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Multimodal MR Imaging (Diffusion, Perfusion, and
Spectroscopy): Is It Possible to Distinguish Oligodendroglial
Tumor Grade and 1p/19q Codeletion in the

Pretherapeutic Diagnosis?

S. Fellah, D. Caudal, A.M. De Paula, P. Dory-Lautrec, D. Figarella-Branger, O. Chinot, P. Metellus,
PJ. Cozzone, S. Confort-Gouny, B. Ghattas, V. Callot, and N. Girard
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ABSTRACT

BACKGROUND AND PURPOSE: Pretherapeutic determination of tumor grade and genotype in grade Il and Il oligodendroglial tumors is
clinically important but is still challenging. Tumor grade and 1p/19q status are currently the 2 most important factors in therapeutic decision
making for patients with these tumors. Histopathology and cMRI studies are still limited in some cases. In the present study, we were
interested in determining whether the combination of PWI, DWI, and MR spectroscopy could help distinguish oligodendroglial tumors
according to their histopathologic grade and genotype.

MATERIALS AND METHODS: We retrospectively reviewed 50 adult patients with grade Il and Il oligodendrogliomas and oligoastrocy-
tomas who had DWI, PWI, and MR spectroscopy at short and long TE data and known 1p/19q status. Univariate analyses and multivariate
random forest models were performed to determine which criteria could differentiate between grades and genotypes.

RESULTS: ADC, rCBV, rCBF, and rk2 were significantly different between grade Il and Il oligodendroglial tumors. DWI, PWI, and MR
spectroscopy showed no significant difference between tumors with and without 1p/19q loss. Separation between tumor grades and
genotypes with cMRI alone showed 31% and 48% misclassification rates, respectively. Multimodal MR imaging helps to determine tumor
grade and 1p/19q genotype more accurately (misclassification rates of 17% and 40%, respectively).

CONCLUSIONS: Although multimodal investigation of oligodendroglial tumors has a lower contribution to 1p/19q genotyping compared
with cMRI alone, it greatly improves the accuracy of grading of these neoplasms. Use of multimodal MR imaging could thus provide

valuable information that may assist clinicians in patient preoperative management and treatment decision making.

ABBREVIATIONS: cMRI = conventional MRI; Glx = complex glutamine/glutamate; K2 = permeability index; WHO = World Health Organization

Pretherapeutic differentiation of WHO grade II and grade III
oligodendroglial tumors is clinically important for establish-
ing an appropriate therapy scheme and for patient management.
Thus, grade II tumors may be treated with either radiation ther-
apy or chemotherapy alone, whereas grade III tumors are gener-
ally treated more aggressively with a regimen of chemotherapy
and/or radiation therapy with this depending on their 1p/19q
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status. This genetic alteration, related to an unbalanced reciprocal
translocation t(1519)(q10;p10)," has been shown to predict better
prognosis and response to radiotherapy and chemotherapy, in addi-
tion to longer survival duration for patients.>” Although histopa-
thology examination remains the reference standard method for the
diagnosis and classification of brain tumors, variations in tissue sam-
pling for these heterogeneous neoplasms and restrictions on surgical
accessibility make it difficult to be certain that the samples analyzed
are really representative of the entire tumor.*

Nowadays, cMRI is considered the reference standard for pre-
therapeutic noninvasive diagnosis and for providing helpful in-
formation for treatment decision making in brain tumors. How-
ever, its ability to differentiate between oligodendroglial tumor
genotypes and grades is limited and can result in ambiguous (Fig.
1) or misleading results in some cases, because both grade IT and
grade III tumors may present similar clinical and MR imaging
features.”® Moreover, cMRI does not provide information on an-
giogenesis, metabolism, or cellularity, which are important pa-
rameters in tumor studies.
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FIG 1. Confounding examples of grade Il and grade Ill oligodendrogliomas and oligoastrocytomas by cMRI.

Diffusion-weighted imaging, perfusion-weighted imaging,
and MR spectroscopy are increasingly used in the investigation
ofgliomas®® because of their ability to sample not only the lesion
but also the adjacent brain tissue for physiologic and metabolic
alterations. Several studies”'®'* have managed to characterize
and distinguish the molecular genotypes of gliomas by using con-
ventional and/or advanced MR imaging techniques. However, to
the best of our knowledge, no study has combined all of these MR
imaging techniques to distinguish molecular features of grade II
and grade III oligodendroglial tumors.

Thus, the aim of this study was to determine whether the com-
bination of conventional and parametric MR imaging methods,
obtained through routine pretherapy MR imaging examinations,
could help classify oligodendroglial tumors according to their
grade and genotype.

MATERIALS AND METHODS

Study Population

We retrospectively reviewed all adult patients who had been re-
ferred for an intracranial tumor between 2006 and 2010. From a

total of 270 patients, we included all who fulfilled the following
criteria: 1) histologic diagnosis of grade II or I1I gliomas'?; 2) MR
imaging scans performed at initial diagnosis, before any interven-
tion and including short and long TE MR spectroscopy, DWI, and
PWI; and 3) known 1p/19q codeletion status. Overall, 50 patients
(25 women and 25 men; median age, 43.0 = 15.6 years; age range,
18—82 years) met these criteria and were included in this study. In
this population, 24 grade II tumors (10 oligodendrogliomas and
14 oligoastrocytomas) and 26 grade III tumors (12 oligodendro-
gliomas and 14 oligoastrocytomas) were identified. No pure as-
trocytomas fulfilled the inclusion criteria.

Histopathology and Molecular Genetics Studies

The histopathologic diagnosis for each patient was made ac-
cording to the latest WHO guidelines.'”> Chromosomal arms
1p and 19q copy numbers were determined by fluorescence in
situ hybridization with locus-specific probes for 1p36 and
19q13, as described elsewhere.'® No individual investigation of
1p or 19q was considered.
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MR Imaging Protocol

MR imaging was performed on a 1.5T scanner (Symphony; Sie-
mens, Erlangen, Germany) equipped with an 8-channel phased-
array head coil. Pretherapeutic cMRI protocol included the fol-
lowing sequences: sagittal flash gradient-echo T1 (TR, 376 ms; TE,
4.48 ms; section thickness, 4 mm; FOV, 300 mm), axial turbo
spin-echo T2 (TR, 7240 ms; TE, 124 ms; section thickness, 4 mm;
FOV, 240 mm), axial gradient-echo T2* (TR, 1000 ms; TE, 17 ms;
section thickness, 5 mm; FOV, 240 mm), coronal fluid-attenuated
inversion recovery (TR, 8220 ms; TE, 112 ms; section thickness,
4.5 mm; FOV, 230 mm), and 3D T1 postcontrast (TR, 1880 ms;
TE, 2.62 ms; section thickness, 1 mm; FOV, 256 mm).

We obtained diffusion-weighted images by using an axial
echo-planar spin-echo sequence (TR, 3500; TE, 101 ms; section
thickness, 5 mm; FOV, 254 mm). Diffusion was measured in 3
orthogonal directions by use of 3 b-values (0, 500, and 1000
s/mm?).

We obtained monovoxel MR spectroscopy data from all pa-
tients by using a volume of interest of 8 cm® (20 X 20 X 20 mm)
that was centered in the bulk of the tumor, away from the scalp
and the temporal bone. Spectra were acquired with a point-re-
solved spectroscopy sequence with short (30 ms) and long (135
ms) TE (TR, 1500 ms). An H,O signal was acquired for quantifi-
cation purposes, at the same location.

Dynamic susceptibility contrast echo-planar gradient-echo
images were acquired in all patients (TR, 1480 ms; TE, 30 ms;
section thickness, 5 mm; FOV, 281 mm; 50 time points). A single
standard dose (0.1 mmol/kg of body weight) of gadolinium
(Dotarem, Guerbet, France) followed by 20 mL of saline solution
was rapidly administered intravenously through a power injector
at 6 mL/s.

Postprocessing and Data Analysis
Two investigators, blinded to molecular and histologic data, eval-
uated the MR images by consensus. Necrosis, hemorrhage, and
vasogenic edema were binary coded (0 when absent and 1 when
present). Tumor border score was 0 or 1 (indistinct vs sharp) and
was determined on T1 and T2 images. Contrast enhancement was
coded with a score from 0 to 4—indicating absent, blurry, nodu-
lar, and ringlike, respectively. Tumor location was coded as fron-
tal, temporal, insular (when involving the frontal and/or parietal
lobes and the insula), temporoinsular, parietal, and thalamic.
Postprocessing of MR spectroscopy data was performed by use
of the AMARES (advanced method for accurate, robust, and effi-
cient spectral fitting) code'” included in CSIAPO,'® a homemade
software package developed under the IDL environment (Re-
search System, Boulder, Colorado). N-acetylaspartate (2.02
ppm), choline (3.22 ppm), creatine (3.03 ppm), and lactate (1.35
ppm) peaks were identified on the long and/or short echo time
spectra. In addition, myo-inositol (3.56 ppm), lipids (0.85 and
1.70 ppm), and the Glx (2.16 and 2.28 ppm) peaks were deter-
mined on the MR spectra at short TE. MR spectroscopy relative
quantification consisted of normalizing each metabolite by the
water signal. The metabolite ratios NAA/Cho, Cho/Cr, NAA/Cr,
and myo-inositol/Cr at long and/or short TE were also calculated.
The constructor console was used to generate apparent diffu-
sion coefficient maps on a pixel-by-pixel basis. We conducted
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postprocessing using PerfScape and NeuroScape software pack-
ages (Olea Medical, La Ciotat, France). CBF, corrected CBV, and
K2 maps were generated after verification of the automatically
detected arterial input function.

Multiple tumor regions of interest were manually drawn on
the most representative section for both DWI and PWI modali-
ties, and a single circular region of interest was placed over the
mirrored normal brain in the contralateral hemisphere to obtain
control values. Evaluation of ADC maps was carried out as fol-
lows: several ROIs were drawn inside of the tumor; cystic, ne-
crotic, and hemorrhagic components were avoided whenever
possible. The lowest ADC value, believed to represent high cellu-
larity, was used to compare between grades and between geno-
types. A similar method was used to investigate relative cerebral
blood volume (rCBV), relative cerebral blood flow (rCBF), and
rK2 maps. Tumor ROIs were placed over the tumor areas with the
highest blood volume, a method which has been shown to give the
best interobserver and intraobserver reproducibility.’® These
ROIs were automatically replicated on rCBF and rK2 maps. In a
similar fashion, the region of interest with the highest rCBV value
was selected to represent the tumor. We then obtained diffusion
and perfusion relative quantification by normalizing the tumor
value of each parameter (CBF, CBV, and K2) by the correspond-
ing contralateral value to obtain relative data (rCBF, rCBV, and
rK2, respectively).

Statistical Analysis

We performed univariate statistical analyses using JMP9 software
(SAS Institute, Cary, North Carolina). Differences in ADC be-
tween tumor grades (grade II vs grade IIT) and tumor genotypes
(1p/19q codeletion vs wild type) were assessed with the Student ¢
test. When normality could not be verified, the nonparametric
Wilcoxon test was used to evaluate differences in perfusion and
spectroscopic quantitative parameters among groups. The
2-tailed Fisher exact test (when 1 subgroup was n < 5) and the
Pearson x” test were used to evaluate the significance of correla-
tions between grade or genotype and cMRI parameters, genotype
and histopathology findings, and genotype and tumor grade. A P
value <.05 was chosen to indicate a statistically significant
difference.

Multivariate analyses were performed by random forest,*® a
learning classifier, to predict group membership either for tumor
grade or for genotype, with the 6 variables for cMRI or with the 19
variables for multimodal MR imaging as predictors (randomfor-
est Package from R software v.2.13.0, http://www.r-project.org/).

A random forest is a collection of trees constructed over boot-
strap samples of the original dataset. For each forest, we used the
following values for the tuning parameters. Each tree was grown
up to 1 observation per leaf (minimum size = 1). The splits of
try = VM explanatory
variables chosen at random among the M variables included in the

every node in a tree were optimized over m

model (where M is the number of predictors). A total of 500 trees
were used for each forest.

For a new observation, the final prediction of a random forest
is given by a majority vote from all individually trained trees. To
assess the accuracy of the forest, we randomly split the data into 2
disjointed samples: the learning sample and the test sample (two-



Table 1: Histopathologic and cMRI features of the tumors

Grade ll Grade Il All Grade Grade Il Grade Ill All Grade
Oligoastrocytomas Oligodendrogliomas Il Oligoastrocytomas Oligodendrogliomas ] Total
(n=14) (n=10) (n=24) (n=14) (n=12) (n=26) (n=50)
Contrast enhancement
Absent 8 7 15 (62.5%) 2 1 3(15%) 18 (36%)
Blurry 6 2 8(33.3%) 6 5 1(42.4%) 19 (38%)
Nodular 0 1 1(4.2%) 4 1 5(192%)  6(12%)
Ringlike 0 0 0(0%) 2 5 7(269%) 7 (14%)
Location
Frontal 3 3 6(25%) 6 6 12(46.2%) 18 (36%)
Temporal 1 2 3(12.5%) 3 3 6(231%) 9 (18%)
Insular 2 4 6(25%) 3 2 5(19.2%) N(22%)
Temporoinsular 7 1 8(33.3%) 1 1 2(77%) 10(20%)
Parietal 1 0 1(4.2%) 0 0 0(0%) 102%)
Thalamic 0 0 0(0%) 1 0 1(3.8%) 1(2%)
Tumor borders
Sharp 6 3 9 (37.5%) 5 4 9(34.6%) 18 (36%)
Indistinct 8 7 15 (62.5%) 9 8 17 (654%) 32 (64%)
Edema
Yes 9 8 17 (70.9%) 9 7 16 (61.5%) 33 (66%)
No 5 2 7(29.1%) 5 5 10 (38.5%) 17 (34%)
Necrosis
Yes 8 4 12 (50%) 6 15(57.7%) 27 (54%)
No 6 6 12 (50%) 8 3 1(423%) 23 (46%)
Hemorrhage
Yes 0 0 0(0%) 1 4 5(19.2%)  5(10%)
No 14 10 24 (100%) B3 8 21(80.8%) 45(90%)
1p/19q loss
Yes 4 9 13 (54.2%) 0 6 6(231%) 19 (38%)
No 10 1 11 (45.8%) 14 6 20(76.9%) 31(62%)

thirds of the data for learning the model and the rest of the data for
assessing its performance). The performance of the forest was
assessed with use of the average of the misclassification error,
more than 100 test samples. This was done for both models esti-
mated by the cMRI and multimodal MR imaging variables.

The misclassification error rate, sensitivity, specificity, and the
positive and negative predictive values of cMRI and multimodal
MR imaging were defined on the basis of prediction results of the
random forest to quantify the performance of the classification.

RESULTS

The main histopathologic and cMRI characteristics of the tumors
are summarized in Table 1. Most of the lesions were infiltrating
and were located in the frontal lobe followed by the insula, the
temporoinsular lobe, and the temporal lobe. More than half of the
tumors were enhanced after injection of a contrast agent. Loss of
1p/19q was found in 38% of patients. Data from DWI, PWI, and
MR spectroscopy are summarized in Table 2.

Grade Il vs Grade Il

Hemorrhage was found in 5 patients with grade III tumors, but
hemorrhage was absent in all patients with grade II tumors (P =
.023). Contrast enhancement was usually absent in grade IT (15/
24) compared with grade III neoplasms (3/26; P = .0004). Ring-
like enhancement was seen exclusively in grade III oligodendro-
glial tumors (7/26). ADC values were significantly higher in grade
II compared with grade III tumors (P = .0008), whereas rCBV,
rCBF, and rK2 were lower in grade II tumors (P < .0001 for all 3
measurements; Fig. 2, Table 2). NAA/H,O and NAA/Cho ratios at
short TE were significantly higher in grade II tumors, but the

Cho/Cr ratio was significantly higher in grade III tumors (P =
.023; P = .034; and P = .020, respectively). However, no cutoff
value was found with DWI, PWI, and MR spectroscopy to accu-
rately discriminate grade II from grade III oligodendroglial

tumors.

Ip/19q Codeletion vs 1p/19q Intact

Tumors with intact 1p/19q were mostly located in the temporal,
insular, and temporoinsular regions (20/31), whereas those pre-
senting with 1p/19q codeletion were more likely to be frontal
(9/19; results not statistically significant). None of the oligoden-
droglial tumors with 1p/19q codeletion was located in the tem-
poroinsular region. Nevertheless, 9 of 31 tumors with intact 1p/
19q were located in the frontal lobe, and 6 of 19 tumors with
1p/19q loss were found in the insular area.

Neoplasms with 1p/19q codeletion were associated with the
oligodendroglioma histologic type (15/19; P = .0001) and grade II
tumors (13/19; P = .023), whereas nondeleted tumors correlated
with oligoastrocytoma (24/31; P = .0001) and grade III tumors
(20/31; P = .023). All grade III oligoastrocytomas had intact 1p/
19q. Independent of tumor histologic grade, there was no signif-
icant difference in ADC, rCBV, rCBF, rK2, and metabolite ratios
between tumors with 1p/19q loss and those with intact 1p/19q
(P> .05). This finding was also true when grade III tumors alone
were considered. However, when only grade II oligodendroglial
tumors were selected, rCBV and rCBF values were statistically
higher in tumors presenting with 1p/19q codeletion compared
with tumors without the deletions (Fig. 3; P = .0009 and P =
.0007, respectively). Statistical analysis of MR spectroscopy data
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Table 2: DWI, PWI, and MRS measurements in grade Il and grade Il oligodendroglial tumors and genotypes according to grade

Grade Grade and Deletions
Grade Il with Grade Il with Grade Il with Grade Il with
1p/19q Loss Intact 1p/19q 1p/19q Loss Intact 1p/19q
Parameter Il (n =24) 11l (n = 26) P value (n=13) (n=1) (n=6) (n=20)

ADC (10 mm?/s) 1238.50 == 20842  995.19 * 266.97 0008 T181.9 + 20132 13054 =+ 20538 1059.16 = 127.21° 976 * 296.38*°
rADC 1.66 += 0.29 13£0.29 <.0001 157 £0.22 177 £0.33 149 £ 0.15 124 + 03P
rCBV 157 = 0.82 3.89 £1.97 <.0001 209 =073 0.95 = 0.33? 443 +238*° 372 +186>°
rCBF 1.65 = 0.97 412 +215 <.0001 221+ 092 0.98 + 0.48* 487 =336%° 389 +1.69%°
rk2 518 =7.26 13.64 = 9.86 <.0001 6.5+ 814 3.57 £ 6.05 1265 +12.59°  13.93 = 9.272P
NAA/H,O¢ 319 =152 239 +0.71 .023 320113 318 =196 253+ 0.62 234 +0.75%
Cr/H,0¢ 324 =137 284 +113 472 3.03+0.94 3.5+177 2.8 +0.86 2.86 =122
Cho/H,0O° 3.87 =118 481+ 2.65 26 374 = 0.82 4.03 =153 475 +128 483 =297
mins/H,O¢ 227 =216 177 =119 669 209 =16 249 276 1.5 £ 0.53 1.84 £1.33
Glx/H,0°¢ 8.54 =296 7.94 +282 .69 892+ 274 2.08 +3.27 7.83 £1.63 797 =312
Lipids/H,O¢ 14.25 £ 16.07 15.88 * 28.40 969 19.13 = 20.76 848 +3.02 N.76 = 5.89 1711+ 3232
NAA/Cr¢ 102 £0.38 0.99 £ 0.61 145 111+ 040 091+ 0.34 0.98 £ 0.35 0.99 = 0.67%
Cho/Cr¢ 133 £0.55 1.80 = 1.00 .034 142 = 0.69 122 +0.33 214 £1.81 17 + 0.64°
NAA/Cho* 0.86 + 0.41 0.64 = 0.40 .02 0.91 = 0.48 0.8 =0.34 0.59 = 0.272 0.66 =043
mins/Cr¢ 0.67 = 0.41 0.58 = 0.31 .846 072+05 0.61+0.28 056 =0.14 0.59 £ 0.35

Note:—mins indicates myo-inositol; rADC, relative apparent diffusion coefficient; rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rK2, relative

permeability index.

2 Significantly different from grade Il with 1p/19q loss (P < .05).

b Significantly different from grade Il with intact 1p/19q (P < .05).
< Short TE.

c¢MRI, DWI, PWI, and MR spectroscopy

10 7S 12

o P<0.0001 - p=UI001 ¢ at short TE with a 17% misclassification
3: N . error rate (Table 3).

6 - In a similar fashion, when cMRI alone
g 57 S 67 was considered, 48% of patients could not
;: 4 be classified according to 1p/19q genotype
2 @ 2 (deleted vs intact 1p/19q). A slightly better
1 discrimination was obtained by multi-
A’ [ ' i B ° I ' i modal MR imaging with 40% misclassifi-

45_p<0‘0001 % 2000 p=0.0008 n cation error (Table 3).
;2_ . 17507 When both tumor grade and genotype
304 . 1500 were combined (ie, 4 groups: grade I.I with
o 257 Syp— 1p19q loss, grade II with 1p19q intact,
= 204 g < grade IIT with 1p19q loss, and grade III
15 & 1000 with 1p19q intact), the random forest
12: 750 analysis performed by multimodal MR
0 s i - 500 T y - imaging showed an increased classifica-
C — D — tion accuracy (61%) compared with re-

sults obtained with cMRI alone (45%).

FIG 2. Boxplots show significant differences in rCBV, rCBF, rk2, and ADC between grade Il and
grade Il oligodendroglial tumors: (A) rCBV, (B) rCBF, and (C) rK2 are significantly higher in grade

Il compared with grade Il tumors, whereas (D) ADC is significantly increased in grade Il tumors.

showed no significant difference between tumors with the 1p/19q
genotype and those with intact 1p/19q.

Muiltivariate Analysis

Table 3 shows the sensitivity, specificity, positive and negative
predictive values, as well as misclassification error rates of cMRI
and multimodal MR imaging in the prediction of tumor grade
and genotype. Random forest analysis with cMRI alone, including
contrast enhancement, tumor location, necrosis, hemorrhage,
edema, and tumor borders, showed a high misclassification error
rate of 31% for tumor grading. A better classification of the pa-
tients according to tumor grade was obtained when combining
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DISCUSSION
Although treatment strategy for grade II
and grade III oligodendrogliomas and oligoastrocytomas is cur-
rently evolving, the optimal management of these tumors has yet
to be defined. Tumor genetic profile and histologic grade are cur-
rently the 2 most important factors in therapeutic decision mak-
ing for patients with these neoplasms. In our present study, we
were interested in determining whether the combination of PWI,
DWI, and single-voxel MR spectroscopy with ¢cMRI could help
classify oligodendroglial tumors according to their histopatho-
logic grade and genotype.

Indeed, radiologic grading of tumors with cMRI is not always
accurate, with a sensitivity in identifying high-grade gliomas
ranging from 55% to 83%.>%?' It is even more challenging to



10 significant difference between grade II

9 p:D 001 p:U 315 4 and III tumors and showed that tumors

with 1p/19q loss were more likely to have

8- lower maximal ADC and mean histogram

7 ADC compared with those with intact 1p/

6- 19q. This disparity in results could be ex-

% plained by the variations in the number of

O 5 patients included (50 in our study vs 17 in

x 4 - the Jenkinson et al study) and by different

3 diffusion parameters assessed in our
study and the Jenkinson et al study.

24 u Our results demonstrated a signifi-

1= $ cantly higher rCBV in grade III compared

0 . : with grade II oligodendroglial tumors.

1p/19q 1p/19q 1p/19q 1p/19q These findings aze in conliozrﬁd;nce with

Intact Loss Intact Loss those reported. in seve.ral, 227 but not

all,”?>?8 studies. Unlike the aforemen-

12 tioned studies, in which the authors re-

o= 0.0008 o= 0.522 ported no significant difference in rCBV be-

10- tween grade II and III gliomas, our patient

population was more equally distributed.

| A Moreover, our data show that increased

8 A rCBV is associated with 1p/19q codeletion

'5 in grade II, but not grade III, tumors—an

&) 6] observation that has been reported in few

= studies."*?° This finding implies that tumor

4 vascularity is not always predictive of high

malignancy, especially in oligodendroglio-

2 . mas and oligoastrocytomas. Although vas-

@ cular permeability and blood flow were

0 . . rarely investigated in previous series of glio-

1p/19q 1D/1 9q lpllgq 1p/19q mas,>** our study shows that rCBV, rCBF,

Intact Loss Intact Loss and rK2 from PWI could be significantly

different between grade IT and III oligoden-

droglial tumors and between genotypes

Grade II Grade III when only grade II tumors are considered

FIG 3. Boxplots show that grade Il tumors with 1p/19q codeletion have significantly higher rCBV
and rCBF than tumors with intact 1p/19g. No significant difference could be observed between

genotypes in grade Il oligodendroglial tumors.

differentiate grade III from grade II oligodendroglial tumors by
using cMRI, as also observed in our study (sensitivity, 65%).
However, a combination of cMRI, diffusion, perfusion, and short
TE MR spectroscopy data greatly helped to grade oligodendroglial
tumors (sensitivity, 82%). Although anaplastic tumors generally
tend to enhance after injection of contrast medium, contrast en-
hancement is not specific enough and does not correlate with

121422 or molecular profile.'*** As seen in this study,

tumor grade
oligodendroglial tumors located in the insular and the temporo-
insular regions were more likely to harbor intact 1p/19q. How-

ever, unlike previous reports,'®**

no significant correlation be-
tween tumor location and 1p/19q status has been found.
Although ADC values were significantly higher in grade II
compared with grade III tumors, as previously reported,*® no sig-
nificant association between ADC and 1p/19q status was found.
These results differ from those published by Jenkinson et al'® in a

study of 17 gliomas in which the authors reported no statistically

(rCBV and rCBF).

Single-voxel and multi-voxel proton
MR spectroscopy have already been used
for assessment and grading of glio-
mas.**?”*° Single-voxel MR spectroscopy could be a disadvantage
compared with multi-voxel MR spectroscopy in the exploration of
oligodendroglial tumors, particularly because of the heterogeneity of
these neoplasms in which it would be very interesting to investigate
the entire lesion. However, multi-voxel MR spectroscopy would re-
quire longer acquisition time; robust sequence would have to be
available (with accurate saturation band to avoid peripheral fat con-
tamination); and more complex postprocessing is required, which is
not always consistent with clinical settings. As previously re-
ported,”*” Cho/Cr and Cho/NAA ratios were significantly higher in
grade III compared with grade II oligodendroglial tumors. Elevated
Cho levels indicate increased membrane synthesis and increased cel-
lularity,?"** which are characteristics of high-grade gliomas."” Oligo-
dendroglial tumors with or without 1p/19q deletions could not be
distinguished by metabolite ratios, which suggests that investigated
metabolites do not contribute to the differences in clinical
behavior."?

AINR Am J Neuroradiol 34:1326-33  Jul 2013 www.ajnr.org 1331



Table 3: SensitivitJ, specificity, PPV, NPV, and misclassification
error rate in the differentiation of tumor grades and genotypes

Sensitivity/Specificity,
PPV/NPV cMRI? Multimodal MRI®*
Grade®
I 73/65%,67/72% 84/82%,82/84%
I 65/73%,72/67% 82/84%,84/82%
Misclassification error rate 31% 7%
Genotype®©

1p/19q Loss 23/70%,33/59% 29/79%,46/64%
1p/19q Intact 70/23%,59/33%  79/29%, 64/46%
Misclassification error rate 48% 40%

Note:—CE indicates contrast enhancement; NPV, negative predictive value;
PPV, positive predictive value.

The 6 most important predictors arising from the random forest analyses are:

2 CE+Location+Necrosis+Hemorrhage +Edema+Tumor borders

5 rCBF+rCBV +CE+ADC+Hemorrhage+ NAA/Cho at short TE

¢ Location+ADC +rCBF +Cho/H20+ NAA/Cr+lipids/H,O at short TE.

Finally, in our study, random forest statistical analysis has
shown that multimodal MR imaging (17% misclassification error
and 82% sensitivity to distinguish grade III from grade II) could
notably improve the classification accuracy of patients with oligo-
dendroglial tumors according to tumor grade compared with
cMRI alone (31% misclassification error and 65% sensitivity to
distinguish grade III from grade II). This improvement in classi-
fication accuracy between multimodal MR imaging and cMRI
was less marked in genotyping (40% misclassification error, and
79% sensitivity for multimodal MR imaging vs 48% misclassifi-
cation error, and 70% sensitivity to separate 1p/19q intact from
1p/19q codeletion genotype for cMRI). This finding could be ex-
plained by absence of significant correlations between the 1p/19q
molecular profile and the DWI, PWI (except rCBV and rCBF
when only grade I tumors were considered), and MR spectros-
copy parameters evaluated in this study and by the strong influ-
ence of tumor location on the genotyping accuracy.

Although random forest analysis could be used prospectively
to give statistical prediction of grade or genotype, we do not in-
tend to suggest its use for therapeutic decisions. Here, rather we
aimed to evaluate the potential contribution of noninvasive mul-
timodal MR techniques to the grading and genotyping of oligo-
dendroglial tumors compared with cMRI. Multimodal MR imag-
ing could also help in the preoperative treatment of patients, when
complete resection cannot be performed, by guiding the biopsy to
the more aggressive part of the tumor. However, for now, MR
imaging is not intended to replace histopathologic examination,
and any therapeutic decisions will be made after such examina-
tion. It is important to note that no additional contribution was
found when we added long TE MR spectroscopy data to the anal-
ysis. Thus, when available scan time is limited, MR spectroscopy
data at short TE should be acquired preferably to better differen-
tiate between tumor grades and genotypes.

CONCLUSIONS

Nowadays, histopathology examination is still the reference stan-
dard for grading and classifying brain tumors. Our method
showed that combining perfusion, diffusion, and spectroscopy
measurements with ¢MRI data, in pretherapeutic MR imaging
scans, could improve the accuracy to discriminate grade III from
grade II oligodendroglial tumors with a sensitivity and specificity
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of 82% and 84%, respectively, but this multimodal investigation
has a lower contribution to genotyping these tumors compared
with ¢cMRI alone. However, adding some advanced MR imaging
techniques to ¢cMRI could noninvasively provide valuable infor-
mation that may assist clinicians in patient preoperative manage-
ment and treatment decision making.
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