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A B S T R A C T

Purpose: The aim of the study was to assess the predictive value of preoperatively assessed diffusion kurtosis
imaging (DKI) metrics as prognostic factors in the 2016 World Health Organization Classification of Tumors of
the Central Nervous System integrated glioma groups.
Material and methods: Seventy-seven patients with histopathologically confirmed treatment-naïve glioma were
retrospectively assessed between 08/2013 and 10/2017 using mean kurtosis (MK) and mean diffusivity (MD)
histogram parameters from DKI, overall and progression-free survival, and relevant prognostic molecular data
(isocitrate dehydrogenase, [IDH]; alpha-thalassemia/mental retardation syndrome X-linked, [ATRX]; chromo-
some 1p/19q loss of heterozygosity). Receiver operating characteristic (ROC) analysis was performed on metric
variables to determine the optimal cutoff-values. The Kaplan-Meier method was used to assess univariate sur-
vival data. A multivariate Cox proportional hazards model was performed on significant results from the uni-
variate analysis.
Results: There were significant differences in overall and progression-free survival between patient age
(p=0.001), resection statuses (p=0.002), WHO glioma grades (p < 0.0001), and integrated molecular pro-
files (p < 0.0001). Survival was significantly better in patients with lower MK and higher MD values globally
(p=0.009), in gliomas without chromosome 1p/19q LOH (p < 0.0001), and those with retained ATRX ex-
pression (p=0.008).
Conclusions: Patient age and MK from DKI from DKI are relevant factors for preoperatively predicting overall
and progression-free survival. Regarding the molecular subgroups, they seem to be predictive in gliomas with
ATRX retention, representing a feature of IDH wild-type gliomas.

1. Introduction

Gliomas are the most common intrinsic brain tumors with a
worldwide incidence of 6/100.000 [1]. They are associated with poor
prognosis and substantial morbidity [2]. Properly determining glioma
characteristics has an impact on clinical management and individual
prognosis [3]. For final glioma grading the histopathological

examination is indispensable [4,5]. The recently updated World Health
Organization classification (revised 4th edition) of tumors of the central
nervous system (2016 CNS WHO) joins both histopathological and
molecular features into an “integrated diagnosis” thus establishing new
tumor subclasses [3]. For appraising individual prognosis, the mole-
cular stratification is essential and also superior to conventional histo-
logical grading [6–8]. In reference to 2016 CNS WHO the basic
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molecular characteristics include isocitrate-dehydrogenase (IDH) 1/2
mutation status and chromosome 1p/19q loss of heterozygosity (LOH).
Both mutation of IDH1/2 and chromosome 1p/19q LOH are favorable
prognostic factors in diffuse glioma [6–12]. Alpha-thalassemia/mental
retardation syndrome X-linked (ATRX) is a complementary molecular
marker, which is predictive for associated IDH or H3 histone, family 3 A
(H3F3 A) hotspot mutations [13]. The loss of ATRX expression is mostly
induced by truncating ATRX mutations, resulting in an alternative
lengthening of telomeres (ALT) phenotype [14]. It also represents a
favorable prognostic factor in diffuse glioma [11]. The O6-methylgua-
nine DNA methyltransferase (MGMT) methylation status is an in-
dependent prognostic factor in diffuse glioma [15–17]. However, non-
invasive multi-modal imaging methods are essential for post-treatment
monitoring of potential tumor recurrence, for follow-up of patients with
suspected low-grade glioma or those not being eligible for surgery, or
for reliable in-vivo glioma characterization in patients with an in-
creased risk of post-biopsy complications [18].
The apparent diffusional kurtosis — also known as the apparent

kurtosis coefficient (AKC) — is a dimensionless metric from diffusion
kurtosis imaging (DKI) that quantifies the degree of deviation from
Gaussian diffusion behavior of the diffusion induced signal decay
[19–21]. DKI is an extension of the diffusion tensor imaging (DTI)
method that uses multiple and high b-value measurements in multiple
directions [19–24]. The metrics that can be derived from DKI are the
mean kurtosis (MK) and mean diffusivity (MD) [24,21]. DKI allows for
quantitative assessment of the water diffusion behavior in a biological
tissue that goes beyond that of mono-exponential apparent diffusion
coefficient (ADC) measurements from standard single b-value diffusion
weighted imaging (DWI). However, diffusion barriers change the water
diffusion probability distribution of a biological tissue such as brain
tissue. Regarding the high anisotropy of brain tissue, DKI can be re-
garded as a measure of its microstructural composition, heterogeneity,
and complexity [19,22]. Previously, DKI has shown potential in non-
invasively discriminating between 2016 CNS WHO glioma grades and
their integrated molecular profiles [25,26].
However, the prognostic value of MK and MD parameters from DKI

on pre-treatment MRI images in view of integrated “histo-molecular”
tumor stratification has not yet been investigated. Therefore, this study
sought to assess the predictive value of MK and MD parameters from
DKI on preoperative MR images as prognostic factors in 2016 CNS WHO
integrated glioma groups.

2. Material and methods

2.1. Study design and ethics

This study is a retrospective observational cohort analysis according
to the STROBE guidelines [27], and it was conducted based on the
principles of the International Conference on Harmonization: Good
Clinical Practice guidelines and the latest version of the Declaration of
Helsinki. The local institutional review board approved this study (Ref.
No. 727/2017BO2) and waived the written informed consent due to the
retrospective study design.

2.2. Patient selection and stratification

The patient cohort was selected from 397 consecutive patients with
diffuse glioma diagnoses from 08/2013 and 10/2017. Fig. 1 demon-
strates the patient selection and dichotomization algorithm using a flow
diagram. The final study group comprised 77 patients with a mean age
of 53.1 ± 15.7 years and consisted of 43 men (56%) and 34 women
(44%). The mean follow-up time was 534 days (1.46 years) with a
range of 30–1738 days (0–4.76 years). Glioma grading was based on
histopathological examinations and full immunohistochemical work-up
of specimens obtained from partial, subtotal (> 90%), or complete
tumor resection in all patients, whereas several patients underwent

prior navigated biopsy.
Immunohistochemistry with a mutation-specific IDH1 R132H anti-

body assessed the IDH mutation status [28]. The negative cases fol-
lowed Sanger sequencing to detect any non-canonical IDH1/2 muta-
tions [29]. Immunohistochemistry also determined nuclear ATRX
expression status in tumor cells using cut-off values as previously [13].
Chromosome 1p/19q LOH was studied using a synthetic high-resolu-
tion microsatellite polymerase chain reaction (PCR) gel [30]. All high-
grade tumors underwent assessment of MGMT methylation by methy-
lation-specific PCR [15,31].
Final glioma classification was based on the current 2016 CNS WHO

criteria [3] and included both histopathological and molecular data. In
the integrated approach the combination of loss of ATRX expression
and presence of IDH1/2 mutation characterized IDHmut astrocytoma
(AS) including its most aggressive histological subtype of IDHmut glio-
blastoma (GBM). Tumors with IDH wild type (IDHWT) status and re-
tained ATRX expression are primary GBMs. Oligodendrogliomas are
defined by synchronous 1p/19q LOH and IDH1/2 mutation, whereas an
overwhelming majority are associated with maintained ATRX expres-
sion [1,7,30]. Additionally, IDHmut diffuse AS WHO grade II (AS2),
IDHmut anaplastic AS WHO grade III (AS3), and IDHmut AS4/GBMs
WHO grade IV were grouped as (1) IDHmut AS; IDHwt AS2, IDHwt AS3,
and IDHwt AS4/GBM were grouped as (2) IDHwt GBM, and 1p/19q-
confirmed diffuse (OD2) and anaplastic oligodendrogliomas (OD3)
were grouped as (3) OD1p/19q-LOH based on their integrated molecular
profiles as well as their clinical outcomes [6,7,11,12].

2.3. Procedures and techniques

2.3.1. MR imaging
Imaging used a 3.0 T MRI scanner (Biograph mMR, Siemens

Healthcare, Erlangen, Germany) with a 32-channel head coil. The
conventional MR examination protocol included a transversal 2D-en-
coded T2-weighted fluid attenuated inversion recovery (FLAIR) se-
quence (TR/TE, 9000/87ms; inversion time (TI), 2500ms; slice
number, 40; slice thickness, 3 mm), and a sagittal 3D-encoded isotropic
magnetization prepared rapid acquisition gradient echo (MPRAGE)
sequence (TR/TE, 1900/2.4ms; TI, 900ms; slice number, 124; slice
thickness, 1.0mm) before and after administration of 0.1ml/kg body
weight gadobutrol (Gadovist®, Bayer, Leverkusen, Germany).
For DKI, a spin-echo 2D echo-planar imaging diffusion-weighted

imaging (DWI) sequence was used. The implemented b-values were 0,
500, 1000, 1500, 2000, and 2500s/mm2. Diffusion encoding in 30 di-
rections was used for each of these values. The other imaging para-
meters included: TR, 5900ms; TE, 95ms; field of view,
250× 250mm2; matrix, 128×128; slice number, 25; slice thickness,
5 mm; bandwidth, 965 Hz/pixel; and parallel imaging with a sensitivity
encoding factor of 2 in the anteroposterior direction.

2.3.2. Image post-processing and analysis
As previously described [25], MD and MK parametric maps were

calculated, and smoothing was applied prior to calculation of the
parametric maps using the MR Body Diffusion tool® V.1.2.0 in syn-
go.via frontier® (Siemens Healthcare, Erlangen, Germany). Image and
volume of interest (VOI) analyses were performed on the parametric
maps using MIPAV 7.4.0 (http://mipav.cit.nih.gov/). The entire tumor
volume was manually delineated around the most solid-appearing parts
of each whole tumor on multiple slices, as indicated by T2 signal al-
terations. Necrotic areas, greater vessels, and peritumoral edema were
excluded. By encompassing the whole tumor volume potential sampling
bias was minimized [32,33]. The MD and MK parametric maps were
then transformed on the matrix of the transverse FLAIR-weighted
images using in-house Matlab-based software (Matlab 2014b, Math-
Works Natick, Massachusetts, USA). Subsequently, the MK and MD
voxel intensity values were extracted voxel-wise from the overlaid VOIs
and exported for statistical analysis.
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The following ten standard first-order parameters were derived from
the MK and MD histograms: mean, mode (equals the peak height po-
sition), standard deviation (SD), skewness (measure of the asymmetry
of a distribution), kurtosis (degree of “tailedness” of a distribution) as
well as the tenth (C10), 25th (C25), 50th (C50), 75th (C75), and 90th
(C90) percentiles.

2.3.3. Statistical analyses
Data analyses were performed using IBM SPSS Statistics® Version 24

(IBM, Armonk, NY, USA) and validated using JMP 13.1 (SAS,
Discovery, Cary, NJ, USA). Receiver operating characteristic (ROC)
curves were generated for significant results to determine the optimal
cutoff-values from metric variables such as MD, MK, and age. These
cutoff-values were globally applied to following analyses. The Kaplan-
Meier method and the Tarone-Ware test [34,35] were used to assess

univariate survival data among the different subgroups (resection
status, WHO grade, integrated molecular profiles, IDH1/2 mutation
status, ATRX expression status, and age; see Figs. 2 and 3). They were
also used to assess univariate survival data between different MK and
MD values among the different subgroups (Figs. 4 and 5). Multivariate
survival analysis was performed using the Cox proportional hazards
regression model. Regarding the aim of the study, only preoperatively
known parameters such as age or DKI parameters, which showed sig-
nificant results from univariate analysis, were included into multi-
variate analysis (Table 4). The hazard ratios corresponded to risk of
death, and thus, an increased hazard ratio implied an unfavorable
prognosis. Due to multicollinearity in DKI histogram parameters only
the most significant parameter from univariate analysis (average MK)
was included into multivariate analysis. The global level of significance
was set at α= 0.05.

Fig. 1. Patient flow diagram according to the STROBE guidelines.
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3. Results

3.1. Descriptive statistics

Tables 1 and 2 show the distribution of the histopathological and
molecular characteristics according to 2016 CNS WHO as well as the

grouped findings based on their integrated molecular profiles and
clinical outcomes [6,7,11,12]. The tables comprise descriptive survival
data among the different histopathological and molecular subgroups.
The overall mean survival was 3.42 years. The mean and median pro-
gression-free survival were 2.3 and 2.1 years, respectively.

Fig. 2. Overall survival among glioma subgroups Kaplan-Meier plots illustrating overall patient survival among different resection statuses (a), WHO grades (b),
integrated molecular profiles (c), IDH1/2 mutation status (d), ATRX expression status (e), and age groups (f). WHO, world health organization; IDH1/2, isocitrate
dehydrogenase 1/2; ATRX, alpha-thalassemia/mental retardation syndrome X-linked; MGMT, O6-methylguanine DNA methyltransferase.

Fig. 3. Progression-free survival among glioma subgroups Kaplan-Meier plots illustrating progression-free patient survival among different resection statuses (a),
WHO grades (b), integrated molecular profiles (c), IDH1/2 mutation status (d), ATRX expression status (e), and age groups (f). WHO, world health organization;
IDH1/2, isocitrate dehydrogenase 1/2; ATRX, alpha-thalassemia/mental retardation syndrome X-linked; MGMT, O6-methylguanine DNA methyltransferase.
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3.2. Univariate survival analysis

Table 3 shows univariate survival data from Cox proportional ha-
zards analysis. Univariate survival data from all patients is presented
using the Kaplan-Meier plots and their corresponding p values from the
Tarone-Ware tests (see Figs. 2, 3, 4, and 5). Regarding overall survival,
there were significant differences between the different resection sta-
tuses (p= 0.002), WHO glioma grades (p= 0.001), integrated mole-
cular profiles (p < 0.0001), IDH1/2 mutation status (p < 0.0001),
and patient age group (p=0.001; Fig. 2a‒d; f). For progression-free
survival, there were significant differences between resection statuses
(p=0.016), WHO glioma grades (p < 0.0001), integrated molecular
profiles (p < 0.0001), IDH1/2 mutation status (p < 0.0001), ATRX
expression status (p=0.017), and patient age group (p < 0.0001;
Fig. 3a‒f).

Globally, overall and progression-free survival was significantly
better in patients with lower MK values (p < 0.0001, Fig. 4a;
p= 0.001, Fig. 5a) and higher MD values (p=0.005, Fig. 4e;
p= 0.007, Fig. 5e), respectively.
In the molecular groups of IDHmut AS, IDHwt GBM, and OD1p/19q-LOH

there were no significant differences in overall and progression-free
survival between patients with high or low MD and MK. Additionally,
there were no significant differences in overall and progression-free
survival between patients with high or low MD and MK values among
different IDH1/2 status (Figs. 4b, f and 5 b, f). However, patients with
lower MK and higher MD showed significantly better overall and pro-
gression-free survival among the group of gliomas without chromosome
1p/19q LOH (Figs. 4c, g and 5 c, g) and those with retained ATRX
expression independent of IDH mutation status (Figs. 4d, h and 5 d, h).

Fig. 4. Overall survival data for Mean Kurtosis and Mean Diffusivity from Diffusion Kurtosis Imaging among glioma subgroups Kaplan-Meier plots illustrating overall
patient survival between different MK (a) and MD values (e) among the integrated glioma groups of IDHwt GBM (b, f), gliomas without chromosome 1p/19q LOH (c,
g), and gliomas with retained expression (d, h).
IDH1/2, isocitrate dehydrogenase 1/2; IDHmut, IDH-mutant; IDHwt, IDH wild type; OD1p/19q-LOH, oligodendroglioma with chromosome 1p/19q loss of heterozygosity;
ATRX, alpha-thalassemia/mental retardation syndrome X-linked

Fig. 5. Progression-free survival data for Mean Kurtosis and Mean Diffusivity from Diffusion Kurtosis Imaging among glioma subgroups Kaplan-Meier plots illus-
trating progression-free patient survival between different MK (a) and MD values (e) among the integrated glioma groups of IDHwt GBM (b, f), gliomas without
chromosome 1p/19q LOH (c, g), and gliomas with retained expression (d, h).
IDH1/2, isocitrate dehydrogenase 1/2; IDHmut, IDH-mutant; IDHwt, IDH wild type; OD1p/19q-LOH, oligodendroglioma with chromosome 1p/19q loss of heterozygosity;
ATRX, alpha-thalassemia/mental retardation syndrome X-linked
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3.3. Multivariate survival analysis

Table 4 lists results from multivariate Cox proportional hazards
analysis results from preoperatively known variables such as age and
DKI parameters, which were significant in univariate analysis. Both age
and average MK are significant both for overall and progression-free
survival.

4. Discussion

The aim of this study was to assess the predictive value of MK and
MD parameters from DKI on preoperative MR images as prognostic
factors in 2016 CNS WHO integrated glioma groups. In univariate
analysis, higher MK and lower MD values itself were factors for un-
favorable overall and progression-free survival. Among the different
subgroups, higher MK and lower MD were factors for unfavorable
survival in the group of gliomas without chromosome 1p/19q LOH and
those with retained ATRX expression. Also, they are relevant for pre-
dicting survival in preoperative setting in multivariate analysis.

Regarding the integrated approach of 2016 CNS WHO MK has de-
monstrated similar microstructure and heterogeneity within the groups
of gliomas classified as IDHmut AS, IDHwt GBM, and OD1p/19q-LOH based
on their molecular profile, clinical outcome, and prognosis, and irre-
spective of their individual WHO grades [26]. Specifically, lower MK
and higher MD values correlate with the group of IDHmut AS which is
characterized by lower cell density and more homogeneous cell archi-
tecture than their wild-type counterpart. Conversely, the group of
IDHwt GBM is associated with higher MK and lower MD values due to
increased cellularity, structural heterogeneity, microvascular pro-
liferation, hemorrhage, and necrosis [25,36,37]. The group of OD1p/19q-
LOH that shares IDH mutation with IDHmut AS and retained ATRX ex-
pression with IDHwt GBM, shows intermediate DKI parameters [25].
The prognostic value of DKI, which reflects the degree of morphologic
complexity of a tumor, may be explained by its capability of non-in-
vasively appraising the molecular glioma profiles, which again are as-
sociated with different survival characteristics.

5. Survival analysis

Molecular stratification is essential for estimating individual prog-
nosis in patients with glioma [6–8]. In our study we found that younger
patient age and IDH1/2 mutation are positive prognostic factors both in
univariate and multivariate analysis. These results confirm various
studies in the literature [6–8,38,39,10]. Regarding the integrated mo-
lecular profiles of IDHmut AS, OD1p/19q-LOH, and IDHwt GBM
[6,7,11,12], we found survival curves (Figs. 2c and 3c) similar to
Pekmezci et al. [11], Olar et al. [10] and Hempel et al. [40], thus
supporting the validity of our data and confirming the favorable
prognostic value of IDH mutation and chromosome 1p/19q LOH.
The ADC from single b-value DWI on preoperative MRI images is a

commonly known prognostic factor for overall survival in previous
2007 CNS WHO glioma grades [41,42]. However, the predictive value
of advanced DWI parameters such as MK and MD from DKI have not yet
been assessed in the literature. Regarding MK and MD alone, our data
shows significantly better overall and progression-free survival in pa-
tients with lower MK and higher MD values (Figs. 4a and e; 5 a and e;
Tables 3 and 4). There were single studies reporting the predictive
value of FA from DTI in GBM treatment follow-up [43]. Thus, the
survival advantage of lower MK and higher MD values from DKI in
diffuse glioma are novel findings.
In the context of the integrated diagnostic approach of 2016 CNS

WHO [3], there was no significant difference between patients with
different MK and MD values among the groups of IDHmut AS, IDHwt
GBM, and OD1p/19q-LOH. These results so far correspond to the findings

Table 1
Tumor grading and survival data according to the 2016 CNS WHO criteria.

Histopathological characteristics

Histology astrocytoma GBM astrocytoma GBM oligodendroglioma
WHO grade II III IV II III IV II III
Molecular characteristics
IDH1/2 mutation yes no yes
1p/19q Co-Deletion no no yes
N 13 5 2 3 15 21 17 1
Age (mean/median) 40/38 43/40 53/53 53/42 56/56 63/54 51/52 18/18
Sex (male/female) 8/5 3/2 1/1 2/1 7/8 14/7 7/10 1/0
ATRX loss of expression (y/n) 13/0 4/1 2/0 0/3 0/15 1/20 0/17 0/1
MGMT promoter methylation* 4/2 2/3 0/2 1/1 4/11 8/13 1/0 0/1
Progression of disease (y/n) 3/10 1/4 2/0 1/2 11/4 12/9 4/13 1/0
Mean / median progression-free survival [years] 3.9/4.7 3.1/2.5 1.1/0.8 1.1/– 1.1/0.7 0.6/0.5 2.9/– –
Patients deceased (y/n) 1/12 0/5 1/1 1/2 8/7 5/16 0/17 1/0
Mean / median overall survival [years] 4.4/– – 1.4/– 1.8/– 2.0/0.6 1.1/– – –

GBM, glioblastoma; Isocitrate-dehydrogenase (IDH) 1/2 mutation status; alpha-thalassemia/mental retardation syndrome X-linked (ATRX) loss of expression;
chromosome 1p/19q co-deletion; O6-methylguanine DNA methyltransferase (MGMT) promoter methylation status;
*Only cases with a clear-cut MGMT promoter status (methylated or unmethylated) are listed.

Table 2
Tumor grading and survival data according to the grouped findings of the in-
tegrated molecular approach.

Histopathological characteristics

Histology AS &
GBM

AS &
GBM

oligodendroglioma

WHO grade all all All
Molecular characteristics
IDH1/2 mutation yes no yes
1p/19q Co-Deletion no no yes
N 20 39 18
Age (mean/median) 42/39 57/59 49/51
Sex (male/female) 12/8 23/16 8/10
ATRX loss of expression (y/n) 19/1 1/38 0/18
MGMT promoter methylation* 6/7 13/25 1/1
Progression of disease (y/n) 6/14 24/15 5/13
Mean / median progression-free

survival [years]
3.4/4.7 1.0/0.7 2.9/0.7

Patients deceased (y/n) 2/18 14/25 1/17
Mean / median overall survival

[years]
4.2/– 1.9/1.8 –

AS, astrocytoma; GBM, glioblastoma; Isocitrate-dehydrogenase (IDH) 1/2 mu-
tation status; alpha-thalassemia/mental retardation syndrome X-linked (ATRX)
loss of expression; chromosome 1p/19q co-deletion; O6-methylguanine DNA
methyltransferase (MGMT) promoter methylation status;
*Only cases with a clear-cut MGMT promoter status (methylated or un-
methylated) are listed.
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of Latysheva et al. [44], who found that “apparent diffusion coefficient
parameters […] did not stratify progression-free survival and overall
survival […] in patients with oligodendrogliomas”. Conversely, pa-
tients with lower MK and higher MD values showed significant better
overall and progression-free survival among gliomas without chromo-
some 1p/19q LOH and those with retained ATRX expression, respec-
tively (Figs. 4c—d and g–h; 5c—d and g–h). The survival advantage of
lower MK and higher MD values from DKI in theses glioma subgroups
are novel findings. In the group of IDHwt GBM we observed a statistic
trend towards better overall and progression-free survival in patients
with lower MK and higher MD values. MK and MD from DKI may
predict the molecular profile of diffuse glioma [25,37]. Histogram
analyses from DKI parameters have shown specific histogram types of
the different molecular glioma groups [26] and indicated a more
homogeneous distribution of DKI histogram parameters in the groups of

IDHmut AS and OD1p/19q-LOH, whereas the group of IDHwt GBM showed
heterogeneous histogram parameter distribution. In this study we ob-
serve different survival, based on MK and MD stratification, in the
gliomas with ATRX retention, which is characteristic of IDHwt GBM.
This indicates that the heterogeneous group of IDHwt GBM shows dif-
ferent survival based on the individual complexity and heterogeneity of
a tumor. Regarding the Kaplan-Meier plots (Figs. 4b and 5 b) the sur-
vival advantage in these groups might become significant in a bigger
cohort.
Regarding the different DKI parameters we found that MK per-

formed better than MD in predicting survival on preoperative images.
These findings so far correspond to previous reports [26], where MK
histogram parameters performed better than those of MD in non-in-
vasively predicting the integrated molecular glioma profile. We did not
find corresponding values in the literature.

Table 3
Univariate Cox proportional hazards model for overall and progression-free survival in diffuse glioma.

1Significant results (Wald test) at α < 0.05 are highlighted in light blue. 2 The hazard ratio is for each 1-year increase in age. 3 The hazard ratio is for
each 1-unit increase in mean kurtosis and mean diffusivity. 4 The unit for Mean Diffusivity values is s/mm2.

Isocitrate-dehydrogenase (IDH) 1/2 mutation status; alpha-thalassemia/mental retardation syndrome X-linked (ATRX) loss of expression; O6-methyl-
guanine DNA methyltransferase (MGMT) promoter methylation status;

Table 4
Preoperative multivariate Cox proportional hazards model for overall and progression-free survival in diffuse glioma.

1 Significant results (Wald test) at α < 0.05 are highlighted in light blue.
2 The hazard ratio is for each 1-year increase in age.
3 The hazard ratio is for each 1-unit increase in mean kurtosis.
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In multivariate Cox proportional hazards analysis, both age and
average MK are significant prognostic factors in preoperative setting.
However, DKI parameters may not hold up with histopathologic or
molecular glioma features. This partially supports previous findings,
where contrast enhancement as a preoperative MR imaging feature was
no longer prognostic in multivariate analysis including histopathologic
and molecular markers [40].

6. Limitations

The relatively small numbers of patients with IDHmut GBM and
IDHwt AS2 (early precursor lesion of IDHwt GBM with evidence of
possible emersion into a new midline high grade glioma subset in ap-
prox. 8% of IDHwt AS [6]) might induce potential selection bias and did
not allow for a deeper subgroup survival analysis. However, the dis-
tribution of our glioma cases represents their natural incidence
[6,7,9,12,45]. Furthermore, there was potential treatment bias on the
survival due to the different chemotherapy approaches adapted to the
molecular glioma profile. Final limitation is the retrospective study
design.

7. Conclusions

As isolated factors, patient age and average MK from DKI are re-
levant for predicting overall and progression-free survival in diffuse
glioma on preoperative MRI scans. Regarding the different integrated
molecular subgroups, MK and MD might be predictive factors in
gliomas with retained ATRX expression, which is a characteristic of
IDHwt GBM. However, in this specific group the prognostic value of DKI
parameters needs to be evaluated in a bigger cohort.
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