
Introduction

Gliomas, the most frequent primary brain tumours, are
histologically heterogeneous, representing a biologic
continuum with varying degrees of cellular and nuclear
pleomorphism, mitotic activity, vascular proliferation
and necrosis. Each type of glioma can be of low- or high-
grade malignancy. Despite aggressive treatment, the
prognosis of malignant gliomas is generally poor,
because of their infiltrative nature and high relapse rate

[1]. Because the therapeutic approaches for these
tumours differ considerably according to tumour grade,
the development of in vivo techniques which allow ac-
curately determination of the grade would be important
for determining appropriate treatment. A sampling error
at limited biopsy may mean that the specimen does not
reflect the degree of malignancy elsewhere in the tumour
and may result in significant undergrading [2]. Preop-
erative grading of glioma helps in better treatment
planning and management [3, 4].
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Abstract Developments in MRI
have made it possible to use diffu-
sion-weighted MRI, perfusion MRI
and proton MR spectroscopy
(MRS) to study lesions in the brain.
We evaluated whether these tech-
niques provide useful, complemen-
tary information for grading
gliomas, in comparison with con-
ventional MRI. We studied 17
patients with histologically verified
gliomas, adding multivoxel proton
MRS, echoplanar diffusion and
perfusion MRI the a routine MRI
examination. The maximum relative
cerebral blood volume (CBV), mini-
mum apparent diffusion coefficient
(ADC) and metabolic peak area ra-
tios in proton MRS were calculated
in solid parts of tumours on the
same slice from each imaging data
set. The mean minimum ADC of the
13 high-grade gliomas
(0.92±0.27·10–3 mm2/s) was lower
than that of the four low-grade
gliomas (1.28±0.15·10–3 mm2/s)
(P<0.05). Means of maximum

choline (Cho)/N-acetylaspartate
(NAA), Cho/creatine (Cr), Cho/Cr
in normal brain (Cr-n) and mini-
mum NAA/Cr ratios were
5.90±2.62, 4.73±2.22, 2.66±0.68
and 0.40±0.06, respectively, in the
high-grade gliomas, and 1.65±1.37,
1.84±1.20, 1.61±1.29 and
1.65±1.61, respectively, in the
low-grade gliomas. Significant dif-
ferences were found on spectroscopy
between the high- and low-grade
gliomas (P<0.05). Mean maximum
relative CBV in the high-grade glio-
mas (6.10±3.98) was higher than in
the low-grade gliomas (1.74±0.57)
(P<0.05). Echoplanar diffusion,
perfusion MRI and multivoxel
proton MRS can offer diagnostic
information, not available with
conventional MRI, in the assessment
of glioma grade.
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Although conventional MRI with gadolinium-con-
taining contrast media has been useful for characterising
brain tumours [5], areas of contrast enhancement are not
always the most malignant portion of the tumour, be-
cause some low-grade tumours show contrast enhance-
ment and a few glioblastomas do not [6, 7]. High- and
low-grade tumours cannot therefore be reliably differ-
entiated on the basis of contrast enhancement. Abnor-
mal signal around tumours on T2-weighted images is
nonspecific, since it can represent neoplastic infiltration,
vasogenic oedema or frequently both [7].

The data provided by proton MR spectroscopy
(MRS), perfusion and diffusion-weighted imaging
(DWI) are independent of each other, but complemen-
tary to MRI. Regional cerebral blood volume (CBV)
maps calculated from MR images are particularly sen-
sitive to the microvasculature and can enable detection
of neovascularisation at the capillary level, and its rel-
ative quantification terms [8, 9]. Diffusion-weighted
MRI reflects the physicochemical properties of the tissue
(e.g., viscosity and temperature) as well as its structural
components (macromolecules, membranes and intracel-
lular organelles) [10]. MRS provides biochemical infor-
mation on pathophysiology changes at the cellular level
[11].

Although single-voxel MRS has been reported to be
useful for investigation of gliomas [12], it is difficult to
assess the spatial distribution of spectral changes. Re-
cent developments in MRS have made it possible to
obtain chemical-shift imaging (CSI) with high spatial
resolution and multiple spectra simultaneously from
contiguous voxels [13, 14]. Considering tumour inho-
mogeneity and partial volume effects, CSI may be more
useful than single-voxel techniques for showing abnor-
mal choline (Cho) levels [15].

To our knowledge, a combination of perfusion, DWI
and proton MRS has not been used to assess brain tu-
mours. One study verified that the combination of pro-
ton MRS and haemodynamic MRI could be used to
characterise childhood brain tumours [16], and another
demonstrated a significant inverse correlation between
apparent diffusion coefficients (ADC) and Cho signal
intensities [17], although both studies included patients
who had undergone radiotherapy before the MRI.

The purposes of this study were to evaluate whether
DWI, perfusion MRI and multivoxel MRS can provide
useful, complementary information for grading of cere-
bral gliomas in addition to that given by conventional
MRI, and to look for correlations between the various
techniques.

Materials and methods

We studied 17 patients, 11 male and 6 female, with supratentorial
gliomas of varying grade and type, aged 14–67 years. None had

undergone chemo- or radiotherapy or surgery. We carried out
surgery to remove the tumour in 14 cases within 10 days of the
MRI. In cases 7, 8 and 9 the diagnosis was histologically verified by
stereotactic biopsy. The malignancy of the gliomas was graded
from 1 to 4, according to the World Health Organisation system.
The diagnoses were glioblastoma (eight cases), anaplastic astrocy-
toma (two), anaplastic oligoastrocytoma (three), low-grade astro-
cytoma (two), and oligoastrocytoma and subependymal giant cell
astrocytoma associated with tuberous sclerosis in one case each.

Conventional MRI, DWI, multivoxel proton MRS and perfu-
sion imaging were acquired during the same procedure to allow
exact comparison of the results. We used a 1.5 tesla supercon-
ducting system with 25 mT/m maximum gradient capability and a
standard head coil.

After T1-weighted localising images, we acquired axial T1- and
T2-weighted images. T1-weighted images were obtained with field
of view (FOV) 20·20 cm, TR 670, TE 14 ms, one excitation,
256·256 matrix, 5-mm-thick sections with 1-mm intersection gap
and acquisition time of 2 min 32 s and T2-weighted fast spin-echo
images with FOV 20·20 cm, TR 3700, TE 96 ms, echo-train length
7, one excitation, 256·256 matrix, 5-mm sections with 1-mm in-
tersection gap and acquisition time 2 min 7 s. Then, we obtained
axial DWI, followed by multivoxel 2D CSI proton MRS. A 21-
gauge needle was inserted in the right antecubital vein, and a bolus
of gadopentetate dimeglumine (Gd-DTPA) was injected manually,
after which we obtained a regional map of relative cerebral blood
volume (CBV). Finally, we obtained contrast-enhanced axial T1-
weighted images.

The conventional images were analysed independently by two
neuroradiologists (D.Y., Y.K.), with consensus if there was dis-
agreement. The images were analysed for the presence of necrosis,
contrast enhancement, distant tumour foci, heterogeneity, cyst
formation and definition of the borders of the tumour.

We used a multisection spin-echo echoplanar (EPI) sequence
combining the motion-probing gradients (MPG) before and after
the 180� pulse with EPI readout was used for intravoxel incoherent
motion (IVIM) DWI. The diffusion gradient was three in directions
(x, y and z-axes). The sequence was modified by adding large MPG
pulses on both sides of the 180� pulse sequence along the three
orthogonal directions for each section. The signal intensity ob-
tained with diffusion weighting Sb is determined according to the
equation,

Sb ¼ So exp �c2G2d2ðD � d=3ÞADC
� �

¼ So expð�b ADCÞ ð1Þ

where c is the gyromagnetic ratio; d the duration of each diffusion
gradient; D the time between the onset of the diffusion gradient
pulses; G the gradient strength; So the signal intensity without
diffusion weighting; and b the diffusion-weighted factor. Sequential
sampling of k-space was used, with TR 4700, TE 118 ms, band-
width 830 Hz per pixel, and 128 lines of data acquired in 0.3 s. The
other imaging conditions were FOV 22·22 cm, 96·128 matrix, 5-
mm sections and one excitation. DWI was carried out with fat
suppression by placing a frequency-selective radiofrequency (RF)
pulse before the pulse sequence. For the images acquired in this
study, d was 26 ms, D 59.7 ms and G 20.1 mT/M, resulting in
values for the gradient factor b of 1000 s/mm2.

ADC were calculated for each of the three axes (x, y, z) of the
column of interest according to the formula ADC=)(1/b)In(Sb /
S0), where S0 is the signal intensity without diffusion weighting and
Sb the signal intensity with diffusion weighting. From these data, an
average ADC [18, 19] in the three orthogonal directions was cal-
culated on a pixel-by-pixel basis, using the equation

ADCav ¼ 1=3
X

i¼x;y;z

ADCb ð2Þ

where x, y, z are the directions of diffusion weighting and ADCav is
the average ADC. DWI produced by MPG pulse and ADC maps
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reflecting ADC at each pixel were obtained. Analysis of the DWI
was performed by placing regions of interest (ROI) over more than
five areas within the tumours. The ROI, with >10 pixels, were
carefully placed so that they did not include large areas of fluid
which would appear to represent cysts or necrosis. Then the min-
imum mean ADC were selected.

In all patients, regional CBV maps were obtained with gradient-
echo (GE) EPI at a readout bandwidth of 926 Hz per pixel, and TE
40 ms. An axial section was selected from the unenhanced images
for dynamic MRI. A 0.1 mmol/kg bolus of Gd-DTPA was injected
manually within 5 s, followed by a 20 ml saline flush. We used lipid
suppression for subcutaneous fat, which can be superimposed on
the brain because of large chemical-shift artefacts seen with GE
EPI. All 17 patients were examined using multisection data ac-
quisition, so as to cover the whole tumour. We acquired 5-section
studies and 30 images of each section in 60 s periods. Each had
section thickness of 5 mm, intersection gap 1 mm, 148·256 matrix,
FOV 20·22 cm, TR 1.2, TE 46 ms. After data collection, the rel-
ative CBV maps were derived on a pixel-by-pixel basis from the
dynamic image sets.

During the first pass of the bolus of contrast agent, T2* is
reduced. The change in relaxation rate (DR2*) can be calculated
from the signal intensity with the following equation: DR2*(t)=
{–In[S(t)/S0]}/TE, where S(t) is the signal intensity at time t, S0 the
preinjection signal intensity, and TE the echo time. DR2* is pro-
portional to the concentration of contrast medium in the tissue,
and CBV to the area under the curve of DR2*(t), provided there is
no recirculation or leakage of contrast medium [20]. This function
approximates the curve that would have been obtained without
recirculation from the area under the curve rather than from the
original data.

To avoid the risk of calculating the relative CBV from normal
vessels, we initially investigated the serial DR2* maps from arterial
to venous phases as well as conventional MRI and then located the
ROI within tumours. For calculation of the maximum relative
CBV ratios of tumour, ROI consisting of more than 20 pixels were
carefully chosen by a neuroradiologist, such that they did not in-
clude apparently cystic or necrotic areas, at contralateral white
matter and over five regions of higher relative CBV. Then the
maximum relative CBV ratios were calculated.

For multivoxel 2D CSI proton MRS, the volume of interest
(VOI) chosen was confirmed by taking half-Fourier acquisition
single-shot turbo-spin-echo (HASTE) images (TR 11.9, TE 95, TI
500 ms, one excitation). We obtained 19 5-mm sections with 38 s
acquisition time in the axial, coronal and sagittal planes for all
patients. We utilised an automated multivoxel 2D CSI sequence
(TR 1500, TE 135 ms, PRESS double-spin echo) for MRS. This
involved preselection of a volume within the brain, to prevent the
strong interference from subcutaneous fat, which smaller than the
phase-encode FOV, and must be large enough to prevent wrap-
around artefacts. The CSI sequence produced a 16·16 transversely
oriented matrix defined by phase encoding with FOV 16·16 cm.
The plane was positioned to include the abnormality within the
VOI resulting in maps of 8·8 spectra (VOI 8·8·1.5 cm3). The field
homogeneity achieved in automated nonlocalised multiple-angle
projection (MAP) shimming resulted in water peak line-widths in
the VOI typically <8 Hz. We collected spectral maps were col-
lected with 2.56 ms sinc-hanning-shaped RF pulses for chemical
shift selective excitation (CHESS) and subsequent spoiling of the
resultant water signal. The second echo was collected by using
1024 data points and a spectral width of 500 Hz. All multivoxel
PRESS 2D CSI measurements were one acquisition per phase-en-
code step with four prescans, TR 1500, TE 135 ms, acquisition time
12 min 55 s. After retrospective positioning of the VOI on the tu-
mour, time domain data were multiplied with a Gaussian function
(centre 0 ms, half-width 256 ms).

We estimated the areas of selected metabolite peaks such
as choline-containing compounds (Cho), total creatine (Cr),

N-acetylaspartate (NAA), the lactate doublet (Lac) and mobile
lipids (Lip). Resonances were assigned as follows (ppm): Cho 3.21;
Cr 3.04; NAA ; Lac 1.3; Lip 0.5–1.5 ppm. Lac assignment was
observing the characteristic doublet caused by the inversion of the
peak due to the J modulation. The peak area ratios of maximum
Cho/NAA, Cho/Cr and minimum NAA/Cr within solid tumour
regions were calculated. Since the area under the Cr peak is rela-
tively constant in normal brain, its mean value was used as an
internal standard or reference peak to estimate changes in the other
metabolites. Each patient served as his or her own control. The
normal regions were selected from a contralateral area or an area
adjacent to the tumour site. We used three to five spectra to derive
the mean values for Cho and Cr within normal regions (Cho-n,
Cr-n). Then we calculated normal peak area ratios (Cho-n/Cr-n)
and tumour Cho to normal Cr peak area ratios (Cho/Cr-n). The
presence of Lac and/or Lip peaks within tumours was also sought.

We looked at correlations between the maximum relative CBV,
minimum ADC and metabolite ratios (maximum Cho/NAA, Cho/
Cr and Cho/Cr-n). We also investigated whether increased Cho
levels or Cho-related metabolite ratios coincided with increased
regional CBV or decreased ADC in the same patient.

Statistical analysis was performed using Statview 4.02 in Mac-
intosh. An independent variable t test was used to determine dif-
ferences between high- and low-grade gliomas in maximum relative
CBV, the minimum ADC and metabolite ratios (maximum Cho/
NAA, Cho/Cr, Cho/Cr-n, minimum NAA/Cr and mean Cho-n/Cr-
n). We assessed correlations between maximum relative CBV,
minimum ADC and metabolite ratios by correlation analysis,
taking a P value of <0.05 as significant.

Results

All patients tolerated the DWI, proton MRS and per-
fusion sequences without producing motion artefacts
and none had any adverse reaction to the rapid bolus
injection of contrast medium. Conventional MRI find-
ings are shown in Table 1. Table 2 summarises the
maximum relative CBV, minimum ADC and metabolite
peak area ratios.

There were three high-grade gliomas which showed
little or no contrast enhancement. Necrosis was identi-
fied visually six glioblastomas and two anaplastic glio-
mas. Distant tumour foci, defined as discrete enhancing
areas remote from the main tumour, were present only
in two cases of glioblastoma.

Minimum ADC in the 13 high-grade gliomas was
0.51–1.55 (·10–3 mm2/s), mean 0.92±0.27 (·10–3 mm2/
s), while in the low-grade gliomas it varied from 1.06 to
1.37 (·10–3 mm2/s), mean 1.28±0.15 (·10–3 mm2/s); this
difference was statistically significant (P<0.05). The
minimum ADC in the eight patients with a glioblastoma
was 0.51–0.96 (·10–3 mm2/s), mean 0.80±0.14 (·10–3

mm2/s), whereas in the five patients with anaplastic
gliomas it ranged from 0.76 to 1.6 (·10–3 mm2/s), with a
mean 1.1±0.31 (·10–3 mm2/s). This difference was also
statistically significant (P<0.05).

Maximum relative CBV was 1.70–16.17, mean
6.10±3.98, in the 13 high-grade and 1.17–2.45, mean
1.74±0.57, in the four low-grade gliomas; the difference
was statistically significant (P<0.05). In the eight patients
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with glioblastoma it varied from 3.04 to 16.17, mean
7.26±4.28, whereas in the five with anaplastic gliomas it
was 1.70–8.79, mean 4.23±2.89. This difference was not
statistically significant (P=0.19, Student’s t test).

The mean metabolite rations in the high- and low-
grade gliomas are shown in Table 3. Cho/Cr-n and Cho-
n/Cr-n ratios could not be obtained in case 10, because
the tumour was too large, and an 8·8 cm VOI could not
be placed in normal brain. Significant differences be-
tween the high- and low-grade gliomas were found in all
ratios, except for Cho-n/Cr-n (P=0.92). No significant
difference was found between glioblastomas and ana-
plastic gliomas for any metabolite ratio (all P>0.58).
An inverse doublet Lac peak was found in the solid part
of four glioblastomas and three anaplastic gliomas, but
not in any low-grade glioma. Lip peaks were found in
four glioblastomas and two anaplastic gliomas, but none
of the low-grade gliomas (Table 2).

A statistically significant inverse correlation was ob-
served between relative CBV and ADC (P=0.008,
R2=0.38), and between ADC and Cho/Cr-n peak area
ratios (P=0.035, R2=0.241) (Fig. 1). However, no sig-
nificant correlation was found between relative CBV and
any metabolite peak area ratio.

Most patients showed good agreement among CBV
map, ADC map and metabolite images (Figs. 2, 3).

High-grade gliomas tended to have higher regional
CBV, higher Cho/NAA, Cho/Cr, Cho/Cr-n ratios and
lower ADC. However, in cases 5, 10, 11 and 16 there
was disagreement between the CBV maps, ADC maps
and metabolite images. In patient 5, with a glioblas-
toma, the maximum regional CBV was in the outer part
of the tumour, but the minimum ADC and the maxi-
mum Cho/Cr ratio were found in its inner part. Lower
CBV and higher ADC were found patients 10 and 11,
with anaplastic gliomas, but both had high Cho/NAA
and Cho/Cr ratios (Fig. 4).

Discussion

One important characteristic of malignant gliomas is
their ability to infiltrate brain parenchyma. Infiltration is
usually along the vascular channels of the white-matter
tracts and spreads across the commissural fibres. This
pathway allows distant tumour spread without disrup-
tion of the blood-brain barrier and with relative pres-
ervation of the underlying cytoarchitecture. Since
contrast enhancement in conventional MRI indicates
disruption of the blood-brain barrier and not underlying
regional vascularity, it cannot be used alone to predict
histological grade [7]. In this study, three high-grade

Table 1. Conventional MRI

Case/Age
(years)/sex

Histology Site Necrosis Contrast
enhancement

Distant
tumour foci

Heterogeneity Cyst(s) Definition
of margins

1/17/F Glioblastoma Temporal No Minimal No Yes No Poor
2/33/M Glioblastoma Frontal Yes Extensive No Yes No Good
3/44/M Glioblastoma Insular cortex,

temporal
Yes Extensive

spots
Yes Yes No Poor

4/45/M Glioblastoma Temporal Yes Extensive No Yes No Poor
5/45/M Glioblastoma Frontal Yes Moderate No Yes No Good
6/55/M Glioblastoma Frontal,

temporal
Yes Extensive Yes Yes No Poor

7/ 63/F Glioblastoma Thalamus,
temporal

No Extensive No No No Poor

8/ 65/F Glioblastoma Thalamus,
temporal

Yes Extensive No Yes No Poor

9/16/M Anaplastic
astrocytoma

Thalamus-basal
ganglia

No Extensive
spot

No No No Poor

10/55/M Anaplastic
oligodendroglioma

Bilateral frontal No Absent No Yes No Poor

1/ 56/F Anaplastic
astrocytoma

Parietal No Absent No No No Good

12/60/M Anaplastic
oligodendroglioma

Frontal Yes Extensive No Yes Yes Poor

13/65/F Anaplastic
oligodendroglioma

Frontal Yes Extensive No Yes No Good

14/45/M Low-grade
astrocytoma

Parietal No Absent No No No Poor

15/50/M Low-grade
astrocytoma

Fronto-temporal No Absent No Yes No Poor

16/67/F Oligoastrocytoma Temporal No Moderate No Yes Yes Good
17/14/M Subependymal

giant-cell
astrocytoma

Foramen of
Monro

No Moderate No No No Good
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gliomas showed little or no enhancement. Previous re-
ports have documented that tumour grade is not always
related to oedema, heterogeneity, necrosis, cyst forma-
tion, definition of borders, haemorrhage or mass effect
[6, 7]. In this study, necrosis, heterogeneity and defini-
tion of the margins of the tumour could not be used to
differentiate high- and low-grade gliomas. Conventional
MRI was thus unreliable.

Histologically, gliomas demonstrate considerable
heterogeneity, with focal areas of more malignant fea-
tures dispersed over regions with a less aggressive ap-
pearance. These histologically unrepresentative regions
are observed to a very variable extent in different pa-
tients, particularly in high-grade gliomas. Ideally, glio-
mas should be graded using specimens from their most
malignant portion.

Dynamic susceptibility-contrast MRI has been
developed to obtain images of regional CBV. Perfusion
methods have been used to create regional CBV maps in
normal brain and in tumours [6, 9, 16, 20, 21]. Aronen
et al. [6] demonstrated that high-grade gliomas often
contain areas of increased and decreased blood volume,
while low-grade gliomas are typically more homoge-
neous, with decreased blood volume. High regional CBV
is more likely in high-grade tumours [7, 22]. The relative
CBV, although not an absolute measure of regional
blood volume, can reflect tumour vascularity and may
be a better indicator of histological grade. Most of our
high-grade gliomas showed higher maximum relative
CBV than the low-grade tumours, with a significant
difference between the high- and low-grade groups.

The magnitude and direction of diffusion of tissue
water depend on the permeability and spacing of diffu-
sion barriers, the viscosity of the suspending medium,
and the duration of observation [23]. Quantitative in-
formation on restriction of movement of water mole-
cules can be obtained by calculating the ADC. Published
data on intracranial tumours indicate that high ADC
were attributable to low cellularity, necrosis or cysts,
and lower values to dense, highly cellular tumour [24,
25]. The ADC was <1.5·10–3 mm2/s in a patient with a
cerebral astrocytoma [26] and <2.0·10–3 mm2/s in an-
other with an oligodendroglioma [27]. Brunberg et
al.[18], using a motion-insensitive spin-echo sequence in
three orthogonal directions, reported a mean ADC of
1.38·10–3 mm2/s in cerebral oedema, 1.31·10–3 mm2/s
in solid, enhancing central tumour and at the tumour
margin, and 2.35·10–3 mm2/s in cyst or necrosis. We
found the minimum ADC to be lower in the high-grade
gliomas than in low-grade tumours, a result similar to
those of previous reports.

Most previous studies used one diffusion gradient
direction (z-axis) when calculating the ADC. However,
normal white matter has been reported to consistently
show diffusion anisotropy; water is relatively unre-
stricted along the white-matter tracts but more restricted
orthogonal to them [28]. For this reason, the white
matter orientated in the direction of the diffusion gra-
dient has a higher ADC, whereas the white matter or-
thogonal to it has a markedly lower ADC. Theoretically,
invariant anisotropy indices can be calculated from the
six estimated diffusion tensor elements [29]. However,

Table 3. Tumour metabolites
Grade
of glioma

Metabolite rations (mean ± SD)

Maximum
Cho/NAA

Maximum
Cho/Cr

Maximum
Cho/Cr-n

Minimum
NAA/Cr

Cho-n/Cr-n

High 5.90±2.62 4.73±2.22 2.66±0.68 0.40±0.06 0.96±0.06
Low 1.65±1.37 1.84±1.20 1.61±1.29 1.65±1.61 0.98±0.08
P 0.0077 0.0266 0.0445 0.0083 0.7177

Fig. 1a, b. Correlation plots.
a Maximum relative cerebral
blood volume (CBV) versus
minimum apparent diffusion
coefficient (ADC). b Minimum
ADC versus tumour choline
peak (Cho)/normal brain crea-
tine (Cr-n) ratio
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the mean minimum ADC used in this study is propor-
tional and used to eliminate the affect of anisotropy of
brain white matter by the derivation of diffusion coeffi-
cients from the x, y, and z axes of the imager in present
clinical applications [18, 19].

Recent years have seen increased emphasis on
studying the metabolic activity of brain lesions for di-
agnostic purposes and for monitoring treatment. Several
studies have shown that common features of many
rapidly growing tumours are an increased Cho/Cr ratio,
a decreased NAA/Cr ratio and an increased Lac level
[12, 30, 31]. Studies using proton MRS indicate a similar
correlation between metabolic features in vivo and the
histological grade of gliomas [32, 33, 34, 35], and indi-
cated that lactate is more likely to be present in

high-grade tumours [31, 32, 35]. Lipids were recognised
in vivo in 23% of the spectra from 48 gliomas and it was
suggested that they are more frequent in higher-grade
tumours [35]. This would agree with the finding that
intact surgical specimens of higher-grade gliomas
contain mobile lipids, the amounts of which correlate
with the extent of cell necrosis on microscopy [36].

In all published studies, metabolic signal intensities
showed large variations and overlaps between histological
grades. Moreover, trends in metabolic changes in different
grades were inconsistent. Some reports indicate that the
Cho/Cr ratio does not increase progressively with higher
grades [32, 37, 38]; the level of NAA did not decrease
progressively with increasing grade, but was higher in
high-grade than in intermediate grade gliomas, and higher
in the latter than in low-grade tumours [31, 35, 38, 39].
Factors which may contribute to variations in results from
different studies include: nonuniformity of techniques
used to localise the proton spectra to the region of interest;
variable attempts to avoid contamination of spectra by
metabolites from oedematous brain and obviously non-
viable parts of tumours; and different acquisition
parameters, in particular, echo and repetition times.

Multivoxel methods can be useful for obtaining a
metabolic map of a large lesion or brain region. With

Fig. 2a–f. Case 1: a 17-year-old girl with a glioblastoma multi-
forme. a Axial T2-weighted MRI shows an ill-defined high-signal
mass in the right temporal lobe. b A contrast-enhanced image with
minimal enhancement. c, d The mass shows low ADC and high
relative CBV value in the ADC and relative CBV maps. e The Cho/
Cr ratio distribution map shows a high ratio (bright) in the region
of the mass. f Proton MR spectrum from the posterior part of the
mass shows increased Cho, decreased N-acetylaspartate (NAA)
and Cr peaks. An inverse doublet lactate peak at 1.3 ppm and
increased lipid peak at 1.5 ppm are clearly seen
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these techniques, voxels containing viable tumour can be
identified a priori. Our data show that tumour grades
can be differentiated with a high degree of precision
using the multivoxel CSI technique. The ratios of max-
imum Cho/NAA, Cho/Cr, Cho/Cr-n and minimum
NAA/Cr are highly correlated with tumour grade, but
no significant difference was found between glioblasto-
mas and anaplastic gliomas. No Lac or Lip peak was
detected in the solid part of low-grade tumours, and the
latter was found only in high-grade gliomas. This sug-
gests that Lip and Lac peaks may have discriminatory
power. Large amounts of lipids appear to be specific for
anaplastic gliomas or glioblastomas, but their absence
does not exclude either. Because the presence of mobile
lipids in high-grade astrocytomas correlates with cell

necrosis [40] and the latter with prognosis [4], it is pos-
sible that mobile lipids in anaplastic gliomas will be a
marker for tumours likely to exhibit more aggressive
behaviour.

From a biological perspective, tumour cellularity and
vascularity may be related. We used both DWI
and perfusion MRI to look at cerebral gliomas study,
and found a statistically significant inverse correlation
between maximum relative CBV and minimum ADC.
However, in case 5 we saw a different pattern, in which
the maximum regional CBV was at the margin of the
lesion and the minimum ADC in its inner part. It could,
therefore, be argued that the tissue with a high cellularity
(lower ADC) may have limited blood supply.

Only one previous study [17] has used diffusion MRI
and proton MRS together to investigate human intra-
cranial gliomas. A statistically significant inverse corre-
lation between the Cho signal intensities and the ADC
was found in radiologically defined tumour-containing
regions. This inverse correlation suggests that tumour-
cell density plays a major role in defining the level of
Cho signal on MRS. Gupta et al. [17] also suggested that
even the more cellular portions of intracranial gliomas

Fig. 3a–f. Case 15: a 50-year-old man with a low-grade astrocy-
toma. a Axial T2-weighted MRI shows a high-signal mass in the
left frontotemporal region. b A contrast-enhanced image demon-
strates no enhancement. , c, d The ADC and relative CBV maps
show high and low values, respectively. e An NAA distribution
map shows decreased levels. f Proton MRS from the posterior part
of the mass shows increased Cho and decreased NAA peaks. No
lactate (1.3 ppm) or lipid (1.0–1.5 ppm) peaks are present
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tend to have somewhat higher ADC than normal tissue.
This would be consistent with a relatively large extra-
cellular volume associated with micronecrosis and in-
terstitial oedema, even in the more cellular tumour
components. However, radiation-induced cell mem-
brane damage may change the levels of membrane
phosphocholine [41], and more than half the patients in
the earlier study had undergone radiotherapy.

We saw an inverse correlation between Cho/Cr-n and
the ADC. Although Cho/Cr-n is not the absolute value
of choline, we believe it can reflect its metabolism, since
the area under the Cr peak is relatively constant in
normal brain. We therefore consider that our data in-
dicate a statistically significant inverse correlation

between ADC and increased levels of choline. The as-
sociation between phosphocholine increase and cell
proliferation is often attributed to acceleration of
membrane and phospholipid metabolism. Many studies
have demonstrated that phosphocholine levels are ele-
vated in actively proliferating cells and that this can be
measured noninvasively with 31P- or 1H-MRS [42, 43,
44]. However, the inverse correlation is imperfect: some
tumour voxels which appeared to have a relatively
higher cellularity as indicated by their ADC also showed
higher Cho/Cr-n ratios. The two anaplastic gliomas, in
which MRS was more useful than DWI, had high ADC
and high Cho/Cr-n ratios. However, we may postulate
that the very aggressive tumour voxels have both high
cellularity and high proliferative potential, although it
may be questioned whether spectroscopically measured
total Cho levels in glioma should on the proliferative
potential. We believe that DWI and MRS may indeed
complement each other in assessment of cerebral glio-
mas.

We have shown good correlations between maximum
relative CBV and minimum ADC, and between

Fig. 4a–f. Case 10: a 55-year-old man with an anaplastic oligo-
astrocytoma. a Axial T2-weighted MRI demonstrates a diffuse
high-signal mass in both frontal lobes. b There is no contrast
enhancement. c, d ADC and relative CBV maps show high ADC
and slightly increased relative CBV. e The Cho/Cr ratio distribu-
tion map shows a high ratio (bright) in the posterior part of the
mass. f Proton MRS from the posterior part of the mass shows
increased Cho, and decreased NAA and Cr peaks. An inverse
doublet lactate peak at 1.3 ppm is clearly seen
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minimum ADC and metabolic ratios in the histological
grading of gliomas. Direct comparison of each image
obtained by perfusion imaging, DWI and MRS offered
more detailed information on the complicated intra- and
peritumoral architecture that reflect tumour vascularity,
cellularity and metabolic information on cellularity and

proliferation, respectively. EPI perfusion MRI, DWI
and multivoxel 2D CSI proton MRS can offer useful
diagnostic information, not available from conventional
MRI alone, in preoperative assessment of glioma grades.
The DWI, perfusion MRI and proton MRS do indeed
complement each other.
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