
DIAGNOSTIC NEURORADIOLOGY

Dynamic susceptibility contrast and diffusion MR imaging
identify oligodendroglioma as defined by the 2016 WHO classification
for brain tumors: histogram analysis approach

Anna Latysheva1 & Kyrre Eeg Emblem2
& Petter Brandal3 & Einar Osland Vik-Mo4,5

& Jens Pahnke6,7
& Kjetil Røysland8

&

John K. Hald1
& Andrés Server1

Received: 15 November 2018 /Accepted: 16 January 2019 /Published online: 2 February 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Purpose According to the revised World Health Organization (WHO) Classification of Tumors of the Central Nervous System
(CNS) of 2016, oligodendrogliomas are now defined primarily by a specific molecular signature (presence of IDH mutation and
1p19q codeletion). The purpose of our study was to assess the value of dynamic susceptibility contrast MR imaging (DSC-MRI)
and diffusion-weighted imaging (DWI) to characterize oligodendrogliomas and to distinguish them from astrocytomas.
Methods Seventy-one adult patients with untreated WHO grade II and grade III diffuse infiltrating gliomas and known 1p/19q
codeletion status were retrospectively identified and analyzed using relative cerebral blood volume (rCBV) and apparent diffu-
sion coefficient (ADC) maps based on whole-tumor volume histograms. The Mann-Whitney U test and logistic regression were
used to assess the ability of rCBVand ADC to differentiate between oligodendrogliomas and astrocytomas both independently,
but also related to the WHO grade. Prediction performance was evaluated in leave-one-out cross-validation (LOOCV).
Results Oligodendrogliomas showed significantly higher microvascularity (higher rCBVMean ≥ 0.80, p = 0.013) and
higher vascular heterogeneity (lower rCBVPeak ≤ 0.044, p = 0.015) than astrocytomas. Diffuse gliomas with higher
cellular density (lower ADCMean ≤ 1094 × 10−6 mm2/s, p = 0.009) were more likely to be oligodendrogliomas than
astrocytomas. Histogram analysis of rCBV and ADC was able to differentiate between diffuse astrocytomas (WHO
grade II) and anaplastic astrocytomas (WHO grade III).
Conclusion Histogram-derived rCBVand ADC parameter may be used as biomarkers for identification of oligodendrogliomas
and may help characterize diffuse gliomas based upon their genetic characteristics.
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Introduction

Increasing evidence suggests that the presence of certain
genetic aberrations in diffuse gliomas significantly im-
proves prognostic accuracy compared to a diagnosis
based exclusively on histology. Several large clinical
trials have demonstrated more benefit from chemothera-
py and better overall survival in patients with the pres-
ence of an IDH mutation and 1p19q codeleted gliomas
(oligodendrogliomas) as compared to their genetic coun-
terparts (astrocytomas). Differentiation between these
two entities affects treatment strategy [1–4].

The revised fourth edition of the 2016 World Health
Organization (WHO) Classification of Tumors of the Central
Nervous System (CNS) incorporates genetic markers as the
basis for classification [5]. For tumors harboring astrocytic
and oligodendroglial elements, the genetic constitution will
define it as an astrocytoma or oligodendroglioma [6, 7].
Specifically, diffuse gliomas with mutations in isocitrate de-
hydrogenase 1 or 2 (IDH1 and IDH2) and whole-arm losses of
1p and 19q (1p/19q codeletion) will be classified as
oligodendrogliomas, while those without 1p/19q codeletion
will be classified as astrocytomas with or without IDH1/2
mutation [5].

The current diagnostic standard for grading of diffuse gli-
oma is histopathological evaluation of tissue specimens and
molecular testing for the identification of genetic alteration
(IDH1/2, IDH wild type, and 1p19q codeletion status). In
cases with possible non-representative biopsy sampling and/
or conflicting molecular results, it is important to identify ro-
bust non-invasive biomarkers that may help guide clinical
decision making [6, 8].

Dynamic susceptibility contrast MR imaging (DSC-MRI)
and diffusion-weighted imaging (DWI) are widely used tech-
niques in brain tumor diagnostics. They allow characterization
of specific tumor components, as well as functional signatures
of the entire tumor and surrounding tissue. Relative cerebral
blood volume (rCBV) from perfusion MRI is a reliable bio-
marker used to assess tissue vascularity and, what is most
important for glioma grading, to estimate the apparent grade
of neoangiogenesis [9–11]. Apparent diffusion coefficient
(ADC) from DWI is used as a quantitative parameter to assess
the grade of restrictive diffusion and to provide information
about tissue structure and cellularity [12, 13].

Previous studies have demonstrated the ability of DSC and
DWI to differentiate oligodendroglioma from astrocytoma,
diffuse glioma WHO grade II from grade III, and 1p19q
codeleted tumors from 1p19q non-codeleted tumors [14–19].
But in most studies which were performed prior to the updated
WHO CNS tumor classification [20], oligoastrocytomas were
included in oligodendroglioma’s subgroup and were analyzed
together. For this reason, non-invasive in vivo functional tis-
sue information to compliment the new genetic entities

oligodendroglioma (IDH mutant, 1p19q codeleted) and astro-
cytoma (IDH mutant, non-1p19q codeleted) is necessary.

The purposes of this retrospective study were to determine
whether the rCBV and ADC values analyzed by histogram
methods could help to classify oligodendrogliomas from as-
trocytic tumors and to distinguish diffuse gliomasWHO grade
II from grade III.

Material and methods

Patient selection

From November 2006 until May 2013, a total of 352 consec-
utive adult patients with a histopathologic diagnosis of diffuse
glioma were identified based on our clinical database. Of
these, 87 diffuse glioma grades II and III were diagnosed
histopathologically as oligodendroglioma, oligoastrocytoma,
or astrocytoma, classified according to the 2007 WHO
Classification of Tumors of the CNS, were selected.
Molecular genetic status with respect to 1p19q codeletion
was available for all patients and met the following inclusion
criteria: (1) a baseline pretreatmentMRI examination from our
institution including DSC-MRI and DWI in addition to T1-
weighted and T2-weighted images, (2) age > 18 years, and (3)
a signed consent. From this group, 71 were included in the
final study cohort. The following patients were excluded: (1)
incomplete imaging sequences (n = 8), (2) insufficient image
quality (n = 6), and (3) previously performed biopsy (n = 2).
The patient inclusion and exclusion process is shown in Fig. 1.

Histopathologic, molecular genetic analysis
and classification

Tumor tissue obtained from needle biopsy or surgical
excision, routinely formalin-fixed and paraffin-embedded
(FFPE), was reviewed and diagnosed by experienced neu-
ropathologists. All tumors were initially classified as
oligodendroglioma, astrocytoma, or oligoastrocytoma ac-
cording to WHO 2007. They were, thereafter, divided
into genetically defined subtypes according to WHO
2016 criteria: (1) oligodendroglioma-grade II with 1p/
19q codeletion, (2) anaplastic oligodendroglioma-grade
III with 1p/19q codeletion, (3) diffuse astrocytoma-grade
II without 1p/19q codeletion, and (4) anaplastic
astrocytoma-grade III without 1p19q codeletion.
Astrocytoma subtypes were also stratified as IDH1/2 mu-
tant or IDH1/2 wild type when IDH1/2 status was known.

In the period from 2006 to 2009, routine 1p19q codeletion
status analysis was performed by polymerase chain reaction
(PCR) using at least four of six microsatellite markers on
1p35–36 and 19q13 [21]. From 2009 on, multiplex ligation-
dependent probe amplification (MLPA) was performed for
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detection of 1p19q codeletion (SALSA MLPA probemix
P088-C2), ATRX (SALSA MLPA P013 ATRX), TP53
(SALSAMLPA P056 TP53), IDH1 (isocitrate dehydrogenase
1 gene NM_005896.3), or IDH2 (isocitrate dehydrogenase 2
gene NM_005896.3) (SALSA MLPA P370 BRAF-IDH1-
IDH2). MLPA is based on the ligation of two DNA oligonu-
cleotides that hybridize adjacently to DNA target sequence
and has previously been described [22]. The MLPA kit was
assembled by MRC-Holland (Amsterdam, The Netherlands).

MR imaging

MRI was performed with a 1.5-T scanner (Sonata, Symphony,
or Avanto; Siemens, Erlangen, Germany) equipped with an 8-
channel (Sonata and Symphony imagers) or 12-channel
(Avanto imager) phased-array head coil. The pretherapeutic
MRI protocol included the following sequences: axial T2-
weighted fast spin-echo (repetition time, TR 4000 ms; echo
time, TE 104 ms; slice thickness, 5 mm; flip angel 146°),
coronal fluid-attenuated inversion recovery (TR, 9000; TE,
108 ms; slice thickness, 5 mm; flip angel 120°), and axial
T1-weighted spin-echo (TR, 500 ms; TE 77 ms; section thick-
ness, 5 mm; flip angel 120°).

DWI was obtained using an axial echo-planar spin-echo
sequence (TR, 2900 ms; TE 84 ms; section thickness 5 mm)
before the injection of contrast agent. Diffusion was measured
in three orthogonal directions using b values 0, 500, and
1000 s/mm2.

Echo-planar gradient-echo DSC-MRI was acquired during
contrast agent administration with TR, 1430ms; TE 46ms (12
axial sections) to TR, 1590 ms; TE 52 ms (14 axial sections);

bandwidth, 1345 Hz/pixel; voxel size, 1.80 × 1.80 × 5 mm3;
intersection gap, 1.5 mm; 50 time points; flip angel 90°. After
approximately eight time points, 0.2 mmol/kg of gadobutrol
(Gadovist; Bayer Pharma AG, Berlin, Germany) was injected
at a rate of 5 mL/s, immediately followed by a 20-mL bolus of
NaCl (9 mg/mL) injected at a rate of at 5 mL/s. Post-contrast
T1-weighted images were acquired after completion of the
DSC-MRI [15].

Image processing

Data analysis was performed independently by two neurora-
diologists and blinded to the histopathological and genetic/
molecular characteristics. Tumor outlining and processing of
ADC and rCBV maps were performed using nordicICE
(NordicNeuroLab AS, Bergen, Norway). A series of ROIs
were manually drawn on every representative slice for the
entire tumor volume separately on ADC maps and T2-
weighted images (Fig. 2). The borders were drawn at the tran-
sition between abnormal hyperintensity and normal parenchy-
mal signal intensity based on visual evaluation with preferably
avoidance of cystic components. The entire tumor volume
includes both enhanced and non-enhanced components [23,
24]. Discrepancies were resolved by consensus reading.

Standard tracer kinetic models were used for creating CBV
maps from DSC-MRI, corrected for potential contrast agent
leakage from blood-brain barrier breakdown and normalized
with respect to blood volume values from normal-appearing
tissue to obtain relative CBV [24]. ADCmaps fromDWIwere
created using standard Stejskal-Tanner diffusion approxima-
tion [17, 25]. Whole-tumor normalized histogram

Fig. 1 Patient flow diagram
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distributions of the ADC and rCBV maps were created as
described elsewhere [24]. In short, using MATLAB 2013
(MathWorks, Natick, Mass), 100 bin histograms were created
over an ADC range of 0–300 and an rCBV range of 0–7.5
(ratios; arbitrary units), respectively. The histograms were nor-
malized by making all areas under the curves equal to one to
correct for varying tumor sizes [23]. To reduce the effect of
outliers, all ADC and rCBV values below the 5% percentile
and over the 95% percentile were excluded. The maximum
peak heights of the normalized histogram (ADCPeak and
rCBVPeak), as well as means of the tumor regions of interests
(ADCMean, rCBVMean), were calculated. rCBVPeak and
ADCPeak were statistically used as measures of vascular and
cellular tumor heterogeneity, respectively [17, 23].

Statistical analysis

The Mann-Whitney U test was used to assess ability of
histogram-derived parameters to identify patients sugges-
tive of an oligodendroglioma independent of histopatho-
logic grade, but also in subgroups related to the WHO
grade (II and III). The overall diagnostic performance
was analyzed by the receiver operating characteristic
curve (ROC), including values of sensitivity, specificity,
and area under the curve (AUC). Optimal cutoff points
based on the Youden index were also estimated.
Association between genetically defined subtypes, WHO
grade, and ADC and rCBV parameters was evaluated by
both univariate and multivariate logistic regressions The
leave-one-out cross-validation (LOOCV) algorithm was

used to estimate how accurately a predictive model dif-
ferentiates between glioma subtypes. For all cases, an
analysis value of less than 0.05 was considered to indi-
cate a significant difference. The Holm-Bonferroni correc-
tion was used to control for multiple comparisons. Statistical
analysis was performed using SPSS version 18 software
(SPSS, Chicago, USA) and R version 3.3.3 (R Project for
Statistical Computing; http://www.r-project.org).

Ethical consideration

Institutional and regional medical ethics committees approved
this study (REC-number 2013/81 2.2006.541).

Results

Study population

Seventy-one patients (37 women, 34 men; median age,
48 years; range, 18–82 years) with diffuse infiltrating glioma
grade II and III met all inclusion criteria andmade up the study
population. 1p19q status was considered for all patients, and
IDH profile (IDH1mutated, IDH2mutated, or IDHwild type)
was determined for 57.7% of the cases. We found that 28% of
previously diagnosed oligodendrogliomas and almost 85% of
oligoastrocytomas were reclassified as astrocytomas.

Table 1 summarizes patient demographics, histopathology,
and molecular genetic status.

Fig. 2 Generation of rCBV and ADC histograms. Regions with signal
hyperintensities were segmented on axial T2 images, coregistrated with
rCBV maps and corresponding rCBV histogram in a 44-year-old woman

with anaplastic oligodendroglioma (a, b). Total tumor volume was seg-
mented on ADC maps in the same patient with corresponding ADC
histogram (c, d)
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DSC-MRI and DWI histogram parameters
for differentiation between oligodendrogliomas
and astrocytomas

Detailed results for DSC-MRI and DWI parameters based on
histogram analysis to distinguish oligodendrogliomas from
astrocytomas are summarized in Table S1. ROC analysis with
suggested optimal cutoff value and estimated positive and
negative predictive values for each of parameters with signif-
icant probability values is given in Table 2.

Oligodendrogliomas showed a significantly higher
rCBVMean and lower rCBVPeak compared to diffuse astrocy-
tomas (p = 0.013; p = 0.015, respectively). ROC analysis
yielded AUC values of 77% using the parameter rCBVMean

and 80% for the parameter rCBVPeak, respectively, for dis-
crimination of oligodendrogliomas from diffuse astrocytomas.
Figure 3 illustrates average rCBVPeak histograms for all
oligodendrogliomas and astrocytomas regardless of grade.

Diffuse gliomas with lower ADCMean were more likely to
be oligodendroglioma rather than astrocytoma (p = 0.009).
Higher ADCPea k and lower ADCMean ind ica ted
oligodendroglioma when the glioma grade II subgroup was
analyzed separately (p = 0.042; p = 0.001, respectively).

Figure 4 demonstrates boxplots with distribution range of
rCBVPeak, rCBVMean, and ADCMean values in different sub-
groups of diffuse gliomas.

In our study, the linear combination of most signifi-
cant variables (rCBVPeak, rCBVMean, and ADCMean)
based on logistic regression had the superior diagnostic
performance in differentiating oligodendrogliomas from
diffuse astrocytomas. ROC analysis yielded AUC value
of 84% (Table 2, Fig. 5). In LOOCV, this combined
predictive model have 28% error rate when all gliomas
were included and 21% in grade II gliomas subtype;
however, misclassification rate was increased to 42%
when just grade III gliomas were analyzed.

Table 2 Results of ROC curve analysis and error rate estimated using leave-one-out cross-validation of DWI and DSC-MRI histogram-derived
parameters in patients with diffuse glioma grade II and III

Cutoff points Sensitivity %
(95% CI)

Specificity %
(95% CI)

Positive predictive
value % (95% CI)

Negative predictive
value % (95% CI)

AUC Error rate
(%)**

Oligodendroglioma vs astrocytoma (WHO grade II and III)

ADCMean ≤ 1094 × 10−6 mm2/s 63 (54; 82) 61 (51; 83) 65 (52; 81) 73 (61; 87) 76 32

rCBVPeak ≤ 0.044 78 (56; 82) 78 (54; 93) 76 (63; 88) 76 (63; 88) 80 30

rCBVMean ≥ 0.80 mL/100 g 68 (52; 90) 93 (69; 99) 65 (48; 83) 92 (70; 98) 77 32

Linear combination based
on logistic regression*

92 (62; 96) 81 (69; 99) 88 (62; 96) 80 (70; 98) 84 28

Oligodendroglioma vs astrocytoma (WHO grade II)

ADCPeak ≥ 0.043 57 (37; 75) 95 (68; 99) 54 (36; 75) 94 (70; 98) 69 36

ADCMean ≤ 1101 × 10−6 mm2/s 84 (70; 93) 65 (47; 82) 85 (70; 93) 67 (49; 82) 75 33

Oligodendroglioma vs astrocytoma (WHO grade III)

rCBVPeak ≤ 0.046 68 (49; 85) 73 (61; 87) 65 (46; 81) 72 (61; 87) 73 34

CI confidence interval, AUC area under the curve

*Linear combination included most significant variables: ADCMean, rCBVMean, and rCBVPeak

**Error rate was estimated using leave-one-out cross-validation

Table 1 Patient demographics, histopathology, and molecular genetic status

Total (n = 71) Oligodendroglioma (n = 33) Astrocytoma (n = 38)

Age, mean (SD) (years) 48 (11.2) 49 (11.3) 38 (12.1)

Female sex (no.) 36 (52.2%) 19 (57.6%) 17 (47.2%)

Tumor grade

WHO II 42 (59.1%) 23 (54.7%) 19 (45.3%)

WHO III 29 (40.9%) 10 (34.4%) 19 (65.6%)

Known IDH mutation status 43 (57.7%) 18 (41.9%) 25 (58.1%)

IDH—mutant 41 (95.3%) 18 (100%) 23 (92%)

IDH—wild type 2 (4.6%) 2 (8%)

Neuroradiology (2019) 61:545–555 549



DSC-MRI and DWI histogram parameters
for differentiation between WHO grade II and grade
III

The correlations between rCBVPeak, rCBVMean, ADCPeak, and
ADCMean and WHO grade are demonstrated in Table S2.
There was a substantial overlap in rCBV and ADC
histogram-derived biomarkers between WHO glioma grade
II and III, and no significant differences were observed in
the univariate model. LOOCV performed with inclusion of
these four parameters showed also high error rate (49%). In
the multivariate regression model, the value of ADCMean was
an independent variable for discriminating between astrocyto-
maWHO grades II and III (p = 0.03). The odds of astrocytoma
WHO grade III increased in low ADCMean lesions (OR, 0.92
for each unit decrease in ADCMean with 95% CI, 0.82–0.98).

Discussion

In our study, we identified microvascularity parameters sug-
gesting a denser and more heterogeneous vascular distribution
in oligodendrogliomas compared to those of astrocytomas.
Measures of rCBV parameters showed fair diagnostic perfor-
mance and further improved diagnostic value in combination
with ADC parameters for discriminating oligodendroglioma
from astrocytoma.

Our results imply that histogram-derived rCBV and ADC
values could be useful imaging biomarkers for differentiating
these two types of diffuse glioma. Non-invasive biomarkers are
of special relevance in cases with ambiguous biopsy results,
deep-seated inoperable tumors, and in patients with primary
or recurrent tumors where a Bwait-and-see^ management is
pursued. Moreover, identification of oligodendroglioma is also

Fig. 3 Whole-volume average
rCBVPeak histograms (± 1.96
standard error of mean (SEM)) of
all oligodendroglioma and
astrocytomas WHO
grades II and III

550 Neuroradiology (2019) 61:545–555
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of importance for the choice of therapeutic strategy. Patients
with oligodendroglial tumor grade III have been shown to ben-
efit from procarbazine, lomustine, and vincristine (PCV),
whereas in patients with astrocytoma grade III, temozolomide
has been shown to be beneficial [1, 2].

The key finding in our study is higher vascularity
(high rCBVMean) in oligodendrogliomas as compared to
astrocytomas, regardless of histopathological grade. A
few retrospective studies have attempted to correlate
1p19q codeletion with rCBV and have demonstrated
findings similar to ours [19, 26]. Jenkinson et al. showed
that rCBV > 1.59 predicted 1p/19q status with 92% sen-
sitivity and 76% specificity [18]. In contrast to our re-
sults, Yoon et al. found that the volume transfer coeffi-
cient (Ktrans), extravascular extracellular distribution vol-
ume (Ve), and rCBV values were not significantly differ-
ent between the oligodendroglioma group and grade II/III
astrocytoma group [27]. Increased blood volumes in
oligodendrogliomas could be explained by higher meta-
bolic demands associated with 1p/19q codeletion [28].
Increased F-FDG uptake was demonstrated in positron
emission tomography and single-photon emission com-
puted tomography studies [28, 29]. Moreover, high
intratumoral metabolism may also explain increased sen-
sitivity to chemotherapy. It was suggested that alkylating
agents exert a more beneficial effect in tumors with
higher cell turnover and DNA synthesis rates, which
are known to correlate with higher glucose utilization
and metabolism [30, 31]. We did not observe differences

in vascular densities between oligodendroglioma and as-
trocytoma in grade II tumors. While this result is based
on the new WHO classification, our finding corroborates
previous work and suggests that 1p/19q codeletion alone
is not categorically linked to vascular status and apparent
neoangiogenesis in low-grade tumors. Instead, our data
also suggest higher vascular heterogeneity (low
rCBVPeak) in oligodendrogliomas compared to astrocyto-
mas regardless of tumor grade. This idea is also consis-
tent with previous findings from our group [15], as well
as that of Cha et al. who also showed that rCBVmax
measurements varied greatly within each individual
oligodendroglioma (1.29 to 9.24), whereas astrocytomas
tended to have little relative variation (0.48 to 1.34) [32].

Another important finding in our study was the
higher cellular density (low ADCMean) in patients with
oligodendroglioma compared to astrocytoma. These re-
sults parallel those of previous studies reporting lower
maximum ADC, and a lower mean histogram ADC, in
tumors with 1p/19q loss compared to those without [16,
17, 33]. There are several possible explanations for the
increase of restrictive diffusion in oligodendroglioma.
One of them is the presence of calcification which is
common in oligodendroglioma and may limit water con-
tent as well as and hinder water movement [34].
Classical oligodendroglial tumors are often highly cellu-
lar lesions with closely packed, relatively small cells in
central regions and prominent secondary structure for-
mation, such as clustering of tumor cells around the

Fig. 5 Receiver operating
characteristic (ROC) curves for
imaging derived histogram bio-
markers (rCBVPeak, rCBVMean,
ADCMean, ADCPeak) used to
identify oligodendroglioma
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perikarya of preexisting neurons (satellitosis) and sur-
rounding cortical small vessels (perivascular aggregates)
[35]. These formations may also delay passage of small
molecules as they need to navigate around cellular
obstacles.

In our study, ADCPeak and ADCMean values were not
significantly different between oligodendroglioma grade
II and oligodendroglioma grade III. Our findings there-
fore do not seem to corroborate those of Lin et al. who
reported a significantly lower normalized ADC in high-
grade oligodendrogliomas compared to low-grade
oligodendrogliomas [36]. These differences, however,
may be explained through differences in methodology
(hotspot method vs histogram approach).

Other authors have demonstrated that tumors with 1p/19q
codeletion tend to have a narrow histogram peak (higher
ADCPeak) indicating greater homogeneity, compared to tu-
mors with intact 1p/19q [17]. In our study, this association
was observed just for grade II tumors, a finding that most
likely may be explained by higher numbers of edematous
areas, hemorrhage, and cystic or mucinous degeneration in
anaplastic tumors compared to low-grade tumors.

Moreover, we found that combined use of ADC and rCBV
histogram parameters also improved the ability to identify
oligodendroglial from astrocytic tumors. This result is in line
with those of a recently published study that found that ADC
in combination with rCBV, T2 volume enhancement, and con-
trast enhancement distinguished IDHmutant/1p19q codeleted
from IDH mutant/1p19q non-codeleted gliomas [37]. In con-
tradiction, neither rCBV nor ADC parameters could distin-
guish between histopathologic grades in diffuse gliomas as
previously suggested [38].

Our study has limitations. First, two different assays (FISH
andMLPA) were used for detection of 1p and 19q deletions in
tumoral tissue. 1p/19q codeletion as detected by FISH could
in principle be loss of alleles and not the whole arms, thereby
yielding false positive results. Although MLPA in principle is
more sensitive and less dependent on individual interpretation
than FISH, both technologies have showed concordant results
in validation studies [6, 39]. Second, there is a risk of classi-
fication errors in histopathological diagnoses of tumor sam-
ples derived from biopsies, particularly with regard to the
differentiation between grade II and grade III gliomas [8,
40]. Third, our study may also be limited by the preselection
of patients with histological oligodendroglial features only.
Fourth, IDH1/2 status was not available in all the patients
(57.7% of patients cohort). However, a large number of stud-
ies show that IDH1/2 mutation occurs in all 1p19q-codeleted
tumors and the great majority of diffuse glioma grade II/III
also falls into the IDH mutant category [6, 7, 41–45]. Finally,
as is true across all imaging modalities, the manual tumor
outlining performed in our study is subjective and reproduc-
ibility may be challenged when used in combination with

advanced imaging techniques. However, the high
intraobserver agreement of the histogram method suggests
that subtle changes in ROI editing are relatively unimportant,
given the large number of data points included in the histo-
gram [23].

In conclusion, non-invasive glioma assessment is an
important supplement to neuropathological evaluation in
newly diagnosed disease and longitudinal follow-up.
Histograms derived DSC-MRI, and DWI parameters
may be used as non-invasive imaging biomarkers for
identification of oligodendroglioma as defined by the
new WHO 2016 classification criteria.
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