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Abstract

Introduction Even low-grade astrocytomas infiltrate the
entire brain, a feature that precludes their successful
therapy. So to assess the invasive potential of astrocytoma
is very important. The aim of this study was determine
whether there is a significant correlation between the results
of '"H-magnetic resonance spectroscopy ('H-MRS) and
tumor invasive potential of astrocytoma, which is reflected
by expression of matrix metalloproteinase-2 (MMP-2).
Methods The 'H-MRS spectra of 41 histologically verified
astrocytomas were obtained on a 3-T MR scanner. According
to the World Health Organization classification criteria for
central nervous system tumors, there were 16 low-grade
astrocytomas (2 pilocytic astrocytomas, 14 grade II astrocy-
tomas) and 25 high-grade astrocytomas (5 anaplastic astro-
cytomas, 20 glioblastomas). The choline/N-acetylaspartate
(Cho/NAA) and choline/creatine (Cho/Cr) ratios were calcu-
lated. Of the 41 astrocytomas, 19 (8 low-grade and 11 high-
grade) were analyzed immunohistochemically. Expression
of MMP-2 was determined using streptavidin-peroxidase
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complex (SP) staining which was quantified by calculating
its calibrated opacity density (COD) using an image analysis
system. The correlations between metabolite ratios and the
quantitative data from the immunohistochemical tests in the
19 astrocytomas were determined.

Results The Cho/NAA and Cho/Cr ratios of high-grade
astrocytoma were both significantly greater than those of
low-grade astrocytoma (r=—6.222, P=0.000; t=—6.533, P=
0.000, respectively). MMP-2 COD values of high-grade
astrocytomas were also significantly greater than those of
low-grade astrocytomas (=—5.892, P=0.000). There were
strong positive correlations between Cho/NAA ratio and
MMP-2 COD (r=0.669, P=0.002), and between Cho/Cr
ratio and MMP-2 COD (r=0.689, P=0.001).

Conclusion "H-MRS is helpful in evaluating the invasive-
ness of astrocytomas and predicting prognosis preopera-
tively by determining the Cho/NAA and Cho/Cr ratios.

Keywords Astrocytoma - Magnetic resonance
spectroscopy - Immunohistochemistry

Introduction

Astrocytoma is the most common intracranial tumor.
Although it is classified into four grades according to its
biological activity, even low-grade astrocytomas infiltrate
the entire brain, a feature that precludes their successful
therapy [1]. The invasiveness of astrocytoma is proportion-
al to its malignancy. It has been proved that the infiltrating
growth pattern of astrocytoma is closely associated with the
antigen, matrix metalloproteinase-2 (MMP-2) [2-5]. The
higher the level of expression of this antigen, the higher
the tumor grade. MR spectroscopy (MRS) is able to reveal
metabolic changes of disease noninvasively. Previous

@ Springer



914

Neuroradiology (2007) 49:913-919

studies have revealed that the grade of astrocytoma can be
determined by 'H-MRS and the grade is positively
correlated with cellular proliferation [6—8]. The aim of this
study was to explore the relationship between MMP-2
expression and the 'H-MRS results in astrocytomas of
different grades to determine whether 'H-MRS could be
used to evaluate the invasiveness of astrocytoma.

Materials and methods
Patients

Enrolled in this study were 41 patients (15 women and 26
men, aged 14-73 years, mean age 45 years) with
pathologically confirmed astrocytomas. According to the
World Health Organization classification criteria for central
nervous system tumors, there were 16 low-grade astrocy-
tomas (2 pilocytic astrocytomas, 14 grade II astrocytomas)
and 25 high-grade astrocytomas (5 anaplastic astrocytomas,
20 glioblastomas). None of the patients had undergone any
treatment before MRS examination. All patients were
operated on within 7 days after the MRS examination.
The study was approved by our institutional review board
and informed consent was obtained from all patients.

Spectroscopy

Two-dimensional (2-D) multivoxel 'H-MRS was performed
on a 3-T MR scanner (Excite II; GE Signa, Milwaukee,
Wis.) using a point-resolved spectroscopic sequence
(PRESS). The bird-cage head coil was used for all
examinations (TR/TE 1,000/144 ms, number of excitations
1, field of view 24, matrix 16x16, slice thickness 6 mm,
interslice gap 1 mm). According to the manufacturer’s
protocol, axial T2-weighted (T2-W) images were scanned
for region of interest (ROI) selection. In order to avoid
surrounding contamination (skull, air cavities, CSF, etc) as
much as possible, a ROI including lesion and contralateral
normal tissue was selected. Shimming and water suppres-
sion were performed automatically by the MR scanner.
When the standard of full width at half maximum (FWHM)
<15 and water suppression >95% were fulfilled, the scan
started. The duration time was 260 s. The data were
postprocessed on the GE ADW4.2 workstation using
FUNCTOOL 3.1 software by two experienced neuroradi-
ologists. A 1.5%1.5-cm voxel was placed in the homoge-
neous portion of lesions. Then spectrum was generated
automatically. The signal intensity of various metabolite
peaks was evaluated using integrals of each peak as a
measure of its intensity. The integration limits of the
respective peaks were manually defined before computer-
ized calculations. For calculation of metabolite ratios, the
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integrals of metabolites in the same voxel were used. The
spectra were analyzed for the signal intensity of N-
acetylaspartate (NAA), choline (Cho) and creatine (Cr).
Cho/NAA and Cho/Cr ratios were calculated.

Immunohistochemistry

The tumor was surgically removed from all patients. The
tumor was resected en bloc when possible or in several
parts otherwise. In 19 of the 41 patients, the tissue sample
nearest the spectroscopic voxel was visually identified
during sectioning by comparison with MR images and
was used for MMP-2 immunostaining. A sample from each
of the 19 patients (8 grade II astrocytomas, 4 anaplastic
astrocytomas, 7 glioblastomas) was fixed in 10% neutral
formalin and embedded in paraffin wax. The samples were
then deparaffinized using dimethyl benzene and ethyl
alcohol. Reagents including MMP-2 monoclonal antibody,
a streptavidin-peroxidase (SP) test kit and a 3,3'-diamino-
benzidine tetrahydrochloride dying test kit were provided
by Beijing Zhongshan Biotech Corporation. Immunohisto-
chemical testing was performed using SP complex staining
according to the instructions in the manual. Brown particles
in the cytoplasm were considered to indicate MMP-2
expression. To quantify MMP-2 expression, Image-Pro
plus 4.1 image analysis software was used to determine
the calibrated opacity density (COD) of the immune
reaction products. Ten x100 magnification fields of each
slice were selected randomly, and the mean COD was
calculated.

Statistics

SPSS 12.0 software was used for statistical analysis. All
quantitative data are expressed as meanststandard devia-
tion. Differences in the expression of MMP-2 and the Cho/
NAA and Cho/Cr ratios between low- and high-grade
astrocytomas were evaluated using an unpaired t-test.
Linear regression analysis was performed to assess the
relationship between the MMP-2 COD and the Cho/NAA
and Cho/Cr ratios. Differences with P<0.05 were consid-
ered to be statistically significant.

Results

All patients tolerated the MRS examination and all spectra
obtained were satisfactory. The Cho/NAA ratios in the 16
low-grade astrocytomas ranged from 1.080 to 2.683, with a
mean of 1.559+0.419, whereas in the 25 high-grade
astrocytomas the ratios ranged from 1.370 to 8.000, with
a mean of 4.247+2.095. The difference was statistically
significant (r=—6.222, P=0.000). The Cho/Cr ratios in the
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Table 1 Cho/NAA and Cho/Cr ratios and expression of MMP-2 in
low-grade and high-grade astrocytomas (means+SD)

Low-grade High-grade t value P value
Cho/ 1.559+0.419 4.247+2.095 —6.222 0.000
NAA (n=16) (n=25)
Cho/Cr 1.793+0.386 3.809+1.465 —6.533 0.000
(n=16) (n=25)
MMP-2 0.196+0.046 0.33840.056 —5.892 0.000
(n=28) (n=11)

16 low-grade astrocytomas ranged from 1.317 to 2.693,
with a mean of 1.793+0.386, whereas in the 25 high-grade
astrocytomas the ratios ranged from 1.457 to 6.910, with a
mean of 3.809+1.465. The difference was statistically
significant (r=—6.533, P=0.000; Table 1; Figs. 1 and 2).
Using a Cho/NAA ratio of 2.0 as a threshold, 88.0% of
high-grade astrocytoma (22/25) and 93.8% of low-grade
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astrocytomas analyzed immunohistochemically, the Cho/
NAA and Cho/Cr ratios were significantly positively
correlated with the expression of MMP-2 (»=0.669, P=
0.002; r=0.689, P=0.001, respectively; Figs. 3 and 4).
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« Fig. 2 A 65-year-old male patient with glioblastoma. a T2-W image

for ROI selection. Voxel 1 is located in the homogeneous part the of
tumor. b Spectrum of voxel 1. The Cho/NAA and Cho/Cr ratios are
both greater than 2.0. The lipid peak is obvious. ¢ Expression of
MMP-2 (SP, x400). There is clear brown staining throughout most of
the cytoplasm

NAA (measured at 2.02 ppm) is synthesized mainly in the
neuronal somata and axons, and is recognized as a putative
internal neuronal marker. The concentration of NAA reflects
the status of the neurons. Stadlbauer et al. have reported that
malignancy of gliomas tends to increase with decreasing
NAA [9]. In the present study, we found various levels of
decrease in NAA in astrocytomas. This finding could
reflect the fact that the neurons had been damaged and
replaced by tumor, leading to a decrease in the number of
neurons and a decline in the concentration of NAA.

Cho (measured at 3.21 ppm) is a membrane metabolite
and an increase in its level mainly reflects an acceleration in
cellular membrane metabolism, such as turnover or synthe-
sis. The concentration of Cho represents the total choline
content which includes choline, phosphorylcholine, phos-
phatidylcholine and glycerophosphorylcholine. Therefore,
the Cho signal intensity always increases in astrocytomas
and increases more obviously with the increasing malig-
nancy. The elevation in the Cho peak found in the present
study was due not only to rapid cellular proliferation, as a
result of increased mitosis, leading to an abnormal increase
in membrane metabolism [10, 11], but also to the turnover
of cellular membrane because of the invasiveness of the
tumor. Meyerand et al. [12] found that there is a significant
difference in the Cho/Cr ratio between grade II astrocytoma
and high-grade astrocytoma (anaplastic astrocytoma and
glioblastoma), but no obvious difference between the two
types of high-grade astrocytoma was seen. Dowling et al.
[13] calculated the ratio of Cho in tumor to that in
contralateral healthy tissue, and suggested that the increase
in Cho paralleled the deterioration in clinical status. A
follow-up showed that the increase in Cho was more than
45% in patients showing deterioration, while that in stable
patients was no more than 35%. Li et al. [14] have reported
that the survival of young patients with a lower Cho/Cr
ratio preoperatively, even if the tumor is fairly big and the
symptoms are obvious, is relatively long, and after surgery
if the Cho/NAA ratio in older patients and the Cho/Cr ratio
in young patients show a striking increase, the prognosis is
poor. Wu et al. [15] reported a patient with low-grade
glioma. The MR and perfusion imaging findings suggested
that it was a benign astrocytoma. Only the Cho/Cr ratio
showed a clear increase. After 2 years the tumor had
evolved into a glioblastoma. The authors suggest that when
the MRS and perfusion imaging findings are discrepant,
close follow-up is critical.
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in normal and pathologically altered brain tissue. Thus, Cr
is frequently taken as an internal standard or reference peak
to estimate changes in other metabolites.

In the present research, comprising 41 astrocytomas of
different grades, the Cho/NAA and Cho/Cr ratios in high-
grade astrocytomas were significantly higher than in low-
grade astrocytomas. The results of this study are consistent
with those of previous studies. Moreover, the results further
verified the correlation between an increase in Cho signal
and tumor proliferation and metabolism.

One of the major pathophysiological features of human
astrocytomas is their ability to diffusely invade surrounding
brain tissues. The rapid dissemination of single tumor cells
throughout the brain renders these tumors incurable by
surgical removal even when combined with adjuvant
radiation and either chemotherapies or immunotherapies
[16], and also underlies their great propensity for recur-
rence. Invasion of glioma cells involves the attachment of
invading tumor cells to the extracellular matrix (ECM),
disruption of ECM components, and subsequent cell
penetration into adjacent brain structures. This is accom-
plished in part by tumor-secreted MMPs that degrade the
ECM at the tumor-invasive front to overcome the ECM
barrier [2]. MMPs are a family of 22 ECM-modifying
enzymes [3]. Upregulation of MMP-2 has been found in
glioma cell lines and in specimens of high-grade glioma
[4], and its activation has been linked to enhanced glioma
invasion in several in vitro and in vivo model systems [2,
5]. Takahashi et al. [17] have suggested that if there is a
lack of MMP-2, the glioma becomes smaller and degener-
ation of tumoral vessels and necrosis occurs. On the other
hand, to some extent the growth of glioma could activate
MMP-2 to induce vascular genesis and maintain the
angioarchitecture.

The present study showed significant positive correla-
tions between the Cho/NAA and Cho/Cr ratios and MMP-2
COD. With increasing malignancy, MMP-2 is increasingly
activated and the ECM is disrupted. So the ability of the
astrocytoma to invade the normal brain tissue intensifies.
Then more and more neurons are broken down. The
damage to the cellular membranes causes an increase in
Cho concentration. These are the possible reason for our
results, and suggest that "H-MRS could be used to evaluate
the invasiveness of astrocytoma and help in deciding the
treatment strategy and in estimating the prognosis.

En bloc tumor resection allows histological examination
of the specimen for MMP-2 expression in nearly same region
as the MRS voxel. This, however, is not always possible, so
finally we had only 19 specimens for immunohistochemical
analysis, even though we could not guarantee the concor-
dance. An image-guided technique, which was not applied in
the present study for the purpose of tissue sampling, would
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improve the spatial correlation between the samples exam-
ined by MRS and those for histological examination.
Although MRS is a noninvasive technique which can
provide metabolic information on disease at the molecular
level, it has not been integrated into routine MR protocols
so far. One of the main reasons is that most studies simply
focus on comparing MRS with pathological grade. Little
research has been carried to investigate the usefulness of
MRS at the protein, molecular and even genomic levels.
There have been only a few such studies in recent years.
Shimizu et al. [6] found a clear positive correlation between
Ki-67 labeling index and Cho/Cr ratio and a negative
correlation between Ki-67 labeling index and NAA/Cho
ratio in homogeneous gliomas. However, Gupta et al. [7]
found no relationship between Cho level and Ki-67 (MIB-
1) labeling index, but did find a positive correlation
between nuclear density and Cho level. Nafe et al. [18]
also found no correlation between Cho level and Ki-67
labeling index, but did find a positive correlation between
lipid level and Ki-67 labeling index. No study comparing
MRS findings and MMP-2 expression has yet been
reported. This study did show strong positive correlations
between MRS findings and MMP-2 expression, suggesting
that 'H-MRS is also helpful in evaluating the infiltrating
potential of astrocytomas and in predicting prognosis.
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