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Practice points

e The literature is limited by small studies of mixed histological grade or subtype, with associations not always reaching
highly statistically significant levels. Furthermore, the lack of independent validations sets and unclear specificity
and sensitivity limits the clinical usefulness of imaging techniques in the distinction of molecular subtypes of
oligodendroglial tumors.

e Associations between 1p/19q status and imaging (seen in some but not necessarily all studies) include:

On conventional MRI 1p/19q co-deletion is associated with:
Peripheral tumor location.
Bi-hemispherical growth pattern.
lll-defined margins on T1 images.
Heterogeneous signal intensity on T1 and T2 images.
Paramagnetic susceptibility effect and calcification.
On multimodal MRI 1p/19q co-deletion is associated with:
Higher relative cerebral blood volume.
Lower apparent diffusion coefficient.
e Although genotype differences can be identified via imaging modalities, associations between imaging and 1p/19q
status are not robust enough for a diagnostic test; molecular genetics remains the gold standard.
e MRS identification of the presence of the metabolite 2-hydroxyglutarate (2HG) has been demonstrated to correlate
well with IDHT mutation status, showing promise for future noninvasive evaluation of IDHT mutation status as a
diagnostic and prognostic biomarker.

Oligodendroglial tumors are chemosensitive with a favorable prognosis compared with
other histological subtypes. The genetic hallmark of co-deletion of 1p and 19g determines
both treatment response and prognosis. While this test now forms part of routine
histopathology diagnosis in many laboratories, alternative noninvasive imaging biomarkers
of tumor genotype remain an attractive proposition. This review will focus on imaging
biomarkers of molecular genetics in oligodendroglial tumors.
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IDHI and IDH2 mutations and MGMT pro-
moter methylation are also important biomarkers
with diagnostic and prognostic significance [3].

The histological features used to classify glio-
mas are reflected macroscopically in their imag-
ing characteristics. In recent decades, advances in
neuroimaging have led to the noninvasive charac-
terization of cerebral tumors, providing improved
diagnosis and prognostication. Research stud-
ies have moved from simple image analysis to
extraction of semiquantiative and quantitative
biomarker data from multimodal MRI sequences
related to the physiological and metabolic char-
acteristics of gliomas. The clinical utility of these
imaging biomarkers is being actively investigated.

These various imaging modalities have been
used as a noninvasive tool not only to distinguish
tumor from normal brain but also to predict his-
tological type and grade and thereby progno-
sis. In addition, many studies have investigated
whether imaging might also provide a means
to distinguish between genetic subtypes of gli-
oma. In this article, we will examine the imag-
ing characteristics of oligodendroglial tumors in
relation to their genetic subtypes with emphasis
on 1p/19q and IDH status. Specifically, we aim
to address the question: “Can neuroimaging
noninvasively distinguish the genetic subtypes
of oligodendroglial tumors?”

Conventional imaging

Conventional anatomical neuroimaging com-
prises computed tomography (CT) and MRI.
T1-weighted (+ gadolinium), T2-weighted and
fluid attenuated inversion recovery (FLAIR)
MRI are used routinely for noninvasive diag-
nosis of brain tumors and provide excellent soft
tissue contrast but do not provide information
on angiogenesis, metabolism or cellularity,
which are important parameters in tumor iden-
tification and prognostication. However, some
research studies have shown interesting correla-
tions between the features commonly seen in
conventional MRI and genotype.

The evidence relating MRI features to geno-
type in oligodendroglial tumors is frequently
based on comparisons made in small clinical
series, often resulting in conflicting data. A
preferential distribution of 1p/19q co-deleted
tumors in frontal, parietal and occipital lobes,
or nontemporal locations has been reported,
but other studies have failed to find significant
differences between tumor location and 1p/19q
status [4]. Similarly, preferential localization of

CNS Oncol. (2015) 4(5)

tumors with intact 1p/19q to insular regions
is also subject to controversy [5.6]. 1p/19q co-
deletion has been associated with bilateral
growth pattern [7], lower cross-sectional area in
T2-weighted MRI [8] and in untreated tumors
with slower growth rate measured on serial MRI
scans [9].

Oligodendroglial tumors with co-deleted
1p/19q are more likely to have heterogene-
ous signal intensities on T1- and T2-weighted
MRI [10-12]. However, in other studies sig-
nal intensity did not differ with 1p/19q sta-
tus [13], and signal heterogeneity was associated
with intact 1p/19q in oligoastrocytomas [14].
Oligodendroglial tumors with co-deleted
1p/19q are more likely to have indistinct borders
on T1- or T2-weighted images (Figure 1) [10,12].
Infiltrative growth was more common in
tumors with intact 1p/19q in a study investigat-
ing histological growth patterns in relation to
co-registered clinical imaging [11]. Transition in
cellularity at the margin was found to be simi-
lar, irrespective of genotype; however, tumors
with a sharp, smooth border and homogeneous
signal intensity were more likely to have intact
1p/19q [11). 1p/19q co-deletion could be pre-
dicted by measuring MRI image texture with a
sensitivity of 93% and a specificity of 96% [15].
1p/19q status did not influence contrast
enhancement or cortical involvement [11,12,16].
In keeping with the known calcification of
oligodendrogliomas, some but not all studies
have reported associations between paramag-
netic susceptibility effect or calcification and
1p/19q co-deletion [10-13]. The biological basis
of these differences in imaging characteristics
on conventional MRI is yet to be fully eluci-
dated, although it has been hypothesized that
differences in signal intensity and tumor bor-
ders may be due to increased ‘invasiveness’ in
tumors with 1p/19q co-deletion [10].

Other genetic alterations common in oligo-
dendroglial tumors have been investigated in
relation to MRI. Genetic analysis confirmed
tumor aggressiveness by detection of chromo-
some 10 losses in oligoastrocytomas display-
ing MRI features of high-grade glioma [14].
Mutations in the /DHI gene are present in
60-80% of glioma grades II and III and sec-
ondary glioblastomas. /DH2 mutations are less
common and seen in approximately 2-5% of
these tumors. Patients with /DH mutated glio-
mas have a better 5-year survival than those
with wild-type /DH, and /DH mutations are
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Figure 1. Conventional MRI characteristics of 1p/19q status (a,c - MRI T1 axial images; b,d - MRI
T2 axial images). (A-B) Sharp smooth T1 and T2 border in a grade Il oligodendroglioma with intact
1p/19q; (C-D) Indistinct, irregular border in a grade lll oligodendroglioma with 1p/19q co-deletion.
Adapted with permission from [11] © Oxford University Press.

significantly associated with 1p/19q co-deleted
genotype and p53 immunopositivity [17].
Equally the identification of tumors with
wild-type IDH is prognostically important. In
conventional MRI, tumors lacking /DH muta-
tions more frequently involved the insula, dis-
played an infiltrative pattern and had larger T2
diameters [17].

Although MGMT methylation status in
glioblastomas may be distinguished by tex-
ture analysis (18] and ill-defined margins are
seen more frequently in MGMT methylated
high-grade gliomas [19], associations between

future science group

MGMT methylation and imaging features have
not been reported in oligodendroglial tumors
(Table 1).

Multimodal MRI

Advanced MRI sequences allow quantitative
and semi-quantitative measurement of physi-
ological processes including cerebral blood
volume and flow, water movement and the
chemical composition of tissue. These MRI
modalities which include proton MR spec-
troscopy (MRS), perfusion-weighted imaging
(PWI) and diffusion-weighted imaging (DW1I)
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are becoming well accepted as additional
methods for tumor characterization (Table 2).

¢ Magnetic resonance spectroscopy
Magnetic resonance spectroscopy (MRS) pro-
vides an assessment of the metabolic signature
and chemical markers of neoplastic activity. The
mitotic index of oligodendrogliomas is a reflec-
tion of their proliferation rate, which increases
progressively from low to high grade. In high-
grade gliomas (HGGs), increased cell division is
associated with an elevated choline (Cho) signal,
reflecting cell membrane turnover. Increased cel-
lularity in HGGs results in fewer neurons within
tumor tissues and a decreased N-acetyl aspartate
(NAA) signal. The high growth rates necessitate
increased metabolism, which becomes anaerobic
as growth outstrips oxygen supply, and hypoxia
and necrosis result, associated with elevated lipid
and lactate signals [4].

In oligodendroglial tumors, MRS may be
used to distinguish tumor grade but not 1p/19q
status [4]. In a study of 48 patients, oligodendro-
glial tumors with 1p/19q co-deletion could not
be distinguished from those with intact 1p/19q
using routine clinical MRS [20].

The mutations in the enzyme /DHI impair
the normal ability of IDHI to convert isocitrate
to a-ketoglutarate (aKG) and result in excess
production and accumulation of the metabo-
lite 2-hydroxyglutarate (2HG). Recently, the
production of 2HG has been detected noninva-
sively, presurgery, in a series of glioma patients
with /DHI mutations, but not in glioma patients
with wild-type IDHI or in healthy volunteers
using optimized in vivo spectral editing and
two-dimensional correlation MRS methods [21].

These methods offer an advanced compared
with traditional one-dimensional spectroscopy,
as the similarity of 2HG to other metabolites,
such as glutamate and glutamine, can provide
false-positive data owing to spectral overlap [21].
Similar results in the detection of 2HG have
been demonstrated using 3 Tesla MRI [22.23].

As well as in clinical studies 77 vivo, 2HG has
been detected in ex vivo tumor samples using
proton high-resolution magic angle spinning (‘"H
HR-MAS) nuclear magnetic resonance (NMR)
spectroscopy resulting in 86% agreement with
the IDHI mutation status of the tumor sam-
ples [24]. In a similar '"HR-MAS NMR study,
2HG detection identified gliomas with mutated
IDH]I/2 genes with a 96% sensitivity and 98%
accuracy [25].

¢ Perfusion-weighted imaging
Perfusion-weighted imaging (PWI) can be
acquired by two techniques:

e Dynamic susceptibility contrast MRI (DSC-
MRI): a first pass technique that uses rapid
measurement of T2- or T2*-weighted signal
change after injection of a bolus of paramag-
netic compound (i.e., gadolinium-based
contrast material);

e Dynamic contrast-enhanced MRI (DCE-
MRI): based on the T1-weighted signal
change produced after an interval of 5-10 min
following injection of gadolinium-based
contrast material.

These techniques can provide parameters such as:

e Relative cerebral blood volume (rCBV) — the
fraction occupied by blood vessels within a
cerebral tumor relative to contralateral normal

Table 1. Conventional MRI features associated with 1p/19q co-deletion.

Jenkinson MD etal. 86
and OA
Kim JW et al. 56
OA

Megyesi JF et al. 40

Zlatescu M et al. 64 WHO grade lll OD

Study n Histology MRI features Ref.
Brown R et al. 55 Low-grade OD and Quantitative S-transform texture on [15]
mixed OA T2 images
Chawla Setal. 40 WHO grade lland [llOD Paramagnetic susceptibility effect (13]

WHO grade lland [IlOD  Calcification heterogeneous intensity  [11]

WHO grade lllODand  Frontal lobe location Indistinct tumor  [12]

WHO grade lland lllOD Calcification heterogeneous intensity  [10]

signal, indistinct/irregular borders

borders, heterogeneous intensity
signal

signal Indistinct border, paramagnetic
susceptibility effect

Frontal, parietal and occipital 7]
location, bilateral growth pattern

AS: Astrocytomas; OA: Oligoastrocytomas; OD: Oligodendroglioma.
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Table 2. Imaging biomarkers and their biological correlates.

Imaging modality Imaging biomarker
MRS Cho
NAA
Lipid
Lactate
2HG
PWI rCBV
rCBF
Klrans
DWI ADC
Metabolic Imaging '®F-FDG and #'Tl uptake,

radiolabeled amino acid uptake transport through the cell membrane
ADC: Apparent diffusion coefficient; DWI: Diffusion-weighted imaging; MRS: MR spectroscopy; PWI: Perfusion-weighted imaging.

Biological correlate

Membrane turnover, cell proliferation

Neuronal integrity

Intracellular lipid droplets and cell necrosis
Anaerobic respiration, cell hypoxia

IDH1 mutation

Blood volume

Blood flow

Vascular permeability

Reduced water mobility reflecting cellular density
and physical properties of the extracellular matrix
Cell proliferation and metabolism, amino acid

brain; this parameter is termed relative tumor
blood volume in some studies (rTBV);

e Relative cerebral blood flow (rCBF) — the flow
of blood through cerebral tissue over time
which reflects variations in angiogenesis and
vascular density;

e Contrast transfer coefficient (K***) — measure
of vascular permeability.

The vascular architecture of oligodendro-
gliomas is a key feature in their histopathology
diagnosis and allows imaging associations with
grade through perfusion-weighted imaging
parameters [26]. The vessels within lower grade
tumor tissue may be more numerous than in
normal brain and may adopt a ‘chicken-wire’
pattern, but vessel structure is unaltered and the
blood—brain barrier remains intact. Malignant
transformation and biological aggressiveness
in oligodendrogliomas are associated with
neovascularization in response to hypoxia,
and degradation and remodeling of extracel-
lular matrix macromolecules, leading to loss of
blood—brain barrier integrity which is reflected
in perfusion-weighted MRI.

In addition to distinction of grade, associa-
tions between histopathology subtype or geno-
type and PW1I parameters have been observed
in oligodendroglial tumors. In several studies,
oligodendroglial tumors with 1p/19q co-dele-
tion were more likely to have high rCBV and
rCBF than those with intact 1p/19q, however
rCBV did not predict chemosensitivity [27-32].
These findings are based mainly in studies of low
grade or mixed grade (WHO grades IT and III)
oligodendroglial tumors. Despite promising dif-
ferences in rCBV in low-grade oligodendroglial
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tumors with or without 1p/19q co-deletion, sig-
nificant differences in rCBV between the two
genotypes have not been observed in high-grade
oligodendroglial tumors, rendering rCBV-based
tumor grading potentially inaccurate [28]. In
contrast when using perfusion CT, CBV and
neovascular permeability did not differ between
high- and low-grade tumors or between those
with and without 1p/19q co-deletion [33].

Elevated rCBV in oligodendroglial tumors
with 1p/19q co-deletion suggests upregula-
tion of angiogenesis in these tumors. In a study
relating rCBV to expression of angiogenesis and
growth factors, Kapoor et al. showed signifi-
cantly higher rTBV in low-grade oligodendro-
gliomas with 1p/19q co-deletion in association
with increased expression of angiogenesis mark-
ers VEGF, CD31 and CD105 [31]. In addition,
significant associations of rI'BV with 1p/19q
co-deletion and expression of EGFR and VEGF
were found following multivariate linear regres-
sion analysis [3134]. These data suggest high
rCBV in 1p/19q co-deleted tumors may reflect
differences in biology according to genotype and
not histological grade (Figure 2).

¢ Diffusion-weighted imaging

DWT uses strong magnetic field gradients
applied in multiple directions to probe the struc-
ture of biologic tissues at a microscopic level by
measuring the Brownian motion of water mol-
ecules. In the brain, water movement is not truly
random and is restricted by the presence of cell
membranes, nerve fibers and extracellular mac-
romolecules. Since diffusion is a microscopic
process that is beyond the spatial resolution
of MRI, true water diffusion cannot be meas-
ured. Instead, using a statistical model, isotropic
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mean diffusivity or apparent diffusion coeffi-
cient (ADC) is derived from DWI and reflects
the ease of movement of water molecules within
tissue microstructures. Low ADC values result
from more solid tissues with high cell density,

while high ADC values arise from tissue with
low cellularity. Fractional anisotropy (FA),
which is a measure of directional diffusivity can
also be measured using this method [26,33].

In DWT of grade II gliomas, lower median

Figure 2. Cereberal blood volume and apparent diffusion coefficient maps demonstrating
characteristics of 1p/19q status. (A & C) are grade Il oligoastrocytoma with intact 1p/19q, (B & D) are
grade Il oligoastrocytoma with 1p/19q co-deletion. As can be seen by the color differences the tumor
in (A) has low relative CBV whereas the 1p/19q co-deleted tumor in (B) has high relative CBV. Again

as can be seen by the color differences and changes in ADC values (C) has the largest ADC transition
coefficient, signifying a sharp change in free water diffusion, whereas the 1p/19q co-deleted tumor
in (D) has a smaller ADC transition coefficient, signifying a gradual change in free water diffusion.

CNS Oncol. (2015) 4(5)
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Table 3. Multimodal MRI biomarkers associated with 1p/19q co-deletion.

Study n Histology
Chawla Setal. 40
Emblem Ketal. 52
Fellah S et al. 50

Jenkinson MD etal. 37
Jenkinson MD etal. 17
Khayal IS et al. 30
Walker Cetal. 59

WHO grade Il and Il OD
WHO grade lland lllOD and OA  High rCBV
WHO grade Il and Il OD and OA

MRI features
rCBVmax and metabolite ratios

subgroup

WHO grade lland lllOD and OA  Higher rCBV (>1.59)
WHO grade Il and Il OD and OA
WHO grade Il AS, OD and OA

WHO grade Iland [llOD and OA  Increased 2°'Tl uptake

Lower median normalized ADC (<1.8)

Higher rCBV and rCBF within grade Il oligodendroglial

Lower maximum and histogram ADC Lower ATC

Ref.

Relative cerebral blood volume.

ADC: Apparent diffusion coefficient; ATC: ADC transition coefficient; AS: Astrocytomas; OA: Oligoastrocytomas; OD: Oligodendroglioma; rCBF: Relative cerebral blood flow; rCBV:

ADC [26] or ADC histogram [36] correlated
well with oligodendrogliomas as opposed to
astrocytomas or oligoastrocytomas. Similarly,
oligodendrogliomas were distinguished from
astrocytomas with 92% sensitivity and 91%
specificity using a threshold median normal-
ized ADC (generated by dividing diffusion
image maps by the median ADC within the
normal appearing white matter) [35]. In other
studies, ADC values assessed by placing regions
of interest on regions of lowest ADC (minimum
ADC), were significantly higher in grade II com-
pared with grade III tumors but no difference
in minimum ADC was demonstrated between
tumors with 1p/19q co-deletion and those with
intact 1p/19q [28]. In another study, minimum
ADC did not distinguish genotype, but tumors
with intact 1p/19q had higher maximum ADC
(regions of interest placed on areas of highest
ADC). These findings were reflected in the ADC
histograms where tumors with 1p/19q co-dele-
tion tended to have a narrow ADC histogram
peak skewed toward low ADC, whereas those
with intact 1p/19q had broader histogram peaks
skewed toward higher ADC values. Tumors with
intact 1p/19q also had greater ADC transition
coefficient (ATC: the rate of change in ADC
across the tumor margin) compared with those
with 1p/19q co-deletion, although this was not
reflected in their cellularity. While the higher
ATC may be reflected in a more diffuse T2 MRI
appearance, diffusion measurements gave greater
discrimination between genotypes. [37.38].

Metabolicimaging

Metabolic imaging with radiolabeled tracers
such as ["®F]fluorodeoxyglucose ("*F-FDG),
20T hallium (?°'T1) or radiolabeled amino acids
has been used to assess glioma biology. FDG,
an analog of glucose, is transported into the cell
by facilitated diffusion, where it is subsequently
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phosphorylated by hexokinase to fluoroglucose-
6-phosphate, but unlike glucose, this is not a
substrate for further metabolism and becomes
trapped intracellularly. Malignant cells are char-
acterized by high rates of glucose consumption,
reflecting increased energy demand related to
proliferation, increased expression of glucose
transporters or deregulation of hexokinase activ-
ity, and show elevated uptake of *F-FDG. *'T1
has a low uptake in normal cerebral tissue because
of restricted passive diffusion across the blood—
brain barrier. Its uptake in gliomas is thought to
depend on disruption of the blood-brain barrier
and activity of the Na/K ATPase pump, indicat-
ing cell viability and to a lesser extent blood flow
and consequently increases in association with the
malignancy grade in gliomas [39). Radiolabeled
amino acids uptake involves a sodium-dependent
cell membrane transport system and is influenced
by the proliferation rate and environmental fac-
tors such as intracellular pH, hormones, growth
factors and amino acid availability.

A study based on 59 oligodendroglial tumors
using ®F-FDG and ?*'T1 single-photon emission
CT (SPECT) demonstrated a clear association
between metabolism and genotype as oligoden-
droglial tumors with 1p/19q co-deletion were
more likely to show increased **'T1 uptake and,
to a lesser extent, increased FDG uptake [39].
Similar findings have been reported using FDG
uptake by PET imaging [40].

In grade II gliomas ""C-methionine uptake
ratios (tumor/normal tissue [T/N] ratio) detected
using PET were higher in oligodendrogliomas
than in diffuse astrocytomas independent of their
proliferative activity [41]. In the 24 oligodendro-
glial tumors in this study, the uptake ratio was
significantly higher in tumors with intact 1p/19q
than in those with the co-deletion whether the
analysis included both grade II and III tumors
or if grade II cases were analyzed separately [41].

www.futuremedicine.com

313



REVIEW

Ellenbogen, Walker & Jenkinson

Incidentally, Ki67 labeling index did not signifi-
cantly correlate with T/N ratio in oligodendro-
gliomas [41]. In contrast, other studies have shown
that within grade II tumors, the mean T/N ratio
of tumors with 1p/19q co-deletion was signifi-
cantly higher than that of tumors with intact
1p/19q, while no significant differences were
observed in the mean T/N ratio in grade III
tumors with or without 1p/19q co-deletion [42].

Combined modalities

Distinction between oligodendroglial genotypes
via imaging may be improved by combining
multimodal advanced MRI techniques. Studies
involving DCS-MRI-guided '"H-MRS demon-
strated ability to distinguish 1p/19q co-deleted
oligodendrogliomas from those with intact
alleles with a sensitivity of 82.6% and a speci-
ficity of 64.7%, if rCBV__ values and metabolite
ratios were incorporated [13]. Although combined
modalities gave higher diagnostic accuracy than
single parameters, further advances are neces-
sary for these techniques to be used clinically to
distinguish oligodendroglial genotypes.

In a study of 50 adult patients with grade II
and III oligodendrogliomas and oligoastrocyto-
mas DWI, PWI and MR spectroscopy showed
no significant difference between tumors with and
without 1p/19q co-deletion. However following
multivariate analysis using random forest meth-
ods [43], separation between tumor grades and
genotypes with conventional MRI alone showed
31 and 48% misclassification rates, respectively.

Application of multivariate analysis to multimodal
MR imaging data helped to determine tumor
grade and 1p/19q genotype more accurately with
misclassification rates of 17 and 40%, respec-
tively [28] (Table 3), but further discrimination
would be required for clinical utility.

Conclusion & future perspective

The current data are limited by small studies
with varying tumor types that limit the appli-
cability in routine clinical practice. With the
pending introduction of the latest version of the
WHO Classification of Tumors of the Central
Nervous System (expected 2016/2017) molecu-
lar subtype is expected to be incorporated into
the classification system. Since this is not rou-
tinely available in all laboratories, a reliable non-
invasive imaging biomarker remains desirable.
Increasingly the use of large imaging dataset
(so called ‘big data’) will be needed to answer
this important research question and enable its
translation into routine clinical practice.
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