
Introduction

In vivo magnetic resonance (MR) spectroscopy tech-
niques, including single-voxel MR spectroscopy [1, 2, 3]
and the more advanced MR spectroscopic imaging [4, 5],
are noninvasive techniques that provide information
about the metabolic characteristics of tissue in the brain.
These studies have shown that MR spectroscopy is
valuable for distinguishing active tumor from normal
tissue or edema. This suggests that MR spectroscopy
may be important in defining the spatial extent and
characteristics of tumors. Diffusion and perfusion MR
imaging has also been used for evaluating intracranial
tumors [6, 7].

Intracranial metastases and primary high-grade
gliomas are two types of brain tumors commonly
encountered in the adult population. The management
of these two tumors is different and can potentially
affect the clinical outcome. In many cases the two
entities cannot be differentiated by using conventional
MR imaging. In peritumoral edema of primary high-
grade gliomas it has been reported to have peritu-
moral infiltrating neoplastic cells [8]. Therefore the
tumor border is still inaccurately depicted even with
conventional MR imaging. Because our initial obser-
vations of high-grade gliomas have revealed a good
correlation between apparent diffusion coefficient
(ADC) with tumor cellularity and vasogenic edema,
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Abstract This study compared the
effectiveness of relative cerebral
blood volume, apparent diffusion
coefficient, and spectroscopic imag-
ing in differentiating between pri-
mary high-grade gliomas and
solitary metastases. A 3.0-T MR
unit was used to perform proton
MR spectroscopy, diffusion imag-
ing, and conventional MR imaging
on 26 patients who had solitary
brain tumors (14 high-grade gliomas
and 12 metastases). All diagnoses
were confirmed by biopsy. Twelve
perfusion MR studies (8 high-grade
gliomas and 4 metastases) were also
performed. The results showed that
the choline to creatine ratio and
relative cerebral blood volume in the
peritumoral regions of high-grade
gliomas were significantly higher

than they were in the metastases.
The apparent diffusion coefficient
values in tumoral and peritumoral
regions of metastases were signifi-
cantly higher than they were in the
primary gliomas. Although conven-
tional MR imaging characteristics of
solitary metastases and primary
high-grade gliomas may sometimes
be similar, the peritumoral perfu-
sion-weighted and spectroscopic
MR imaging enable distinction be-
tween the two. Diffusion-weighted
imaging techniques were comple-
mentary techniques to make a dif-
ferential diagnosis between the two
malignant tumors.
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we expanded our study to include the metastatic tu-
mors.

Advanced MR imaging techniques are used to obtain
metabolic information that complements the anatomical
images provided by conventional MR imaging. The
perfusion-weighted MR imaging provides noninvasive
measurements of tumor vascularity. Relative cerebral
blood volume (rCBV) maps derived from perfusion-
weighted MR can be used to quantify areas of neovas-
cularization. Perfusion MR imaging has become an
important means of characterizing intracranial neo-
plasms [9].

In vivo MR spectroscopy provides metabolic infor-
mation about brain tumors [10]. The limited spatial and
spectral resolution at the standard magnetic field of
1.5 T are overcome in a higher field strength 3 T scanner
due to improved spectral resolution and increased signal
to noise ratio (SNR). The improved spectral resolution
provides separation of metabolite signals and thereby
improves the ability to distinguish among tumor, normal
brain tissue and nonviable tissues, including edema,
gliosis, and necrosis [11, 12]. This distinction is provided
by the relative levels of choline (Cho), creatine (Cr), and
N-acetylaspartate (NAA). Decreased NAA and elevated
Cho are associated with tumor tissue.

The purpose of this study was to investigate the po-
tential roles of 3-T MR spectroscopy, rCBV, and ADC
in distinguishing between primary high-grade gliomas
and solitary metastases on the basis of differences in
vascularity, water self-diffusion and metabolite levels in
the tumor, and peritumoral regions.

Material and methods

Patients

In this prospective study carried out between March
2003 and November 2003 a 3.0-T MR unit was used to
perform proton MR spectroscopy, diffusion imaging,
and conventional MR imaging on 26 patients with sol-
itary brain tumors (14 high-grade gliomas and 12
metastases). Twelve perfusion MR studies (8 high-grade
gliomas and 4 metastases) were also performed. The 26
patients (12 men and 14 women; 25–76 years of age)
with untreated solitary brain tumors underwent MR
imaging. The presence of the high-grade glioma or
metastases was histologically verified by means of either
stereotactic biopsy or surgical resection. All of the 14
high-grade gliomas were glioblastoma multiforme. Of
the 12 patients with biopsy-confirmed metastases all
were carcinomas, 9 were from known primary (2 breast,
5 lung, 2 stomach) and 3 from an unknown primary site.
Informed consent for MR examination was obtained
from all patients.

MR techniques

The MR imaging was performed with a 3-T Signa sys-
tem (GE Medical Systems, Milwaukee, Wis., USA).
A standard quadrature head coil (GE Medical Systems)
was used for the all patients. Each MR examination
included precontrast transverse T2- and T1-weighted
spin-echo imaging followed by diffusion-weighted ima-
ges. The perfusion-weighted imaging and MR spectros-
copy were performed after contrast material
administration. In each study T2-weighted images were
acquired using a spin echo sequence with a TR/TE of
4000/100, a slice thickness of 3 mm and field of view of
240·180. Precontrast T1-weighted images were then
acquired with a slice thickness of 3 mm and a TR/TE of
800/9 (Fig. 1). Postcontrast axial images were obtained
after perfusion-weighted images. Subsequent diffusion-
weighted and spectroscopic imaging were also
performed.

For perfusion-weighted imaging a series of
T2-weighted gradient-echo-planar images were obtained
during the first pass of a bolus of contrast material, at a
dose of 0.1 mmol/kg body weight. The section thickness
and location of the perfusion-weighted MR data set
were determined by using the axial T2-weighted images
to locate the lesion and the peritumoral T2 signal
abnormality. Region of interest (ROI) size was 2–5 mm
in diameter (depending on the size of the lesion) and was
placed based on the color overlap maps.

Spectroscopy

Spectroscopic data were obtained after gadopentetate
dimeglumine administration. two-dimensional chemical
shift imaging (2D-CSI) was performed in all patients.
For the 2D-CSI technique a data set was obtained
from a selected volume of 18–135 cm3 (minimum
3·4·1.5 cm; maximum 10·9·1.5 cm) by using a spin-
echo sequence with phase-encoding gradients in two
directions, automatic shimming, and gaussian water
suppression. Measurement parameters used in 2D-CSI

Fig. 1 Localizing image from axial T1-weighted images in a
46-year-old man with pathologically confirmed glioblastoma
multiforme. a Localizing image from postcontrast axial T1-
weighted MR demonstrates the voxel position at intratumoral
region (voxel 1). There is elevation in Cho/Cr to 1.98. The voxel
position at peritumoral region with corresponding spectrum (1000/
144) demonstrates elevated Cho/Cr, 1.84, in keeping with tumoral
infiltration in the peritumoral region (voxel 2). b There is elevation
in peritumoral rCBV (voxel 2) to 122%, compared with intratu-
moral rCBV (voxel 1) and the contralateral normal white matter
used as a control (voxel 3). The measured signal vs. time curves
corresponding to the tumor and peritumoral voxel positions. The
curves 1 and 2, corresponding to the voxels at the tumor and
peritumoral regions, reveal increased enhancement of the signal
after the bolus arrival

c
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were 1500/270/2 (TR/TE/excitations), 16·16 phase-
encoding steps, 160·160 mm field of view, 15 mm
section thickness, and 1024 data points. Data sets of
1.5 cm3 resolution were acquired within 12 min (6 min
in the six measurements with one excitation). The
rectangular spectroscopic ROI was localized by using
the transverse T1-weighted 3-T MR images, and the
size ranged from 1·1·1 to 1·1·1.5 cm. Total

examination time, including setup, was approx. 1 h.
The section was positioned to include the enhancing
lesion, peritumoral region, and a normal contralateral
brain parenchyma as a control.

Diffusion imaging was performed in the transverse
plane by using a spin-echo echo-planar imaging
sequence with the following parameters: repetition time
(ms)/echo time (ms)/inversion time (ms), 12,000/100/
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2,200; diffusion gradient encoding in three orthogonal
directions; b=1,000 s/mm2, field of view 20·40 cm,
matrix size 128·64 pixels, section thickness 5 mm, sec-
tion gap 2.5 mm, and number of signals acquired, 1.
After pixel-by-pixel calculation an ADC map was ob-
tained. The ADC values were then calculated by man-
ually placing circular ROIs in the enhancing lesion,
peritumoral region, and a normal contralateral brain
parenchyma as a control, guided by T2-weighted and
contrast-enhanced images. Each measurement was per-
formed by using ROI areas (average ROI 2±5 mm).

Data processing

For perfusion-weighted imaging the MR data were
processed as previously described by Knopp et al. [13].
The peritumoral region was defined to be within 1 cm
outside the outer enhancing tumor margin. The rCBV
values were then measured in three ROIs within each
area of the peritumoral region and within the enhancing
tumor. Maximal rCBV values were obtained by identi-
fying regions of maximal perfusion from color maps.
The full calculation of relative CBV outlined above was
then applied to ROIs over these regions, expressed rel-
ative to values measured in contralateral white matter.

Spectroscopy

The in vivo MR spectroscopic data were analyzed on a
Sun Ultra 1 workstation (Sun Microsystems, Mountain
View,Calif.,USA)byusingSage IDLprocessing software
(GE Medical Systems). The spectral data were baseline
corrected, apodized, filtered, and Fourier transformed.
Since there were three-dimensional acquisitions, the
spectra could be reconstructed to coincide with the ROI
specified in three dimensions by using these programs.
Gaussian curves were fitted to Cho, Cr, and NAA peaks
and peak area ratios (Cho/Cr and NAA/Cr) were calcu-
lated. Spectra with no significant NAA, Cr, or Cho reso-
nances (less than 3 SD of the noise values) were assumed
to correspond to nonviable tissue. Metabolic ratios were
calculated in the multiple voxels; however, only the
maximal values in the three locations (within the
enhancing tumor, the peritumoral region, and normal
contralateral brain parenchyma) were included. Metab-
olite values were calculated automatically from the area
under each metabolite peak by using the standard com-
mercial software program provided by the manufacturer.
Peak integral values were normalized to the internal Cr
peak.

Diffusion-weighted imaging

Standard mean ADC values were calculated automati-
cally and expressed as 10)3 mm2/s.

Statistical analysis

rCBV (ml/100 g) from perfusion, ADC (·10)9 m2/s)
from diffusion, and metabolites ratios on CSI MR
imaging were measured in the contrast-enhancing tumor
and peritumoral regions. The rCBV measurements were
obtained from the perfusion-weighted MR data, and
Student’s t test was used to determine the statistical
difference in rCBV between high-grade gliomas and
metastases. Metabolic ratios obtained from spectro-
scopic MR imaging data between high-grade gliomas
and metastases were compared by using Student’s t test.
This test was also used to determine whether there was a
statistically significant difference in ADC values between
the metastases and high-grade gliomas. A P value less
than 0.05 was considered to be statistically significant
different.

Results

The ADC values measured in the tumors and the sur-
rounding edema are shown in Table 1. The ADC values
in tumor regions (high-grade gliomas 1.04±0.42,
metastases 1.87±0.73, P<0.005) and ADC in peritu-
moral regions (high-grade gliomas 2.01±0.37, metas-
tases 2.41±0.33, P<0.05) were calculated. High ADC
values were identified in cystic and necrotic areas. In the
peritumoral edema of metastases and high-grade glio-
mas the ADC were higher than those in contrast
enhancing tumor. We found the mean ADC values at
contrast-enhancing areas and peritumoral edema of
metastases to be significantly higher than those in high-
grade gliomas. Table 1 also summarizes the results of
the rCBV values. Our main findings reveal statistically
significant differences in the rCBV in peritumoral region
(high-grade gliomas 2.33±1.61, metastases 0.84±0.33,
P<0.005). The Cho/Cr ratio in peritumoral region in
high-grade gliomas and metastases was 1.30±0.45 and
0.29±0.51 respectively (P<0.001). The intratumoral
rCBV, Cho/Cr, NAA/Cr, and peritumoral NAA/Cr

Table 1 Diffusion MR ADC values, perfusion MR rCBV values
and Cho/Cr ratios

Location/technique Glioma
(n=14)

Metastases
(n=12)

P a

Tumoral ADC 1.04±0.42 1.87±0.73 <0.005
Peritumoral ADC 2.01±0.37 2.41±0.33 <0.05
Tumoral rCBV 0.09±0.05 0.22±0.23 >0.05
Peritumoral rCBV 2.33±1.61 0.84±0.33 <0.005
Tumoral Cho/Cr 1.82±0.66 1.55±0.74 >0.05
Peritumoral Cho/Cr 1.30±0.45 0.29±0.51 <0.001
Tumoral NAA/Cr 0.45±0.08 0.47±0.02 >0.05
Peritumoral NAA/Cr 0.69±0.08 0.72±0.16 >0.05

aStudent’s t test
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ratios in high-grade gliomas did not differ statistically
from those seen with metastases (Table 1). Within the
enhancing portion of the cerebral metastases lipids (at
0.9 ppm) and lactate (at 1.35 ppm) were detected
(Fig. 2a; see also Fig. 3).

Discussion

Gliomas are the most common brain tumors. On
imaging studies malignant gliomas are usually enhanced
after intravenous contrast administration and show
peritumoral edema, whereas, except for pilocytic astro-
cytoma, low-grade gliomas usually show little to no
abnormal contrast enhancement and peritumoral edema
[13]. The brain is a frequent site of hematogeneous
metastases from malignant tumors in other organs.
Along with primary glial tumors in the brain, metastases
are associated with high morbidity and mortality. The
approach to imaging diagnosis, treatment and follow-up
is different between the two pathological conditions.
Since conventional MR imaging is limited in its ability
to distinguish high-grade gliomas from metastatic
tumors, the urgency of new and more advanced tech-
niques that can better detect neoplastic cell infiltration in
the peritumoral regions is important.

Absolute ADC measured in intracranial tumors had
been rarely reported until recently. Tien et al. [14]
reported ADC in ten patients with high-grade gliomas
using an echo-planar MR imaging method, measuring
ADC along the cephalocaudal axis in a single coronal
slice. Brunberg et al. [15] reported 40 patients with
cerebral gliomas, using a motion insensitive line scan-
ning spin-echo sequence measuring ADC along the three
Cartesian axes. The study reported by Lu et al. [16]
confirmed statistically significant changes between the
mean diffusivity and fractional anisotropy values of
normal-appearing white matter and those of the perit-
umoral T2 signal intensity abnormality. Surrounding
both gliomas and metastatic lesions, there was an
increase in mean diffusivity and a decrease in fractional
anisotropy, which are best explained by increased
extracellular bulk water.

We found the mean ADC values at contrast-
enhancing areas and peritumoral edema of metastases to
be significantly higher than those in high-grade gliomas.
This finding may help to distinguish preoperatively be-
tween high-grade gliomas and metastases. The higher
ADC in metastases suggests higher intracellular and
extracellular water fractions than in high-grade gliomas.
The significantly increased ADC in edema surrounding
metastases suggests that they cause more fluid produc-
tion than high-grade gliomas [17]. Malignant gliomas
have neoplastic cells in the peritumoral edema. We
hypothesized that ADC values could delineate areas of
neoplastic cell infiltration. Indeed, Tien et al. [14] was

able to distinguish areas of peritumoral neoplastic cell
infiltration from predominantly peritumoral edema
when abnormalities were located in the white matter
aligned in the direction of the diffusion-weighted gradi-
ent. Our findings support the hypothesis that the perit-
umoral neoplastic cell infiltration can be depicted by
ADC values. In our prospective study we found that
rCBV and Cho/Cr ratios obtained from the peritumoral
areas of solitary metastasis and primary gliomas differ
significantly. These findings are consistent with known
pathophysiological findings.

The T2-weighted areas of hyperintensity seen in
peritumoral regions surrounding metastases is likely due
to vasogenic edema associated with the abnormally
leaking capillaries [18]. Furthermore, animal studies
have shown that blood flow in edematous tissue is
decreased due to local compression of the microcircu-
lation by extravasated fluid [19]. These two factors may
account for the decrease in rCBV in the peritumoral
region of metastases. Within the peritumoral regions of
high-grade gliomas the T2 hyperintensity is at least
partially due to tumor infiltration [20]. This finding may
explain the increase in rCBV. For rCBV values to be
useful it must be shown that rCBV above that of normal
white matter corresponds to tumor presence [21].

Cho is known to increase in the presence of increased
membrane turnover and cellular proliferation and
should be elevated in peritumoral areas of high-grade
gliomas [22]. Our findings show that the measuring
intratumoral Cho/Cr ratio is often not as useful as
measuring the peritumoral Cho/Cr ratio to differentiate
between high-grade gliomas and metastases. Most pre-
vious investigators have found no significant difference
in the intratumoral spectra of metastases and high-grade
gliomas, although a small number of early study findings
suggest possible spectral differences between metastases
and gliomas [11]. Bruhn et al. [23] reported a series of
nine primary and metastatic tumors. It was shown that
there was an increase in choline in both metastases
and gliomas within the enhancing tumor, and the
intratumoral spectra did not allow differentiation be-
tween the two tumor types. Our study differs in that we
are investigating the peritumoral rather than intratu-
moral spectra and rCBV.

Additionally, spectral patterns with elevated Cho/Cr
and decreased NAA/Cr ratios indicate tumor presence
[24]. A combination of rCBV with proton spectra
increases the effectiveness of these techniques in
distinguishing tumor presence from vasogenic edema in
the peritumoral regions. Of all the regions in which
conventional MR imaging suggests possible tumor infil-
tration in the peritumoral region five cases had normal-
appearing rCBV. Previous studies have indicated that
normal-apperearing rCBV in high-grade gliomas corre-
sponds to tumor infiltration with micronecrosis [25]. As a
result of the heterogeneous rCBV values found in our
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study for high-grade gliomas the average rCBV values in
high-grade gliomas were not significantly higher than
white matter values. Also, since the rCBV values of high-
grade gliomas are typically between white and gray
matter values, the sensitivity of rCBV in identifying
tumor infiltration in the peritumoral regions is limited
near the cerebral cortex and other regions that have
rCBV values above normal white matter. The MR

spectroscopy did not suffer from this limitation because
the difference in metabolite levels between normal and
tumor voxels is much greater than the difference between
the metabolite levels in normal gray and white matter.
On the other hand, the interpretation of spectra from
regions with heterogeneous morphology and enhance-
ment was difficult. In such cases it was not possible to
determine wheter voxels with normal to minimally
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increased Cho/Cr ratio correspond to peritumoral
neoplastic cell infiltration or partial voluming of tumor
and necrosis. In these circumstances the higher resolution
of the rCBV color maps allowed the identification of
peritumoral infiltration due to hypervascularity.

In our study the mean rCBV value in the peritumoral
region of high-grade gliomas was statistically signifi-
cantly higher than that of metastases, which suggests
increased peritumoral perfusion due to tumor infiltra-
tion in the high-grade gliomas and compression of
capillaries by vasogenic edema in the cases of metastatic
tumors. The Cho/Cr ratio in peritumoral region of

high-grade gliomas was statistically significantly higher
than that of metastases. Once again, this is consistent
with peritumoral neoplastic cell infiltration in the high-
grade gliomas. However, there was no significant dif-
ference in peritumoral NAA/Cr between the two groups
because there is no neuronal replacement or destruction
in the peritumoral regions of either pathological condi-
tion. In high-grade gliomas tumor cells infiltrate along
vascular channels but do not destroy the preexisting
cytoarchitecture [8]. There was also no appreciable dif-
ference in the tumoral NAA/Cr between the two tumor
types. Within the enhancing portion of a cerebral
metastases from bronchogenic carcinoma lipids (at
0.9 ppm) and lactate (at 1.35 ppm) were detected. The
lipids have been shown to be related to necrosis and cell
breakdown, and are typically associated with malignant
tumors [26]. These metabolites did not serve to differ-
entiate between high-grade gliomas and metastases.

Many studies on in vivo MR spectroscopy use a the
voxel size of 8 cm3 or larger [27, 28, 29, 30]. The 3-T data
obtained in the present study suggest that this degree of
spatial resolution is not adequate for characterizing
heterogeneous tumor beds. Because of the improved
spectral resolution and gain in SNR we used a higher
than standard magnetic field of 1.5 T imager to deter-
mine the cell type of brain tumor. The twofold
improvement in SNR at 3 T compared with that at 1.5 T
allowed the use of a 10-mm section thickness (rather
than the usual 15–20 mm) and an in-plane resolution as
small as 0.75 (32·32 phase-encoding matrix) while
maintaining an SNR of 5–6 for Crn. The voxel position
is crucial in all cases of solitary brain tumors when

Fig. 3 Regions of interest in the same cases of glioblastoma
multiforme and metastases are shown. In the peritumoral edema of
metastases and high-grade gliomas the ADC were higher than
those in contrast enhancing tumor

Fig. 2 Localizing image from postcontrast axial T1-weighted MR
in a 74-year-old woman with a metastatic tumor from broncho-
genic carcinoma. a The voxels of interest on the three positions:
1 Intratumoral spectrum (1000/144), with the voxel in the tumor,
demonstrates Cho/Cr elevation to 3.41 and NAA/Cr reduction.
The spectrum of this metastatic tumor could not be differentiated
from that of the high-grade glioma. 2 Peritumoral spectrum (1000/
144) demonstrates no evidence of tumoral infiltration in peritu-
moral region. There is a diminution of Cho/Cr ratio to 1.14.
3 Spectrum (1000/144) in the contralateral normal white matter is
included to ensure that the abnormal spectra are of diagnostic
quality. b A left occipital lesion at color map (left). Peritumoral
rCBV (voxel 2) is reduced to 35%, compared with voxel 3, in the
contralateral normal white matter used as a control. The measured
signal vs. time curves correspond to the three voxel positions
(right). Curve 2 at the peritumoral region reveals nonsignificant
enhancement of the signal after the bolus arrival

b
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single-voxel spectroscopy is used [31]. The voxels on the
normal-appearing brain parenchyma are used as control
and increases the likelihood of demonstrating the most
metabolically active portion of the tumor [32].

In conclusion, spectroscopic and perfusion-weighted
MR imaging are advanced MR techniques that are used
add important physiological and metabolic information
to that obtained with conventional MR imaging. This
study demonstrates that perfusion-weighted and spec-
troscopic MR measurements in the peritumoral region
can be used to demonstrate differences in solitary

metastases and high-grade gliomas. We strongly suggest
the use of a combination of the two diagnostic proce-
dures. The ADC values can be used to determine tumor
type reliably and our results support the hypothesis that
ADC values can detect neoplastic cell infiltration in
peritumoral edema in patients with high-grade gliomas.
The ADC values are complementary techniques to dif-
ferentiate between the two pathological conditions. The
intratumoral rCBV, Cho/Cr, NAA/Cr, and peritumoral
NAA/Cr ratios in high-grade gliomas do not differ sta-
tistically from those seen with metastases.
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