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Abstract

Background and Purpose—Low-grade and anaplastic oligodendrogliomas are often difficult
to differentiate on the basis of conventional MR imaging characteristics. Dynamic contrast-
enhanced (DCE) MRI can assess tumor microvasculature and has demonstrated utility for
predicting glioma grade and prognosis in primary brain tumors. The aim of our study was to
evaluate the performance of plasma volume (Vp) and volume transfer coefficient (K"aS) derived
from DCE MRI in differentiating between grade 11 and grade 111 oligodendrogliomas.

Materials and Methods—Twenty-four consecutive patients with pathologically confirmed
oligodendroglioma (World Health Organization [WHQ] grade 11, n=14 and grade 111, n=10) were
retrospectively assessed. Pretreatment DCE MRI was performed and regions of interest were
manually drawn around the entire tumor volume to calculate Vp and K@, The Mann-Whitney U
test and receiver operating characteristic analysis were performed to compare pharmacokinetic
parameters between the 2 groups.

Results—The Vpmean Values for grade 111 oligodendrogliomas were significantly higher (p=0.03)
than those for grade I1 oligodendrogliomas. The Kt"ans_ ... values were higher in grade 111 lesions,
but the difference between the 2 groups was not statistically significant (p>0.05). Based on
receiver operating characteristic (ROC) analysis, the Vpmean (area under curve (AUC)=0.757,
standard deviation=0.1) cut off value that provided the best combination of high sensitivity and
specificity to distinguish between grade 11 and 111 oligodendrogliomas was 2.35 (p<0.03).

Conclusion—The results of our study suggest the DCE MRI parameter Vpmean €an
noninvasively differentiate between grade Il and grade 111 oligodendrogliomas.
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INTRODUCTION

Oligodendroglial tumors constitute approximately 5%—-18% of all brain gliomas.! They are
mainly seen in adult patients with a peak of occurrence between the fourth and sixth decade
of life although low-grade oligodendroglial tumors can appear in younger patients.2 These
tumors are classified as grade 11 (low-grade) and I1l (anaplastic) according to the WHO
classification system. The treatment and prognosis of low-grade and anaplastic
oligodendrogliomas are different. Initial treatment of anaplastic oligodendrogliomas usually
involves tumor resection, adjuvant radiation and often chemotherapy.3 In contrast, patients
with low-grade oligodendrogliomas typically undergo less treatment and survive longer than
patients with anaplastic tumors.* Accurate determination of tumor grade in patients with
oligodendrogliomas is therefore clinically relevant. The current standard for glioma grading
is histopathologic analysis. This can only be accomplished after invasive neurosurgery and
its inherent morbidity and mortality risks to the patients.> © Additionally, this method is
subject to sampling error and can be limited by tumor location in inaccessible brain regions,
which can potentially result in inaccurate grading. A noninvasive method of confidently
predicting tumor grade would help address some of these issues. Previous studies that
analyzed the predictive capabilities of conventional MRI and dynamic susceptibility-
weighted contrast-enhanced (DSC) perfusion imaging for oligodendroglioma grading
demonstrated mixed results 712 with neither method proving reliable enough for
noninvasive tumor grading.

Dynamic contrast-enhanced (DCE)-MRI is an advanced imaging technique that has recently
demonstrated promise for predicting glioma grade 13: 14, differentiating different primary
brain tumor histologies 1° and predicting prognosis in brain tumor patients.1® Unlike
conventional brain imaging, DCE-MRI can quantitatively assess tumor microvasculature by
measurement of a range of parameters that reflect specific physiologic characteristics such
as plasma volume (Vp), volume transfer coefficient (K@) and extravascular extracellular
distribution volume (Ve). DCE-MRI also offers several advantages over DSC perfusion
imaging such as not being limited by susceptibility effects and allowing for more absolute
quantitative measurements of pharmacokinetic parameters. The aim of our study was to
evaluate the ability of DCE-MRI to differentiate between low-grade and anaplastic
oligodendrogliomas. We hypothesized that Vp derived from the entire tumor volume would
be an accurate predictor of grade since it provides an estimate of tumor microvascular
density which is known to be increased in high-grade tumors.17: 18

MATERIALS AND METHODS

Patients

This retrospective study was performed in accordance with the Health Insurance Portability
and Accountability Act and after local Institutional Review Board approval, including
waiver of informed consent. Records of potentially eligible patients with oligodendroglioma
from January 2011 through January 2015 were reviewed and included in the study based on
the following criteria: 1) Histopathologically-confirmed oligodendroglioma diagnosis
according to the WHO classification system; 2) pretreatment DCE-MRI perfusion scans. A
total of 24 consecutive patients (13 female and 11 male) with a mean age of 45.2 (range, 39—
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82) years were included in the study. There were 14 patients with grade Il (low-grade)
oligodendrogliomas and 10 patients with grade 111 (anaplastic) oligodendrogliomas based on
WHO criteria as determined by a neuropathologist with over 25 years of experience.

DCE MRI Acquisition and Analysis

Patients were scanned on 1.5T or 3T scanners (Signa Excite, HDx and Discovery 750, GE
Healthcare, Milwaukee, WI) using an 8-channel head coil. Standard T1-weighted, T2-
weighted, diffusion-weighted, fluid-attenuated inversion recovery, susceptibility-weighted
and contrast T1-weighted images were acquired in multiple planes. Gadopentetate
dimeglumine (Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, New Jersey) was
power-injected via an intravenous catheter (18-21 gauge) at doses standardized by patient
body weight (0.2 mL/kg body weight, maximum 20 mL) at 2-3 mL/s. T1-weighted DCE
perfusion data was acquired using an axial 3D echo-spoiled gradient-echo sequence (TR, 4—
5 ms; TE, 1-2 ms; section thickness, 5 mm; flip angle, 25°; FOV, 24 cm; matrix, 256 x 128).
Ten phases were acquired pre-injection followed by another 30 phases during the dynamic
injection of intravenous contrast. This was followed by a 40-mL saline flush. The time
between phases (temporal resolution) was 5-6 seconds. Matching contrast T1-weighted
(TR/TE, 600/8 ms; thickness, 5 mm; matrix, 256 x 224) spin-echo images were obtained.
Ten to twelve slices were obtained for the DCE color maps and matching T1 post contrast
images to cover the volumes of the lesions. The native T1 was not measured and a fixed
baseline value of 1000 ms was utilized.

An off-line workstation with available commercial imaging analysis software (NordicICE;
Nordic Neuro Lab, Bergen, Norway) was used to process all raw perfusion data. Perfusion
data preprocessing consisted of noise correction, motion artifact rectification and semi-
automatic selection of arterial input function (AIF) from the middle cerebral artery. Curves
displaying an optimal relationship between AIF and concentration-time curve were carefully
chosen. The 2-compartment pharmacokinetic model proposed by Tofts [19] was applied to
calculate the pharmacokinetic parameters plasma volume (Vp) and volume transfer
coefficient (Kyans). Regions of interest encompassing the entire enhancing and non-
enhancing tumor volume were drawn on each transaxial slice, generating a volume of
interest (\VOI). Large vessels and cystic/necrotic regions were excluded from the VOI in
order not to bias measurements. The volumes of interest (VOIs) were then transferred onto
the matching Vp and K'"a"s perfusion maps and the average of the mean values for all VOIs
from each transaxial slice were used to calculate the mean Vp (Vpmean) and Kirans
(Kans ) of the entire lesion. A board-certified attending neuroradiologist with 10 years
of neuroimaging experience approved all regions of interest. The data processing was
performed with all investigators blinded to histopathologic tumor grade and patient
demographics.

Statistical Analysis

A Mann-Whitney U test was used to assess the differences between the DCE-MRI
pharmacokinetic parameters (Vp and Kyans)- A p value <0.05 was considered statistically
significant. ROC curve analysis was performed using Statistical Package for the Social
Sciences Statistics (MVersion 22; IBM, Armonk, New York) to determine which cut off values
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provided the best combination of sensitivity and specificity for differentiating between low-
grade and anaplastic oligodendrogliomas.

Pharmacokinetic Parameters

The Vpmean Values for WHO grade 111 oligodendrogliomas were significantly higher
(p=0.03) than those for grade Il oligodendrogliomas (Figure 1, Table 1). VVpmean for grade 11l
oligodendrogliomas was 3.78 (SD=1.83) and Vppmean for grade 1l oligodendrogliomas was
2.08 (SD=1.05). The Kt"ans_ ... values were also higher in grade I11 lesions (mean=0.057,
SD=0.063) compared to grade 1l (mean=0.036, SD=0.036), but the difference between the 2
groups was not statistically significant (p>0.05). Representative images of grade Il and grade
I11 oligodendrogliomas are provided in Figure 2.

ROC Analysis

Based on ROC analysis, the cut-off for value Vpmean (AUC=0.757 with standard
deviation=0.1) that provided the best combination of high sensitivity (70%) and specificity
(70%) to distinguish between grade 11 and 111 oligodendrogliomas was 2.35 (p<0.03) (Figure
3).

DISCUSSION

In this study, we found that pretherapeutic measurements of Vpmean Within
oligodendrogliomas were predictive of tumor grade. Grading oligodendrogliomas accurately
is important because the grade impacts how the tumors will be treated and the overall
prognosis. Surgical morbidity, tumor inaccessibility, sampling errors and inconsistencies in
histopathologic grading can lead to unfavorable results for patients. An accurate and reliable
imaging predictor of tumor grade would be a useful tool to help optimize patient care. To
our knowledge, this is the first study to demonstrate the utility of Vpmean as a noninvasive
imaging biomarker for differentiating grade Il and grade 111 oligodendrogliomas.

It has been well documented that rCBV measurements correlate with both conventional
angiographic assessment of glioma vascular density and histologic determination of glioma
microvascular density and vascular endothelial growth factor (VEGF) expression.19-23
VEGEF is a potent angiogenic factor that is known to play an important role in induction of
tumor neovascularization.?# High-grade gliomas, including oligodendrogliomas, have been
shown to demonstrate increased VEGF expression and microvascular density compared to
their lower grade counterparts.1’: 18

Multiple studies have assessed the potential of relative cerebral blood volume (rCBV)
measurements derived from DSC perfusion for differentiating between low-grade and
anaplastic oligodendrogliomas. The results regarding the predictive value of rCBV have
been mixed with some reports demonstrating significantly higher rCBV in grade 111
oligodendrogliomas 2528 and others reporting that rCBV values were not reliable for
making the distinction.10: 11, 29-31 The reasons for the inconsistencies in the literature are
probably multi-factorial, but may in part be due to the inherent limitations of DSC
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technique. For example, rCBV measurements derived from DSC are semi-quantitative and
can be influenced by multiple post-processing steps, including the choice of normal
contralateral white matter and correction technique to address contrast extravasation.32: 33
Other limitations of DSC perfusion imaging include sensitivity to susceptibility effects from
calcification, hemorrhage and bone 34 and potential for biased measurements secondary to
T1 effects from extravascular contrast leakage in tumor vessels.3°

Instead of DSC perfusion, we utilized DCE-MRI which is a T1-weighted perfusion
technique that is less sensitive to susceptibility artifacts and can better quantify absolute
cerebral blood volume and the volume transfer coefficient (K"as), which measures the
degree of contrast leakage from the intravascular to the extravascular compartment. Vp is a
pharmacokinetic parameter derived from DCE-MRI and is defined as the blood plasma
volume per unit volume of tissue. This parameter has the same physiologic meaning as
rCBV obtained from DSC but Vp has been demonstrated to be superior for quantitative
evaluation of cerebral blood volume 3¢ because it is based on the preferred T1-weighted
perfusion method. A recent study comparing estimates of blood volume obtained by DCE-
MRI and DSC perfusion on a pixel-by-pixel basis within high-grade gliomas found a
statistically significant difference between the 2 sets of values and only a weak (although
significant) correlation.3” There was also a statistically significant difference and weak
correlation between K" and \/p suggesting they provide different information.

Multiple investigators have reported the usefulness of DCE-MRI for glioma

grading 13. 14, 38-40 pt these studies included a broader (grades 11-1V) and more
heterogeneous group of low- and high-grade gliomas such as diffuse astrocytomas,
oligoastrocytomas, anaplastic astrocytomas and glioblastomas, in addition to
oligodendrogliomas. We focused only on differentiating grade 11 and grade 111
oligodendrogliomas in an attempt to begin addressing this relative gap in the DCE-MRI
literature and because DSC perfusion studies have been inconsistent. An investigation by Jia
et al that employed DCE-MRI for differentiating oligodendroglioma grades 4! found that
Ktrans and Ve could distinguish between grade Il and grade 111 oligodendrogliomas in a
statistically significant manner. Interestingly, our study did not demonstrate that
measurements of Kt"a"s were significantly different between grades. The reasons for this are
unclear but may be related to our smaller sample size of 24 lesions (14 grade 11, 10 grade I11)
compared to their 65 lesions (28 grade Il and 37 grade 111). The Jia et al study focused on
differences in tumor microvascular permeability and did not report on Vp, an estimate of
microvascular density and blood volume, which we found to be a statistically significant
(p<0.03) imaging biomarker for differentiating grade 11 and grade 111 oligodendrogliomas
despite a small number of patients.

Another difference between this study and numerous prior DCE-MRI and DSC perfusion
studies for glioma grading is that we used the entire tumor volume to generate the data as
opposed to the more common approach of selecting only the most abnormal appearing ROIs
within tumor volumes. Quantitative analysis of the entire tumor is potentially a more
reproducible and less subjective method than selecting ROIs, which vary in number and size
from study to study and observer to observer. Several DCE-MRI glioma-grading studies that
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generated data from whole tumor volumes demonstrated that pharmacokinetic parameters
could successfully differentiate grade 11 and grade 111 gliomas. 1314

Aside from its retrospective nature, our study had several additional limitations. Some of the
oligodendrogliomas we analyzed had poorly-defined margins and delineation of the tumor
from normal adjacent parenchyma or edema was occasionally difficult. Even though this
could potentially result in diminished reproducibility, we believe the quantitative data
extracted from the inclusion of the entire tumor volume would more than compensate for the
relatively minor errors or differences in exactly defining the tumor edges. Another limitation
is that our data may have been influenced by the relatively small number of lesions analyzed,
particularly as it pertains to Kyans Which has been shown to be a reliable perfusion
parameter for glioma grading in multiple prior studies. We also did not assess extravascular
extracellular distribution volume (\e), which has been demonstrated in the literature to be
useful for brain tumor analysis. Unpublished data at our institution has demonstrated that Ve
is not as helpful as other DCE parameters. One possible explanation is that our total DCE
acquisition time of 3 minutes and 20 seconds to 4 minutes may not be sufficiently long
enough to reach the washout phase. It has been suggested that longer acquisition times may
be necessary for this parameter to be accurately assessed.*2: 43 The assumption of a fixed T1
value is another potential limitation as some studies have shown that Ka"S estimates can
vary based on native T1 values, whereas other reports have concluded this is a minor
limitation and that fixed baseline T1 values may actually contribute to more consistent
results while protecting dynamic data from incorrect scale factors or patient movement
during DCE acquisition.13: 44. 45 Finally, we were not able to correlate pharmacokinetic
parameters with molecular differences between oligodendrogliomas because of (1)
unavailable data and (2) the overwhelming majority of the remaining lesions demonstrated
1p/19q chromosomal co-deletions which did not allow for meaningful subgroup comparison.

CONCLUSIONS

The results of our study suggest that pretherapeutic quantitative analysis of the DCE-MRI
parameter Vpmean €an noninvasively differentiate between grade 11 and grade 111
oligodendrogliomas. Larger and prospective studies are needed to validate our findings.
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Figure 1.

Vp (Grade lll)

Box plot illustrating the mean values and standard deviations for Vp of grade Il and grade 111

oligodendrogliomas.
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Grade Il

Figure 2.
Axial T1-weighted post contrast images with corresponding Vp and Ktrans perfusion color

maps of grade 11 (top row) and grade I11 (bottom row) oligodendrogliomas. Both lesions
demonstrate mild enhancement (arrows), but the grade 111 lesion demonstrates greater \Vp
than the grade Il lesion. The Ktrans is also higher in the grade I11 lesion but the difference is
less striking.
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Figure 3.

Receiver operating characteristic (ROC) curves depicting the true positive rate (specificity)
and the false positive rate (sensitivity) of DCE-MRI pharmacokinetic parameters Vp and
Ktrans in differentiating grade 11 versus grade 111 oligodendrogliomas.
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