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Abstract

Introduction Perfusion magnetic resonance imaging (MRI)
can be used in the pre-operative assessment of brain tumours.
The aim of this prospective study was to identify the perfusion
parameters from dynamic contrast-enhanced (DCE) and dy-
namic susceptibility contrast (DSC) perfusion imaging that
could best discriminate between grade II and III gliomas.
Methods MRI (3 T) including morphological ((T2 fluid atten-
uated inversion recovery (FLAIR) and T1-weighted (T1W)+
Gd)) and perfusion (DCE and DSC) sequences was performed
in 39 patients with newly diagnosed suspected low-grade
glioma after written informed consent in this review board-
approved study. Regions of interests (ROIs) in tumour area
were delineated on FLAIR images co-registered to DCE and
DSC, respectively, in 25 patients with histopathological grade
II (n=18) and III (n=7) gliomas. Statistical analysis of differ-
ences between grade Il and grade III gliomas in histogram
perfusion parameters was performed, and the areas under the
curves (AUC) from the ROC analyses were evaluated.
Results In DCE, the skewness of transfer constant (ki,s) was
found superior for differentiating grade II from grade III in all
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gliomas (AUC 0.76). In DSC, the standard deviation of rela-
tive cerebral blood flow (rCBF) was found superior for differ-
entiating grade II from grade III gliomas (AUC 0.80).
Conclusions Histogram parameters from k.,s (DCE) and
rCBF (DSC) could most efficiently discriminate between
grade II and grade III gliomas.

Keywords Dynamic contrast-enhanced MRI - Dynamic
susceptibility contrast MRI - Perfusion MRI - Glioma -
Histogram analysis

Abbreviations

AUC  Area under the curve

DCE Dynamic contrast-enhanced

DSC Dynamic susceptibility contrast
FLAIR Fluid attenuated inversion recovery

ICA Internal carotid artery
Kirans Transfer constant

Kapp Apparent transfer constant
ROI Region of interest

ROC Receiver operating characteristics
TIW T1-weighted

TE Echo time

TR Repetition time

Background and purpose

Gliomas are glial tumours of the central nervous system that
are diagnosed according to the World Health Organization
classification of brain tumours [1]. Grade I and II gliomas
are considered low-grade, whereas grade III and IV gliomas
(glioblastomas) are considered high-grade. Gliomas are
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classified by cell type and occur mainly as astrocytomas,
oligodendrogliomas or oligoastrocytomas, a mixed form with
both oligodendroglial and astrocytic components [2, 3]. In
adults, low-grade gliomas consist of grade II gliomas. These
are slowly proliferating tumours that display cytological
atypia but no signs of anaplasia, endothelial cell proliferation
or brisk mitotic activity [1].

An assessment of tumour malignancy grade in the pre-
operative situation is important for clinical management, es-
pecially for tumours in eloquent areas when maximal tumour
resection must be balanced by preservation of neurological
function. Magnetic resonance imaging (MRI) is the method of
choice for the radiological evaluation of brain tumours.
However, discriminating low-grade from high-grade gliomas
by conventional morphological MRI has been difficult [4].
Whilst glioblastomas usually exhibit characteristic contrast
enhancement, overlapping contrast enhancement patterns oc-
cur between grade II and III gliomas. Dynamic susceptibility
contrast (DSC) perfusion imaging and dynamic contrast-
enhanced (DCE) perfusion imaging are two perfusion MRI
methods based on intravenous contrast agent injection that can
be used in the assessment of tumour malignancy grade and
physiology [5, 6]. DSC is the most commonly used perfusion
MRI technique in neuroradiological practice. In DSC, suscep-
tibility effects from the contrast agent result in magnetic field
inhomogeneity, causing a drop in signal during the contrast
bolus passage through the capillary bed. A T2*W gradient
echo sequence with echo planar imaging (EPI) readout is used.
DSC generates relative perfusion maps requiring normalisation
with a normal appearing region because of the risk of errors in
estimating the arterial input function [7, 8]. DSC is thus not
used for absolute quantification of cerebral perfusion [5].

In DCE, bolus contrast agent passage yields a signal in-
crease on a Tl-weighted gradient echo sequence due to T1
shortening. DCE allows for absolute quantification of perfu-
sion parameters and is not disturbed by susceptibility artefacts
[9-11].

Earlier efforts to discriminate low-grade from high-grade
gliomas have mainly focused on tumours with an astrocytic
phenotype [12—15]. The maximal cerebral blood volume
within a region (CBV,,,x) has been shown to reflect neo-
vascularisation and correlate with the malignancy grade of
astrocytomas [13]. Astrocytomas and oligodendrogliomas dif-
fer, however, in vascular density and thereby also in cerebral
blood volume (CBV), complicating the pre-operative evalua-
tion by perfusion MRI when tumour cell type is still unknown
[6]. The discrimination of grade II gliomas from grade III
gliomas in a population of mixed tumour types has been
proven to be challenging [15—-18]. In addition, perfusion pa-
rameters other than CBV have not been studied extensively.

The aim of the present study was to identify perfusion
parameters from DCE and DSC perfusion studies that could
best discriminate grade II from grade III gliomas.
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Materials and methods
Patient characteristics

Thirty-nine patients with clinical and radiological suspected
low-grade glioma, referred to the neurosurgical department
between May 2010 and November 2012, were prospectively
and consecutively recruited [19]. The institutional review
board approved the study protocol, and all patient participa-
tion was based on written informed consent. An intracerebral
tumour-suspected lesion on morphological MRI with high
signal intensity on T2 fluid attenuated inversion recovery
(FLAIR) and with no or minimal contrast enhancement was
regarded as a suspected low-grade glioma (assessed by a
neuroradiologist with 30 years of experience). Exclusion
criteria for the present study were other histological diagnosis
than grade II or grade III glioma (n=4), no histologically
diagnosis available (n=8) or obtained more than 12 months
after the study MRI (n=2). Thus, 25 patients with grade II or
grade III glioma were enrolled in the present study. The
clinical characteristics of these 25 patients are shown in
Table 1. The study MRI was performed pre-operatively in
all but one patient. This patient (patient 2) had a biopsy
performed 6 months prior to the study MRI.

MRI

Imaging was performed on a 3-T MRI scanner with a 32-
channel head coil (Achieva, Philips Healthcare, Best, the
Netherlands) and included morphological and perfusion
sequences.

Morphological MRI included axial T2 FLAIR (repetition
time (TR)/echo time (TE) 11,000/125 ms; 90° flip angle;
512x512 matrix; 0.45%0.45x6 mm® voxel size) and TIW
spin echo sequences after intravenous contrast agent adminis-
tration (TR/TE 600/10 ms; 70° flip angle; 512x512 matrix;
0.45x0.45%5 mm® voxel size).

Perfusion MRI

DCE was performed with a T1W-spoiled saturation recovery
gradient echo sequence covering four slices over the centre of
the tumour and one slice perpendicular to the internal carotid
artery for arterial input function determination. The following
parameters were used: temporal resolution 1.25 s; time delay
between the prepulse and the first readout pulse 120 ms, TR/
TE 3.97/1.9 ms; flip angle 30°; acquired voxel size 2.4 x3.0x
8.0 mm?; and matrix 256x256. A total of ten dynamic scans
were performed before the intravenous injection of
0.05 mmol/kg gadolinium-based contrast agent (gadobutrol
1 mmol/mL) at 3 mL/s, followed by a 30-mL saline injection
at the same injection rate, using a power injector. Total acqui-
sition time was 5 min with 200 dynamic scans.
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Table 1 Patient characteristics

Patient Patient age at Contrast Tumour type Tumour Time between MRI and Biopsy or resection (%)

MRI (years) enhancement grade histology (months)
1 62 None Oligoastrocytoma I 10 Resection (approx 50 %)
2 66 Yes, homogenous, Astrocytoma I 6 Needle biopsy

diffuse

3 40 None Oligodendroglioma I <1 Resection (approx 50 %)
4 28 None Oligoastrocytoma I <1 Resection (approx 25 %)
5 31 Yes, patchy, diffuse Oligoastrocytoma I <1 Resection (approx 25 %)
6 36 None Astrocytoma 11 2 Needle biopsy
7 31 Yes, diffuse Oligodendroglioma I <1 Resection (approx 50 %)
8 42 None Oligodendroglioma I 4 Resection (approx 75 %)
9 25 None Oligodendroglioma I 1 Resection (>90 %)
10 79 None Astrocytoma I 3 Resection (>90 %)
11 55 None Astrocytoma I <1 Needle biopsy
12 63 None Astrocytoma I <1 Needle biopsy
13 22 None Oligoastrocytoma I <1 Resection (approx 40 %)
14 70 Yes, patchy, diffuse Astrocytoma I <1 Open biopsy
15 41 None Oligodendroglioma I Resection (approx 50 %)
16 53 None Oligoastrocytoma I Total resection
17 41 None Oligoastrocytoma I Resection (approx 50 %)
18 44 None Astrocytoma I <1 Open biopsy
19 68 None Astrocytoma I <1 Open biopsy
20 44 None Oligodendroglioma I <1 Resection (approx 50 %)
21 66 None Astrocytoma I 3 Resection (approx 30 %)
22 34 Discrete Oligoastrocytoma I 2 Resection (approx 90 %)
23 61 None Astrocytoma I Resection (approx 90 %)
24 54 None Oligodendroglioma I Resection (approx 30 %)
25 33 None Oligodendroglioma I <1 Total resection

Post-processing was performed in MatLab (MathWorks,
Natick, MA), using an in-house developed semi-automatic
procedure. Briefly, regions of interests (ROIs) delineating
internal carotid artery (ICA) and the superior sagittal sinus
were drawn. In order to minimise partial volume effect, the
arterial input function was derived from the one voxel in the
ICA with maximal signal change during contrast agent bolus
passage. Correction for partial volume was performed by
normalising the signal to a venous outflow function, derived
from the superior sagittal sinus. Calculation of perfusion data
and corresponding maps for CBYV, cerebral blood flow (CBF)
and transfer constant (kyans) [20] was performed according to a
method described by Larsson et al. [10, 11].

DSC was performed, 10 min after DCE, with a T2*W
single shot gradient echo-EPI sequence covering 23 slices
with the following parameters: temporal resolution 1.35 s;
echo time 29 ms; flip angle 90°; acquired voxel size 1.7x
2.3x5.0 mm>; and matrix 128x128. Pre-contrast bolus
scanning was performed during 10 s before intravenous injec-
tion of 5 mL gadolinium-based contrast agent (gadobutrol
1 mmol/mL) at 4 mL/s, followed by a 30-mL saline infusion

at the same rate, using a power injector. Total acquisition time
was 90 s with 72 dynamic scans. Whole brain coverage was
obtained using these parameters. Briefly, prior injection of
contrast agent during DCE pre-saturated the tissue. Contrast
agent leakage from the intravascular to the extravascular space
was corrected for using the method published by Boxerman
et al. [21], and this correction produces leakage maps where
the pixel intensity is proportional to the rate of contrast agent
leakage from the intra- to the extravascular space, referred to
as the apparent transfer constant (K,,). Motion correction was
performed [22]. The arterial input function was measured
from branches of the middle cerebral artery in the hemisphere
contralateral to the tumour and inspected visually for a narrow
peak. Calculation of perfusion data and corresponding maps
of CBV, CBF and K, [21] was performed using the software
nordicICE (NordicNeuroLab AS, Bergen, Norway) with the
Tikhonov regularisation method for deconvolution [23].
Axial FLAIR images were transferred to the same voxel
space and co-registered to DCE and DSC images, respective-
ly, using SPM8 (MathWorks, Natick, MA). All ROIs were
manually delineated on the FLAIR images using an in-house
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developed MatLab-based software and transferred to the per-
fusion maps (Fig. 1a, b). The tumour ROI was delineated just
inside its border, on all slices with high FLAIR signal by a
resident in radiology (3 years of experience) blinded to histo-
pathological diagnosis. Tumour delineation was performed on
all co-registered FLAIR slices with suspected tumour changes
that had a corresponding perfusion slice on DCE and DSC,
respectively. A ROI in the normal appearing white matter was
delineated in the lobe contralateral to the tumour area in one
slice.

Perfusion data from the ROIs were presented as histogram
parameters of median, mean, standard deviation, kurtosis,
skewness, peak position, peak height and the 90th percentile.

Histological tumour diagnosis was obtained by
neuronavigation-guided needle biopsy (n=4), open biopsy
(n=3) or resection (n=18), as previously described [19].
Estimation of extent of resection was based on 48 h post-
operatively MRI except in one case who had a post-operative
CT and is presented in Table 1.

Statistical analysis

Statistical software Statistica 12 (Statsoft, Tulsa, OK, USA)
was used for the analyses of perfusion data: CBV, CBF and
kirans from DCE and CBV, CBF and K,,, from DSC.
Normalisation against normal appearing contralateral white
matter was performed for CBV and CBF histogram parame-
ters mean, median, peak position and 90th percentile from
DSC and DCE. Not normalised parameters were standard
deviation, kurtosis, skewness, peak height and parameters
from Kians and K,

Data distribution was analysed by normal probability plot
and Shapiro-Wilk’s ¥ test. Pairwise comparisons of perfusion
parameters between tumour grade II and IIT were assessed in
all gliomas (n=25). A parametric Student’s ¢ test was applied
for normally distributed data, and a non-parametric test

Fig.1 DCE (a) and DSC (b) perfusion in an oligodendroglioma grade II.
The region of interest delineates the tumour border
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(Mann—Whitney U) was chosen for data that did not fulfil
the requirements for normality.

Differences in perfusion parameters between grade II
and III gliomas were further analysed using receiver
operating characteristic (ROC) curves and comparing
the area under the curve (AUC). The parameter with
the highest AUC was presented as the best discriminat-
ing parameter.

Results
Mean perfusion parameters in glioma grade I and grade 111

DCE Mean+SD rCBVp in glioma grade II was 1.34+0.37
and 1.82+1.12 in glioma grade III, p=0.65. Mean+rCBF in
glioma grade II was 1.474+0.54 and 1.85+1.55 in glioma
grade III, p=0.79. Mean ki, in glioma grade 11 was 0.22+
0.30 and 0.26+0.23 in glioma grade III, p=0.32.

DSC Mean+SD rCBV in glioma grade II was 1.48+
0.74 and 2.42+1.99 in glioma grade III, p=0.21.
Mean=SD rCBF in glioma grade II was 1.66+0.99
and 2.53+1.88 in glioma grade III, p=0.24. Mean K,
in glioma grade II was 33.54+30.51 and 94.15+78.10
in glioma grade III, p=0.07.

Histogram analysis of perfusion parameters

Histogram parameters from the DCE and DSC perfusion
scans were compared between grade II and III gliomas.

For DCE, the perfusion parameter skewness of kians
had the lowest p value for separating glioma grades II
and III (p=0.07). Histogram perfusion parameters from
DCE for glioma grades II and IIl are presented in
Table 2.

For DSC, the standard deviation of CBF had the lowest p
value and showed significant difference between glioma grade
IT and glioma grade III (p=0.02). Histogram perfusion param-
eters from DSC for glioma grades II and III are presented in
Table 3.

ROC curve analysis

ROC curves were analysed for glioma grades I and III (n=25)
with data from the DCE and DSC MRI perfusions (Tables 2
and 3). In DCE, the skewness of ki, had the highest AUC
(0.76) for separating between glioma grade II and glioma
grade III (Fig. 2a).

In DSC, the standard deviation of CBF had the highest
AUC (0.80) for separating between glioma grade II and glio-
ma grade IIT (Fig. 2b).
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Table 2 Pairwise comparison between DCE perfusion parameters from histogram analysis in grade II and grade III glioma

Glioma II Glioma IIT p Test type AUC
n=18 n=7

DCE rCBVp Mean 1.34+0.37 1.82+1.12 0.65 mw 0.56
Median 1.18+0.33 1.66+1.25 0.69 mw 0.56

Peak position 1.00+0.29 1.37+1.10 0.69 mw 0.56

90th percentile 1.41+£0.49 1.94+0.98 0.29 mw 0.64

CBVp Peak height 0.20+0.08 0.19+0.09 0.90 tt 0.53

Standard deviation 1.60+0.76 1.89+1.02 0.93 mw 0.52

Skewness 2.36+1.37 2.37+1.36 0.98 tt 0.50

Kurtosis 12.22+15.34 10.89+8.77 0.93 mw 0.52

DCE rCBF Mean 1.47+0.54 1.85+1.55 0.79 mw 0.54
Median 1.27+0.48 1.78+1.83 0.88 mw 0.52

Peak position 1.19+0.46 2.01+3.44 0.08 mw 0.73

90th percentile 1.59+0.72 1.93+1.30 0.88 mw 0.52

CBF Peak height 0.22+0.07 0.23+£0.08 0.77 tt 0.60

Standard deviation 21.41+14.56 19.11+12.17 0.65 mw 0.56

Skewness 2.85+1.29 2.49+1.43 0.55 tt 0.56

Kurtosis 14.57+13.00 12.57+13.36 0.61 mw 0.57

DCE Kerans Mean 0.22+0.30 0.26+0.23 0.32 mw 0.64
Median 0.15+£0.23 0.18+0.17 0.38 mw 0.62

Peak position 0.23+0.18 0.23+0.08 0.69 mw 0.56

90th percentile 0.70+0.55 0.81+0.47 0.17 mw 0.68

Peak height 0.52+0.18 0.51+0.13 0.90 tt 0.50

Standard deviation 0.31+0.30 0.31+0.17 0.32 mw 0.64

Skewness 1.60+1.60 2.86+0.97 0.07 tt 0.76

Kurtosis 10.08+13.36 13.95+10.07 0.14 mw 0.70

The best discriminating parameter is presented in bold font
mw Mann—Whitney U test, #f Student’s ¢ test

Discussion

There is a need for non-invasive parameters that can distin-
guish grade II from grade III tumours in patients with
suspected low-grade gliomas on conventional MRI, to facili-
tate surgical treatment planning. MRI perfusion in patients
with glioma has been studied with regard to pre-operative
tumour grading [13, 15], and the CBV has been able to
separate low-grade from high-grade astrocytomas [14, 24,
25]. However, the separation of glioma grade II from grade
III is difficult due to overlapping features. Studies using MRI
perfusion of oligodendrogliomas and mixed gliomas have
shown ambiguous results [14—17, 26].

In this study, we identified the histogram perfusion param-
eter from DCE and DSC that could most efficiently discrim-
inate between glioma grades II and III in a pre-operative
situation when tumour cell type is unknown. The AUC from
ROC analyses between glioma grade II and glioma grade III
was highest for histogram parameters skewness of kyang
(DCE) (AUC=0.76) and the standard deviation of CBF
(DSC) (AUC=0.80).

Our results add new information to the few previously
published reports on this topic. Cha et al. showed that Ay
from MRI perfusion was superior to CBV for predicting
malignancy grade in a cohort of 20 glioma grades -1V
[27]. Compared to the work by Cha et al., we analysed a
larger group of glioma grades II and III (25 patients com-
pared to 9).

Earlier MRI perfusion studies have used a small ROI
approach analysing only a fraction of the whole tumour
[13-15, 28]. We propose that the whole tumour analysis as
used in this study better reflects the visual evaluation per-
formed by the neuroradiologist in clinical practice when
assessing the complete tumour area. Whole tumour analysis
also evades the problematic interpretation of small areas of
suspected aberrant perfusion that can be cumbersome to detect
in perfusion MRI because of low spatial resolution, artefacts
and partial volume effects. Such areas are especially difficult
to assess correctly in low-grade gliomas with predominantly
low perfusion. Whole tumour analysis therefore limits the
inter-individual variations from interpretation and is probably
a method that is easier to standardise and automatise.
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Table 3 Pairwise comparison between DSC perfusion parameters from histogram analysis in grade II and grade III glioma

Glioma II Glioma IIT p Test type AUC
n=18 n=7

DSC rCBV Mean 1.48+0.74 2.42+1.99 0.21 mw 0.67
Median 1.27+0.80 1.82+1.78 0.57 mw 0.58

Peak position 1.06+0.66 1.434+2.04 0.53 mw 0.59

90th percentile 1.67+0.78 291+1.79 0.04 mw 0.77

CBV Peak height 0.21+0.09 0.19+0.08 0.67 tt 0.56

Standard deviation 176.22+90.34 263.40+£192.10 0.29 mw 0.64

Skewness 2.61+0.93 2.49+1.19 0.79 t 0.55

Kurtosis 11.77+7.72 14.16+17.01 0.83 mw 0.53

DSC rCBF Mean 1.66+0.99 2.53+£1.88 0.24 mw 0.66
Median 1.45+1.00 2.06+1.93 0.57 mw 0.58

Peak position 1.27+0.88 2.97+5.90 0.35 mw 0.63

90th percentile 1.84+0.98 2.96+1.91 0.06 mw 0.75

CBF Peak height 0.25+0.11 0.19+0.08 0.15 tt 0.68

Standard deviation 173.56+87.43 330.51+172.61 0.02 mw 0.80

Skewness 3.00£1.03 2.75+1.19 0.60 tt 0.54

Kurtosis 14.55+9.07 14.47+12.84 0.93 mw 0.52

DSC Kapp Mean 33.54+30.51 94.15+78.10 0.07 mw 0.74
Median 12.19+36.93 20.57+54.43 0.88 mw 0.52

Peak position 0+0 18.95+50.14 0.61 mw 0.57

90th percentile 142.91+66.40 238.24+124.25 0.08 mw 0.73

Peak height 0.73+0.18 0.58+0.25 0.10 tt 0.70

Standard deviation 97.40+37.78 151.26+108.52 0.57 mw 0.58

Skewness —1.92+4.38 0.56+1.91 0.11 mw 0.71

Kurtosis 46.53+84.85 13.57+14.40 0.41 mw 0.61

Statistically significant values are presented in bold font
mw Mann—Whitney U test, #f Student’s ¢ test

Perfusion analysis of gliomas in clinical practice is mainly
limited to visual interpretation of perfusion maps presenting
the mean value of each parameter. None of our data
concerning highest AUC were mean or median values

(Tables 2 and 3), and therefore, a histogram analysis of per-
fusion data allows for a deeper analysis of the perfusion
distribution in the tumour that exceeds that of mean values
[29]. For example, the skewness of the histogram tells us how

Fig. 2 a ROC curve for glioma a ROC Curve - DCE MRI b ROC Curve - DSC MRI
grades II and 111, presenting the Skewness K, ... glioma grade Il and Il Standard deviation CBF glioma grade Il and Il
parameter with the highest AUC: 10 1.0
skewness K., (DCE). b ROC
curve for glioma grades II and 111,
presenting the parameter with the 08
highest AUC: standard deviation
CBF (DSC)
> os 2
s 2
: :
c
8 o g
0.2 0.2 )
Area Under Curve = 0,76 Area Under Curve = 0,80
0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0

1-Specificity
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a data set is skewed to either right or left when deviating from
a normal probability distribution. The kurtosis of the data tells
us how broad or narrow the peak of the curve is when
deviating from a normal probability distribution.

Apart from the limited number of included patients, possi-
ble limitations of the present study are the risk of classification
errors in histopathological diagnoses of tumour samples de-
rived from biopsies [30] and the risk of partial volume effect
influencing the data retained from the ROIs [31]. The limited
number of patients in this study does not permit us to draw any
firm conclusions about those perfusion parameters that were
unable to separate between glioma grades II and III. These
parameters could still be valuable to investigate in a larger
cohort. Since the DCE sequence included four slices over the
central part of the tumour, the peripheral zones were incom-
pletely covered in 18 out of 25 patients, possibly explaining
why the result of the AUC analysis for the DCE perfusion was
somewhat lower (0.76) than for the DSC perfusion (0.80). The
temporal resolution for DCE was set to not over- or underes-
timate the perfusion parameters. An absolute quantification of
perfusion parameters was prioritised over whole brain cover-
age, why the images were positioned to cover as much of the
tumours as possible [32]. A limitation to the DCE method as
applied in this study would thus be the risk of excluding
glioma areas of importance for diagnosis. To be able to assess
DCE and DSC respectively without compromising either of
the perfusion methods, we chose to include the four tumour
slices in DCE and all available tumour data on DSC.

To summarise, the results of this study yield further insight
into pre-operative tumour evaluation through histogram anal-
ysis of perfusion parameters from DCE and DSC and present
parameters that potentially can be used for grading of
suspected low-grade gliomas.

Conclusion

The skewness of kians (from DCE) and the standard deviation
of rCBF (from DSC) could most efficiently discriminate be-
tween grade II and grade I1I gliomas.
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