut/co-del 1p/19q glioma had the best
outcome in either cohort followed by IDH mut/no co-
del 1p/19q and the IDH wt tumours (p < 0.0001). For
Kaplan-Meier-curves, see Fig. 5.

3.4. Statistical analysis and machine learning

3.4.1. Conventional Cox regression analyses

Univariate analysis revealed that lower age, lower KPS
values at initial diagnosis, WHO grade II, resection, no
CE at initial MRI, presence of /DH mutation and pro-
longed interval until initiation of adjuvant therapy are
associated with prolonged OS times (Table 3).

As WHO grade was highly intercorrelated with mode
of adjuvant treatment, we calculated alternate Cox-
regression models containing either variable (see Table 4
for model with WHO grade and Suppl. Table 1 for
model with adjuvant treatment). Furthermore, separate
Cox-regression models including T, and CE volumes as
well as ‘presence of CE’ and ‘CE volume’ were
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Fig. 4. ontrast enhancement remains a prognostic factor for progression-free survival (PFS) and overall survival (OS) in the /DH mut
group, independent of the 1p/19q co-del status: PFS (upper left, p = 0.15) and OS (upper right, p = 0.003) in the co-del; PFS (lower left,
p = 0.02) and OS (lower right, p = 0.04) in the non-co-del group. IDH = isocitrate dehydrogenase.

performed (Tables 5 and 6). Regardless of the model
calculated, presence of CE remained an independent
prognostic factor associated with poor outcome in the
IDH mut, but not /IDH wt group.

4. RSF analysis

The trained RSF model for OS achieved concordance
indices of ¢ = 0.859 on the discovery dataset and
¢ = 0.849 on the validation dataset, whereas the RSF
for PFS achieved ¢ = 0.704 on the discovery data and
¢ = 0.714 on the validation data. The individual risk of
the end-points OS and PFS was predicted on the vali-
dation set and used to stratify the patients into high-
and low-risk groups. The resulting Kaplan—Meier
analysis (Fig. 6) demonstrates that the machine

learning—predicted risks are strongly associated with
OS and PFS, respectively.

The predicted 48-month survival (Fig. 7) for patients
with IDH wt is much lower than for patients with IDH
mutation, in accord with Figs. 1 and 3. In addition, the
trained model suggests that the presence of CE plays a
relevant role in patients with /DH mutation, whereas
CE does not appear to have an influence in the pre-
dictions for patients with /DH wt. This is in good
agreement with the results in Fig. 3.

Fig. 8 displays the minimal depth of each explanatory
variable as a measure of its prediction of outcome. With
respect to OS, the presence or absence of IDH
mutation closely followed by age is of highest impor-
tance. These variables have also the highest importance
for the prediction of tumour progression.
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Fig. 5. Stratification of tumours according to presence of contrast enhancement (CE; upper row, p < 0.001 both) and absence of CE (lower
row, p < 0.001 both) and IDH mut/1p/19q co-del status. IDH = isocitrate dehydrogenase.

Table 3
Univariate analysis of PFS/OS.
Parameter PFS oS

p-value HR 95% CI p-value HR 95% CI
Age" 0.03 1.01 1.00—1.03 <0.001 1.04 1.03—1.06
KPS* 0.03 0.97 0.94—1.00 0.002 0.95 0.92—-0.98
WHO grade II versus WHO grade I11 <0.001 0.47 0.34—0.67 <0.001 0.15 0.10—0.28
IDH-mut versus wild type <0.001 0.22 0.15—0.32 <0.001 0.08 0.05—0.12
Co-del 1p/19q yes versus no <0.001 0.38 0.26—0.56 <0.001 0.12 0.06—0.25
Resection versus. biopsy 0.56 0.89 0.59—1.33 0.04 0.54 0.30—0.98
CE no versus yes 0.002 0.59 0.42—0.84 0.001 0.46 0.33—-0.76
Adjuvant treatment” <0.001 0.68 0.58—0.82 <0.001 0.43 0.35-0.53
CE volume® <0.001 1.05 1.02—1.08 0.059 1.02 1.00—1.06
T2 volume” 0.04 1.00 1.00—1.01 0.81 1.00 0.99—-1.01

CE, contrast enhancement; CI, confidence interval; EBRT, external beam radiation therapy; HR, hazard ratio; IDH, isocitrate dehydrogenase;
KPS, Karnofsky performance scale; PFS, progression-free survival; OS, overall survival; WHO, World Health Organisation.

# Continuously scaled.

® Wait-and-see’ versus ‘chemotherapy’ versus ‘radiotherapy’ versus ‘radiochemotherapy’.
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Table 4
Multivariate analysis for PFS/OS for the entire group, as well as according to /DH mutation status.
Parameters Entire group

PFS oS

p-value HR 95% CI p-value HR 95% CI
CE no versus yes 0.20 0.80 0.57—-1.13 0.50 0.84 0.51-1.39
Age” 0.64 1.00 0.99—1.02 0.02 1.02 1.00—1.04
KPS* 0.74 0.99 0.97—1.02 0.76 1.00 0.96—1.03
WHO grading II versus III 0.02 0.66 0.36—0.78 <0.0001 0.28 0.16—0.50
Biopsy versus resection 0.53 0.78 0.68—1.49 0.46 0.78 0.39—1.53
Co-del 1p/19q yes versus no 0.02 0.64 0.44—0.93 0.002 0.27 0.12—0.62
IDH-mut versus wild type <0.0001 0.37 0.25—0.56 <0.0001 0.16 0.09—0.30
Parameter IDH mut

PFS (O}

p-value HR 95% CI p-value HR 95% CI
CE no versus yes 0.03 0.56 0.36—0.95 0.01 0.38 0.16—0.86
Age® 0.05 0.98 0.96—0.99 0.78 0.99 0.96—1.03
KPS* 0.15 0.97 0.93—1.01 0.68 0.99 0.92—1.05
WHO grading II versus I11 0.85 1.05 0.63—1.61 0.01 0.32 0.13—0.75
Biopsy versus resection 0.38 0.80 0.49—1.31 0.98 1.01 0.44—2.33
Co-del 1p/19q yes versus no 0.03 0.58 0.36—0.93 0.02 0.35 0.14—0.85
Parameters IDH wt

PFS OS

p-value HR 95% CI p-value HR 95% CI
CE no versus yes 0.53 0.81 0.43—1.52 0.22 0.70 0.39—-1.23
Age” 0.02 1.03 1.01-1.05 0.14 1.02 1.00—1.04
KPS* 0.75 1.01 0.96—1.05 0.93 1.00 0.96—1.04
WHO grading II versus I11 0.02 0.45 0.23—1.04 <0.001 0.25 0.15—0.46
Biopsy versus resection 0.98 1.02 0.23—4.41 0.83 0.88 0.26—2.94
Co-del 1p/19q yes versus no na na na na na na

CE, contrast enhancement; CI, confidence interval; HR, hazard ratio; co-del 1p/19q, co-deletion on chromosomes lp and 19q; IDH, isocitrate
dehydrogenase; KPS, Karnofsky performance scale; PFS, progression-free survival; OS, overall survival; WHO, World Health Organisation.

% Continuously scaled.

5. Discussion

In clinical practice, CE has often been assumed to be an
indicator of dismal prognosis, merely due to its associ-
ation with malignant progression [24—27]. However,
whereas age and tumour size have been shown to be
prognostic in prospective trials, few or inconclusive data
exist for CE [28,29]. Recent findings suggest that mo-
lecular markers might characterise different tumour
populations, leading to refined grading systems in the
current WHO classification [1,2]. In our study, we re-
evaluate CE as a prognostic factor within the frame-
work of these molecular markers.

Using conventional Cox modelling and a machine
learning analysis, we reveal that patients with tumours
harbouring an /DH mutation have longer PFS and OS
times when lacking CE on initial MRI. Recent reports
analysing the association between CE and /IDH muta-
tion in ‘malignant glioma’ lumping grade III and grade
IV together suggested that CE is a prognostic factor for
outcome in IDH mutated, but not in /DH wt tumours
[7,8,30]. The findings of our study not only confirm these
data for WHO III but also show that this interrelation is
true for WHO grade II tumours as well. On the

contrary, CE was not associated with prognosis in /IDH
wt patients. Thus, absence of CE is not a favourable sign
in IDH wt WHO 1II glioma and should not result in
under-treatment.

Moreover, the association between CE and outcome
in the IDH mut group was observed both in 1p/19q co-
deleted and non-co-deleted tumours. Fig. 5 shows that
the influence of molecular status on outcome seems to
be the same both within the group ‘CE yes’ and ‘CE
no’, with patients harbouring IDH mut, 1p/19q co-
deleted tumours having the best outcome, followed
by patients diagnosed with /DH mut, non-co-deleted
tumours. This finding supports the hypothesis that
IDH mutation is an early event in tumourigenesis,
which occurs much earlier than co-del 1p/19q or CE
and that the latter is a secondary event, which can
further discriminate tumours with different prognosis
[31,32]. In addition, volumetric tumour size in T,-
weighted MRI was associated with PFS in /DH mut,
but not IDH wt gliomas, indicating that IDH wt status
might be more powerful than tumour size. This is in
line with recently published findings concerning the
value of non-enhancing tumour volume in /DH mut
glioma [33].
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Table 5

Multivariate analysis for PFS/OS for the entire group, as well as according to /DH mutation status (CE volume).
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Parameters Entire group

PFS oS

p-value HR 95% CI p-value HR 95% CI
CE volume® 0.001 1.05 1.02—1.05 0.22 1.03 0.99—1.07
Age” 0.57 1.00 0.99—-1.02 0.02 1.02 1.00—1.05
KPS* 0.48 0.99 0.96—1.02 0.92 1.00 0.97—-1.04
WHO grading II versus III 0.16 0.76 0.52—1.11 <0.0001 0.27 0.16—0.49
Biopsy versus resection 0.33 0.79 0.49—1.31 0.46 0.78 0.55—1.53
IDH-mut versus wild type <0.001 0.29 0.18—0.45 <0.001 0.16 0.09—0.30
Co-del 1p/19q yes versus no 0.01 0.55 0.35—-0.85 0.001 0.26 0.11-0.59
Parameter IDH mut

PFS (O}

p-value HR 95% CI p-value HR 95% CI
CE volume® <0.001 1.07 1.03—1.10 0.029 1.05 1.01-1.10
Age® 0.04 0.98 0.96—1.00 0.88 0.99 0.96—1.04
KPS* 0.16 0.97 0.94—1.01 0.99 1.00 0.94—1.07
WHO grading II versus I11 0.91 1.03 0.61-1.72 0.004 0.29 0.12—0.68
Biopsy versus resection 0.50 0.84 0.51-1.39 0.96 1.02 0.34—2.48
Co-del 1p/19q yes versus no 0.04 0.61 0.38—0.97 0.04 0.39 0.16—0.95
Parameters IDH wt

PFS (O}

p-value HR 95% CI p-value HR 95% CI
CE volume®" 0.55 1.02 0.97—-1.07 0.08 0.96 0.91-1.01
Age’ 0.02 1.02 1.00—1.04 0.14 1.01 0.99—1.04
KPS* 0.52 1.02 0.97—-1.07 0.72 0.99 0.95—1.04
WHO grading II versus I11 0.03 0.48 0.27-0.95 0.001 0.24 0.12—-0.45
Biopsy versus resection 0.90 1.10 0.25—-4.76 0.97 0.99 0.29-3.13
Co-del 1p/19q yes versus no na na na na na na

CE, contrast enhancement; CI, confidence interval; HR, hazard ratio; co-del 1p/19q, co-deletion on chromosomes 1p and 19q; IDH, isocitrate
dehydrogenase; KPS, Karnofsky performance scale; PFS, progression-free survival; OS, overall survival, WHO, World Health Organisation.

% Continuously scaled.

Our machine learning analysis confirmed the results
of conventional Cox regression models. The trained
RSF achieved very good prognostic performance, on
both the discovery and validation datasets. The distinct
separation of groups in the Kaplan-Meier analysis
confirms the excellent performance on the validation
dataset and indicates that the RSF model works well on
previously unseen data. Moreover, the model detects an
influence of CE on 48-month survival only in the sub-
group with IDH mutation (Fig. 7). These findings match
the results in Figs. 1 and 3 and indicate that the machine
learning model automatically captures the interaction
between CE and IDH with regard to OS.

Furthermore, the RSF analysis allows for additional
insight into the importance of individual variables for OS
and PFS prognosis. For both end-points, /DH mutation
status and age have the lowest minimal depths of all
prognostic factors, which indicates high variable
importance.

Generally, we have demonstrated that a machine
learning approach based on RSF provides a relatively
simple and intuitive alternative to the more established
Cox regression models, with the additional benefit of
deeper insights into the relation between predictors and

outcome. In addition, an excellent predictive perfor-
mance not only on the discovery dataset but also on
previously unseen validation data was demonstrated.
The risk of potential overfitting was mitigated through
rigorous separation of discovery and validation
datasets.

Our study has two main limitations: its retrospective,
single-centre design and the different treatment regimens
in WHO 1I and grade III tumours. As our hypothesis
concerning the effect of grading and CE in diffuse lower
grade astrocytoma was based on the data generated at
our centre, it requires a (preferably prospective) vali-
dation in a comparably large cohort.

Concerning the second limitation, up to now, patients
with WHO III glioma were more likely to receive an
aggressive treatment. While the proportion of patients
receiving an adjuvant therapy following surgical pro-
cedure was higher in the WHO III group, presence of
CE did not influence treatment decisions within the
WHO groups. Furthermore, in contrast to previous re-
ports, our study population included a large proportion
of patients undergoing stereotactic biopsy. However,
while adjuvant treatment was correlated with OS in the
univariate analysis, neither mode of surgery (biopsy or
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Table 6
Multivariate analysis for PFS/OS for the entire group, as well as according to /DH mutation status (T, volume).
Parameters Entire group

PFS (O

p-value HR 95% CI p-value HR 95% CI
T, volume” 0.005 1.00 0.99—1.01 0.75 1.00 0.99—-1.01
Age” 0.88 1.00 0.99—-1.02 0.03 1.02 1.00—1.05
KPS* 0.44 0.99 0.96—1.02 0.98 1.00 0.96—1.04
WHO grading II versus III 0.19 0.76 0.51-1.14 <0.0001 0.27 0.16—0.47
Biopsy versus resection 0.11 0.68 0.42—1.09 0.32 0.70 0.36—1.40
IDH-mut versus wild type <0.001 0.27 0.17-0.42 <0.0001 0.16 0.09—0.31
Co-del 1p/19q yes versus no 0.01 0.55 0.35—0.87 0.002 0.26 0.11-0.62
Parameter IDH mut

PFS (03]

p-value HR 95% CI p-value HR 95% CI
T, volume” <0.0001 1.01 1.00—-1.02 0.10 1.00 0.99—1.01
Age® 0.009 0.97 0.95—-0.99 0.65 0.99 0.95—-1.03
KPS* 0.44 0.99 0.95-1.02 0.61 0.98 0.92—-1.05
WHO grading II versus I11 0.98 0.99 0.59—1.68 0.003 0.27 0.12—0.64
Biopsy versus resection 0.11 0.66 0.39—1.10 0.51 0.75 0.32—1.75
Co-del 1p/19q yes versus no 0.02 0.55 0.34—0.89 0.02 0.33 0.13—0.86
Parameters IDH wt

PFS (03]

p-value HR 95% CI p-value HR 95% CI
T, volume” 0.52 0.99 0.99—1.00 0.84 1.00 0.99—1.01
Age” 0.02 1.02 1.00—1.05 0.29 0.98 0.99—-1.03
KPS* 0.56 1.01 0.96—1.06 0.95 1.00 0.96—1.05
WHO grading II versus I11 0.02 0.47 0.25—0.89 0.001 0.25 0.12—0.51
Biopsy versus resection 0.92 1.01 0.25—4.54 0.97 0.98 0.29—-3.22
Co-del 1p/19q yes versus no na na na na na na

CI, confidence interval; HR, hazard ratio; co-del 1p/19q, co-deletion on chromosomes 1p and 19q; IDH, isocitrate dehydrogenase; KPS, Karnofsky
performance scale; PFS, progression-free survival; OS, overall survival; WHO, World Health Organisation.
% Continuously scaled.

resection) nor mode of adjuvant treatment influenced 6. Conclusion

outcome in the multivariate or RSF analysis. Thus,

these two factors do not constitute a limitation per se, In patients with diffuse IDH wt gliomas WHO grade 11
but should be kept in mind when comparing our results and III, CE is not associated with survival. In patients
with those of previous studies. with an /DH mutation, presence of CE on initial MRI is
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Fig. 6. Kaplan-Maier analysis of random survival forest analysis: the predicted risk of progression-free survival (left, p < 0.001) and
overall survival (right, p < 0.001) is a highly significant prognostic factor.
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Fig. 7. Four-year overall survival as predicted by random survival forests, stratified by /DH mutation status and contrast enhancement
(CE). The predictions for IDH wt tumours do not depend on CE, whereas the predicted 4-year survival in tumours with /DH mutation is
shorter when CE is present. Notches in the boxplot indicate a 95% confidence interval, and non-overlapping notches indicate significant

difference in medians. IDH = isocitrate dehydrogenase.
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Fig. 8. Variable importance prediction for progression-free survival (left) and overall survival (right) in the entire group.

linked to inferior survival. Hence, the value of CE as a
prognostic marker has to be redefined with respect to
the molecular signature of the tumour. Further multi-
centre trials are necessary to validate our results.

Funding

This study was supported by a generous grant of the
Remark-Moolenaars family.

Conflict of interest statement

Bogdana Suchorska, Ulrich Schiiller, Annamaria
Biczok, Markus Lenski, Nathalie Lisa Albert, Armin
Giese, Friedrich-Wilhelm Kreth, Birgit Ertl-Wagner and
Michael Ingrisch declare not to have any potential

conflicts of interest. Joerg-Christian Tonn is a consul-
tant/advisory board member for Merck Serono, Roche,
and Celldex and has received speakers bureau honoraria
from Brainlab, Merck Serono, Roche and Siemens.

Acknowledgements

We thank Janina Mielke, Anna Krieger and Michael
Ruiter for expert technical help.

Appendix A. Supplementary data

Supplementary data to this article can be found online
at https://doi.org/10.1016/j.ejca.2018.10.019.


https://doi.org/10.1016/j.ejca.2018.10.019

B. Suchorska et al. | European Journal of Cancer 107 (2019) 15—-27 27

References

[1] Eckel-Passow JE, Lachance DH, Molinaro AM, et al. Glioma
groups based on 1p/19q, IDH, and TERT promoter mutations in
tumors. N Engl J Med Jun 25 2015;372(26):2499—508.

[2] Louis DN, Perry A, Reifenberger G, et al. The 2016 World Health

Organization classification of tumors of the central nervous sys-

tem: a summary. Acta Neuropathol Jun 2016;131(6):803—20.

Weller M, van den Bent M, Tonn JC, et al. European Association

for Neuro-Oncology (EANO) guideline on the diagnosis and

treatment of adult astrocytic and oligodendroglial gliomas. Lan-
cet Oncol Jun 2017;18(6):e315—29.

Watanabe M, Tanaka R, Takeda N. Magnetic resonance imaging

and histopathology of cerebral gliomas. Neuroradiology 1992;

34(6):463—9.

Pope WB, Sayre J, Perlina A, Villablanca JP, Mischel PS,

Cloughesy TF. MR imaging correlates of survival in patients with

high-grade gliomas. Am J Neuroradiol Nov—Dec 2005;26(10):

2466—74.

Chaichana KL, Kosztowski T, Niranjan A, et al. Prognostic

significance of contrast-enhancing anaplastic astrocytomas in

adults. J Neurosurg Aug 2010;113(2):286—92.

[7] Wang YY, Wang K, Li SW, et al. Patterns of tumor contrast
enhancement predict the prognosis of anaplastic gliomas with
IDH1 mutation. Am J Neuroradiol Nov 2015;36(11):2023-9.

[8] Qi S, Yu L, Li H, et al. Isocitrate dehydrogenase mutation is

associated with tumor location and magnetic resonance imaging

characteristics in astrocytic neoplasms. Oncol Lett Jun 2014;7(6):

1895—902.

Carrillo JA, Lai A, Nghiemphu PL, et al. Relationship between

tumor enhancement, edema, IDH1 mutational status, MGMT

promoter methylation, and survival in glioblastoma. Am J Neu-
roradiol Aug 2012;33(7):1349—55.

[10] Wasserman JK, Nicholas G, Yaworski R, et al. Radiological and
pathological features associated with IDHI1-R132H mutation
status and early mortality in newly diagnosed anaplastic astro-
cytic tumours. PLoS One 2015;10(4):e0123890.

[11] Theeler BJ, Yung WK, Fuller GN, De Groot JF. Moving toward
molecular classification of diffuse gliomas in adults. Neurology
Oct 30 2012;79(18):1917—-26.

[12] Weller M, Weber RG, Willscher E, et al. Molecular classification
of diffuse cerebral WHO grade II/III gliomas using genome- and
transcriptome-wide profiling improves stratification of prognos-
tically distinct patient groups. Acta Neuropathol May 2015;
129(5):679—-93.

[13] Reuss DE, Mamatjan Y, Schrimpf D, et al. IDH mutant diffuse
and anaplastic astrocytomas have similar age at presentation and
little difference in survival: a grading problem for WHO. Acta
neuropathologica Jun 2015;129(6):867—73.

[14] Suzuki H, Aoki K, Chiba K, et al. Mutational landscape and
clonal architecture in grade II and III gliomas. Nat Genet May
2015;47(5):458—68.

[15] Harrell FE. Regression modeling strategies: with applications to
linear models, logistic regression, and survival analysis. Cham:
Springer; 2015.

[16] Ishwaran H, Kogalur UB, Chen X, Minn AJ. Random survival
forests for high-dimensional data. Stat Anal Data Min 2011;4(1):
115-32.

[3

=

[4

=

[5

=

[6

=

[9

—

[17] Macdonald DR, Cascino TL, Schold Jr SC, Cairncross JG.
Response criteria for phase II studies of supratentorial malignant
glioma. J Clin Oncol 1990;8:1277—80.

[18] Wen PY, Macdonald DR, Reardon DA, et al. Updated response
assessment criteria for high-grade gliomas: response assessment in
neuro-oncology working group. J Clin Oncol Apr 10 2010;28(11):
1963—72.

[19] Suchorska B, Jansen NL, Linn J, et al. Biological tumor volume
in I8FET-PET before radiochemotherapy correlates with survival
in GBM. Neurology Feb 17 2015;84(7):710—9.

[20] Suchorska B, Giese A, Biczok A, et al. Identification of time-to-
peak on dynamic 18F-FET-PET as a prognostic marker specif-
ically in IDH1/2 mutant diffuse astrocytoma. Neuro Oncol Jan 22
2017;20(2):279—88.

[21] A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing; 2017 [computer
program].

[22] Bischl BLM, Kotthoff L, Schiffner J, Richter J, Studerus E,
Casalicchio G, et al. Machine learning in R. J Mach Learn Res
2016;17(170):1-5.

[23] Random forests for survival, regression, and classification (RF-
SRC), R package version 2.5.1. 2017 [computer program].

[24] Scott JN, Brasher PM, Sevick RJ, Rewcastle NB, Forsyth PA.
How often are nonenhancing supratentorial gliomas malignant?
A population study. Neurology Sep 24 2002;59(6):947—9.

[25] Ginsberg LE, Fuller GN, Hashmi M, Leeds NE, Schomer DF.
The significance of lack of MR contrast enhancement of supra-
tentorial brain tumors in adults: histopathological evaluation of a
series. Surg Neurol Apr 1998;49(4):436—40.

[26] Barker 2nd FG, Chang SM, Huhn SL, et al. Age and the risk of
anaplasia in magnetic resonance-nonenhancing supratentorial
cerebral tumors. Cancer Sep 1 1997;80(5):936—41.

[27] Kreth FW, Warnke PC, Ostertag CB. Low grade supratentorial
astrocytomas: management and prognostic factors. Cancer Dec
15 1994;74(12):3247-8.

[28] Pignatti F, van den Bent M, Curran D, et al. Prognostic factors
for survival in adult patients with cerebral low-grade glioma. J
Clin Oncol Apr 15 2002;20(8):2076—84.

[29] Pallud J, Capelle L, Taillandier L, et al. Prognostic significance of
imaging contrast enhancement for WHO grade II gliomas. Neuro
Oncol Apr 2009;11(2):176—82.

[30] Sonoda Y, Shibahara I, Kawaguchi T, et al. Association between
molecular alterations and tumor location and MRI characteristics
in anaplastic gliomas. Brain Tumor Pathol Apr 2015;32(2):
99—104.

[31] Watanabe T, Nobusawa S, Kleihues P, Ohgaki H. IDH1 muta-
tions are early events in the development of astrocytomas and
oligodendrogliomas. Am J Pathol Apr 2009;174(4):1149—53.

[32] Nakamura M, Yang F, Fujisawa H, Yonekawa Y, Kleihues P,
Ohgaki H. Loss of heterozygosity on chromosome 19 in second-
ary glioblastomas. J Neuropathol Exp Neurol Jun 2000;59(6):
539—43.

[33] Broen MPG, Smits M, Wijnenga MMJ, et al. The T2-FLAIR
mismatch sign as an imaging marker for non-enhancing IDH-
mutant, 1p/19g-intact lower grade glioma: a validation study.
Neuro Oncol Sep 3 2018;20(10):1393-9.


http://refhub.elsevier.com/S0959-8049(18)31460-6/sref1
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref1
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref1
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref1
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref2
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref2
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref2
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref2
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref3
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref3
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref3
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref3
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref3
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref4
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref4
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref4
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref4
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref5
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref5
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref5
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref5
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref5
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref5
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref6
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref6
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref6
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref6
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref7
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref7
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref7
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref7
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref8
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref8
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref8
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref8
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref8
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref9
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref9
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref9
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref9
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref9
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref10
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref10
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref10
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref10
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref11
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref11
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref11
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref11
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref12
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref12
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref12
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref12
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref12
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref12
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref13
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref13
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref13
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref13
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref13
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref14
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref14
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref14
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref14
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref15
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref15
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref15
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref16
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref16
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref16
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref16
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref17
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref17
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref17
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref17
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref18
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref18
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref18
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref18
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref18
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref19
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref19
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref19
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref19
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref20
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref20
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref20
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref20
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref20
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref21
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref21
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref21
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref22
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref22
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref22
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref22
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref23
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref23
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref24
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref24
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref24
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref24
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref25
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref25
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref25
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref25
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref25
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref26
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref26
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref26
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref26
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref27
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref27
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref27
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref27
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref28
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref28
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref28
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref28
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref29
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref29
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref29
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref29
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref30
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref30
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref30
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref30
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref30
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref31
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref31
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref31
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref31
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref32
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref32
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref32
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref32
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref32
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref33
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref33
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref33
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref33
http://refhub.elsevier.com/S0959-8049(18)31460-6/sref33

	Contrast enhancement is a prognostic factor in IDH1/2 mutant, but not in wild-type WHO grade II/III glioma as confirmed by  ...
	1. Introduction
	2. Materials and methods
	2.1. Patient cohort
	2.2. Magnetic resonance imaging
	2.3. Histology and grading
	2.4. Sequencing and co-del 1p/19q analysis
	2.5. Statistical analysis and machine learning

	3. Results
	3.1. Molecular groups and outcome
	3.2. CE, volumetric parameters and molecular subgroups
	3.3. Molecular markers within cohorts with/without CE
	3.4. Statistical analysis and machine learning
	3.4.1. Conventional Cox regression analyses


	4. RSF analysis
	5. Discussion
	6. Conclusion
	Funding
	Conflict of interest statement
	Acknowledgements
	Appendix A. Supplementary data
	References


