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Abstract. Brain tumours are the most common solid tumours
in children and a major cause of childhood mortality. The most
common paediatric brain tumours include ependymomas,
cerebellar astrocytomas and medulloblastomas. These brain
tumours are highly heterogeneous regarding their histology,
prognosis and therapeutic response. Subtle biochemical
changes can be detected in intact tissues by High-Resolution
Proton Magnetic Angle Spinning Spectroscopy (HR-MAS)
revealing the status of tumour microheterogeneity and metabolic
alterations before they are morphologically detectable. In this
study, we present metabolic profiles by HR-MAS of 20 intact
tissue samples from paediatric brain tumours. Tumour types
include ependymoma, medulloblastoma and pilocytic astro-
cytoma. The metabolic characterization of paediatric brain
tumour tissue by HR-MAS spectroscopy provided differential
patterns for these tumours. The metabolic composition of the
tumour tissue was highly consistent with previous in vivo and
ex vivo studies. Some resonances detected in this work and
not previously observed by in vivo spectroscopy also show
potential in determining tumour type and grade (fatty acids,
phenylalanine, glutamate). Overall, this work suggests that the
additional information obtained by NMR metabolic profiling
applied to tissue from paediatric brain tumours may be useful
for assessing tumour grade and determining optimum treatment
strategies.
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Introduction

Brain tumours are the most common solid tumours in children
and a major cause of childhood mortality. The most common
paediatric brain tumours include cerebellar astrocytomas,
medulloblastomas and ependymomas. These paediatric brain
tumours are highly heterogeneous regarding histology,
prognosis and therapeutic response (1-4). Medulloblastomas,
the most frequent malignant CNS neoplasm in children,
usually located in the mid-line, are characterized, such as other
embryonic neuroepithelial tumours, by undifferentiated cells.
They are classified as WHO grade IV, and are among the
most aggressive types of tumours that affect children (4,5).
Many medulloblastomas appear on MRI images as solid,
contrast-enhancing masses dropping from the vermis into the
ventricular cavity of the fourth ventricle (2). Their metabolic
profiles have been characterized mostly by in vivo spectro-
scopy in 1.5 T clinical scanners (6-11). The predominant and
most characteristic metabolic feature of medulloblastoma
with respect to other types of tumours is higher levels of
taurine. Ependymomas, on the other hand, constitute 5-7% of
all CNS intracranial tumours and are predominantly present in
the first two decades of life. The fourth ventricle is the most
common location for ependymomas. Cellular and anaplastic
ependymoma are WHO grades II and III, respectively (12).
Despite in vivo MRS spectra from both cellular and ana-
plastic ependymomas exhibiting considerable heterogeneity,
their metabolic common profile include lower relative levels
of N-acetyl-aspartate (NAA) in comparison to other tumours
(6-11). Prognosis, treatment strategy and survival rates in
cases of medulloblastoma and ependymoma depend on many
factors. Children with aggressive tumour pathologies are
stratified for therapeutic purposes according to age and
metastatic status, factors that also determine the neurological
side effects after surgical resection (4). On the contrary,
pilocytic astrocytomas are usually indolent tumours that have
longer survival rates. Pylocytic astrocytomas in childhood
are WHO grade I tumours with the cerebellum as the most
common anatomic site of origin (13). MRI of pilocytic astro-
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Table I. Patient demographics including tumour type, WHO grade, localization, number of cases, mean age of patients and

gender distribution.

Diagnosis WHO grade Localization N Age Gender

Pilocytic astrocytoma I Cerebellum, frontal, 8 7.6x4.1 4F4M
supracellar region

Ependymoma II Ventricular, cerebellum 3 5.0+3.5 1F2M

Anaplastic ependymoma I Ventricular 2 30+0.0 1F/1M

Medulloblastoma v Cerebellum, ventricular 7 7.0+4 .4 4 F/3 M

N, number of cases; F, female; M, male.

cytomas shows the typical macroscopic appearance of a well-
demarcated lesion with a solid nodule and a cystic component
(2). Low levels of creatine, myo-inositol and taurine are the
most relevant features of the in vivo MRS metabolic profile
of pylocytic astrocytoma (6-11,14). Overall, in vivo MRS bio-
markers may help in the non-invasive diagnosis of paediatric
brain tumours (6-11,15). However, in vivo MRS of paediatric
brain tumours still exhibits some limitations. First, the tumour
size in paediatric patients is often smaller than the optimum
voxel size, leading to contamination problems often results for
magnetic field susceptibility artefacts. Second, magnetic field
strength and, therefore spectral resolution, is limited in
clinical environments. Global metabolic profiles by high
resolution NMR, performed on tumour tissue obtained at
surgery, may support diagnosis when the conventional
approaches are not sufficient.

High-Resolution Proton Magnetic Angle Spinning
Spectroscopy (‘H HR-MAS) is a powerful technique being
broadly applied in metabolic profiling of intact tissues (16,17),
cells and biofluids (18,19), which has also been successfully
applied to the characterization of different types of cancers
(20-22). Subtle biochemical changes detected in intact tissues
(ex vivo) by '"H HR-MAS reveal the status of tumour micro-
heterogeneity, and provide information on tumour metabolic
alterations before they are morphologically detectable. They
also may correlate to histopathological features and diagnosis.
Thus, the precise determination of biochemical and metabolic
profiles in intact tissue promises to extend the possibilities of
high resolution MR spectroscopy as a medical diagnostic tool.
For non-solid or highly viscous liquids, HR-MAS spectroscopy
allows the reduction of most of the line broadening associated
with restriction of molecular motion, chemical shift anisotropy,
dipolar coupling and field heterogeneity by high-rate spinning
of the sample at the magic angle 6=54.7° (23,24). The potential
of HR-MAS applications to the study of intact tissues (ex vivo)
has been widely demonstrated and provides further advantages
over traditional high resolution liquid NMR of tissue extracts
(in vitro) (25). High resolution NMR on extracts of excised
tissues requires a large amount of a sample (>0.25 g of tissue)
(26). Moreover, extraction methods usually discriminate
metabolites on the basis of solubility in a particular solvent.
Although it has some minor limitations associated mainly to
the spinning of the samples (spinning side-bands, degradation
effects and temperature gradients among others), HR-MAS is
a non-destructive technique, which requires minimal sample
preparation, and allows the observation of most of the tissue

metabolites and dynamic interactions in an extremely reduced
sample quantity. This technology can supplement histo-
pathological examination and improve brain tumour diagnosis
(16,27). The similarities between ex vivo and in vivo spectra
found in studies of different primary brain tumours in childhood
allow a better interpretation of in vivo MR spectra and increase
the clinical potential of the method (28,29). HR-MAS spectra
generate metabolic profiles that contain information on
physiological and pathological status. This approach can be
used to define the metabolomic phenotype of a tissue. Previous
HR-MAS studies on paediatric brain tumour biopsies showed
that correlation between metabolic information obtained
ex vivo and in vivo is quite high (30,31). Additionally, a recent
study comparing glial and PNET paediatric brain tumour
metabolic profiles by HR-MAS (32) suggested the potential of
the technique as a diagnosis support tool for these and other
paediatric brain tumours.

The aims of this study are to obtain high resolution NMR
metabolic profiles of paediatric ependymomas, medullo-
blastomas and pilocytic astrocytomas by using 'H HR-MAS,
to further characterize these three types of tumours and to
identify differences with potential diagnosis value. With that
purpose, 20 paediatric brain tumour samples (8 pilocytic
astrocytomas, 5 ependymomas and 7 medulloblastomas)
underwent 'H HR-MAS spectroscopy measurements. Robust
principal component analysis (RPCA) performed over the 'H
HR-MAS spectra region between 0.5-4.5 ppm allowed to
identify global metabolic patterns of these types of tumours
and provided a set of relevant metabolites, which are proposed
as potential paediatric brain tumour markers.

Materials and methods

Patient demographics and tissue samples. Twenty tissue
samples of paediatric brain tumours were obtained during
craniotomy (see tumour localization in Table I) at the
Foundation Against the Childhood Neurological Diseases,
(FLENI, Argentina). Three types of tumours were included
in the study, ependymomas, medulloblastomas and pilocytic
astrocytomas. The tissue was collected by an atomopathologist
for routine histological analysis. The study was approved by
the local ethics committee and informed parental consent was
obtained. The remainder tissue was immediately put in cryo-
genic vials and snap-frozen in liquid nitrogen. All samples used
for histopathological examination were fixed in formalin and
embedded in paraffin wax by a pathologist. Routine methods
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analysis. Subject ages ranged from 10 months to 15 years.

HR-MAS sample preparation. Total sample preparation time
for each sample prior to NMR detection was <5 min. All
material to be in contact with the tissue was pre-cooled to
reduce tissue degradation during the sample preparation
process. Frozen samples were taken from the ultra-freezer
and immediately placed in a cryo-vial and in liquid N, until
insertion in a 4-mm outer diameter ZrO, rotor. The HR-MAS
tissue sample was split from the whole frozen tumoural mass
submerged in liquid nitrogen. The pre-cooled rotor was filled
with cooled D,O after tissue sample insertion. Cylindrical
inserts were used in each case, limiting the rotor inner volume
to 50 ul. Excess D,0O was removed before rotor sealing. Tissue
samples were weighted in the rotor before D,O addition and
HR-MAS measurements. The mean sample weight was
24.2+8.8 mg.

HR-MAS spectroscopy. HR-MAS experiments were conducted
in a Bruker Avance DRX 600 spectrometer operating at a 'H
frequency of 600.13 MHz. The instrument was equipped with
a 4-mm triple resonance 'H/'*C/'>N HR-MAS probe with
magnetic field gradients aligned with the magic angle axis.
For all experiments, samples were spun at 5,000 Hz to
keep the rotation sidebands out of the acquisition window.
When possible, consensus protocols developed in multi-
center consortiums were used (€Tumour). Lock homogeneity
was achieved by extensive coil-shimming using the 1D water
pre-saturation experiment in interactive mode as control.
Alanine doublet at 1.478 ppm was used for lock homogeneity
shimming, as described elsewhere (19). Nominal temperature
of the sample receptacle was kept at 273 K, using the cooling
of the inlet gas pressures responsible for the sample spinning.
This value corresponded to the temperature measured from
the thermocouple just below the rotor in the probe. The effect
of sample rotation was to slightly increase this value. Internal
measurement using a 100% MeOH sample in a 4-mm rotor
spinning at the same frequency provided a corrected internal
value of 277 K. In order to minimize the effects of tissue
degradation, which would alter the metabolite composition of
the biopsy, all ex vivo spectra were acquired at this temperature
of 277 K. A total of 10 min was allowed for the temperature of
the sample to reach a steady state before spectra were acquired.
A single-pulse pre-saturation experiment was acquired in all
samples. Number of transients was 256 collected into 32 k
data points for all experiments. Water pre-saturation was used
for 1 sec during recycling delay for solvent signal suppression.
Spectral widths were 8,000 Hz for 'H. Before Fourier
transformation, the free induction decay was zero filled and
multiplied with a 0.3 Hz exponential line broadening. Chemical
shift referencing was performed relative to the Alanine CH;
signal at 1.478 ppm. For assignment purposes, two-dimensional
(2D) homo- (2D-TOCSY) and heteronuclear (2D-1H,13C-
HSQC) experiments were acquired from selected samples.

Spectral analysis. All 20 spectra were processed using TopSpin
1.5 (Bruker Biopsin GmbH, Rheinstetten, Germany) and
transferred to MatLab (MathWorks Inc, 2006) using in-house

investigated. The spectra were normalized to total aliphatic
spectral area to eliminate differences in sample weight. The
spectra were binned into 0.01 ppm buckets and statistical
analysis was performed using in-house MatLab scripts and
the Libra statistical multivariate analysis library (33). RPCA
was applied to the set of spectral vectors. Principal
components were chosen to explain at least 80% of the
variance. The loading plots of the corresponding Principal
Components were used to detect most discriminative
metabolites. Signals belonging to these selected metabolites
were integrated and quantified. One-way analysis of
variance (ANOVA) was used for the determination of
statistical significance of the corresponding integrals among
medulloblastomas, pilocytic astrocytomas and ependy-
momas by group means. The significance of the test was
determined at p<0.05.

Results and Discussion

Primary brain tumours are proportionately less frequent than
other cancers, but they are the second highest cause of death
from cancer in children, after leukaemia. Paediatric brain
tumours are distinct from those in adults, and many different
tumour types are encountered in clinical practice. Childhood
glial and neuroglial tumours are complex disease processes that
have various patterns of histological features, with subsets of
tumours that differ markedly in the expected survival time.
Additionally, although most childhood glial and neuroglial
tumours are of low grade and respond to therapy, their
diagnosis, and hence the selection of the appropriate treatment,
are often complicated because of their location, which is
usually adjacent to crucial structures and thus restricts the
options for diagnostic biopsies. There is a great need for
increasing our understanding of brain tumour biology to
improve diagnosis, prognosis and develop, guide and monitor
treatments. Metabolic profiling of biopsies opens new
possibilities for better characterization of tumour biology and
better classification of tumour samples. The PCA analysis of
spectra obtained in this study showed differential metabolic
patterns among different paediatric brain tumours. Our results
show that high resolution NMR spectroscopy may be a useful
tool for supporting and refining histopathology in the diagnosis
of paediatric brain tumours.

Spectral features. All NMR spectra recorded showed narrow
line widths and high signal-to-noise ratios with well-resolved
spin-spin multiplicities. Representative 'H HR-MAS spectra
of paediatric medulloblastoma, ependymoma and pilocytic
astrocytoma are shown in Fig. 1. HR-MAS spectra exhibit a
higher signal-to-noise ratio and resolution than in vivo spectra,
allowing the identification and quantification of many more
resonances (Fig. 2). Metabolite spin systems and resonances
were identified by using literature data (30,31) and additional
2D homo and multi-nuclear experiments collected in selected
samples. The 1D single-pulse pre-saturation experiment
provides complete and unambiguous identification of the
metabolic pattern characterizing the examined tissues.
Resonances from most relevant metabolites are shown in
Figs. 1 and 2. In all spectra, the aliphatic region had prominent
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Figure 1. Comparison of typical 'H HR-MAS spectra for intact tissue from
paediatric pilocytic astrocytoma (A), medulloblastoma (B) and ependymoma
(C). Most relevant resonances have been labeled. FA, fatty acids; Ile,
isoleucine; Lac, lactate; Val, valine; Leu, leucine; Ala, alanine; Glu, glutamate;
Ace, acetate; NAA, N-acetyl-aspartate; GABA, y-aminobutyric acid; Cre,
creatine; CCC, choline-containing compounds; Tau, taurine; mIno, myo-
inositol; Glc, glucose.
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Figure 2. Comparative example of improved resolution in 'H HR-MAS
spectrum (A), with respect to MRS in vivo spectrum (B) for a paediatric
medulloblastoma. MRI images (C) show the location of the tumour.

signals of water-soluble metabolites such as lactate, creatine,
taurine, phosphoethanolamine (PEA), glycerophosphocholine
(GPCho), phosphocholine (PCho), and choline (Cho).
Choline-containing compounds, which are highly overlapped
in in vivo spectra, were resolved by ex vivo 'H HR-MAS
spectroscopy detecting separately the three different peaks of
GPCho, PCho and free-Cho, free-Cho and PCho being the
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Figure 3. Scores (A) and loadings (B) plots for principal component analysis
(RPCA) to compare the metabonome of paedriatic medulloblastomas (x),
ependymomas (white circles) and pilocytic astrocytoma (black squares)
based on 'H HR-MAS 1D presaturation single-pulse experiment.
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Figure 4. Histogram showing metabolite levels for medulloblastoma (white),
ependymoma (light grey) and pilocytic astrocytoma (dark gray) paediatric
brain tumours with statistical significance (p<0.01) and relevance to tumour
metabolism.

most prominent signals found in all groups of tumours. This
suggests that they are the main contribution to the total signal
detected and reported in the in vivo MRS studies at low-field
strength (1.5-3.0 T). This distinction is important because
PCho appears to play a role in carcinogenesis through the
overexpression of choline kinase (34). Multiplets hardly
resolved in conventional clinical scanners (1.5-3.0 T), such as
glutamine and glutamate, were clearly identified by HR-MAS
spectroscopy. The endogenous compounds detected in the
spectra also include standard amino acids such as glycine,
leucine, isoleucine, valine, alanine, lysine, asparagine and
aspartic acid. Other signals observed included glucose and
y-aminobutyric acid (GABA). Prominent broad signals
belonging to lipids and fatty acid chains were also detected.
The risk of overestimating statistical significance in the
study of small data sets may be partially overcome by
performing RPCA of the data. RPCA reduces the complexity of
the data in a rational way without prior knowledge, generating
an unbiased overview of the data, allowing observation of
metabolical sample similarities in the scores plot. RPCA was
carried out on the mean-centered normalized 'H NMR spectra
to generate an overview of the variations among groups. Two
principal components were calculated for the model with a
total of 90% of variance being expressed. While complete
discrimination was not achieved, our RPCA results exhibit
some interesting trends in the differentiation of the types of
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Metabolite d ppm Medulloblastoma Ependymoma Pilocytic astrocytoma P-value
Fatty acids 0.80 0.038+0.024 0.057+0.019 0.075+0.010 0.0046
Leucine 0.96 0.006+0.001 0.007+0.002 0.009+0.002 0.0088
Isoleucine 1.00 0.004+0.001 0.005+0.002 0.007+0.001 0.0069
Valine 1.04 0.002+0.001 0.002+0.001 0.003+0.0004 0.0009
PCho 322 0.068+0.050 0.019+0.003 0.016+0.003 0.0074
GABA 1.89 0.001+0.001 0.001+0.001 0.002+0.0003 0.0063
Acetate 1.90 0.002+0.001 0.001+0.001 0.003+0.001 0.0032
NAA 2.02 0.006+0.001 0.005+0.001 0.009+0.002 0.0002
Glutamate 2.04 0.007+0.001 0.008+0.002 0.011+0.003 0.0011
Glutamine 242 0.012 +0.003 0.011+0.003 0.015+0.002 0.0155
GPCho/PCho 323 0.020+0.009 0.018+0.004 0.010+0.004 0.0074
Glycine 3.62 0.005+0.002 0.006+0.002 0.003+0.001 0.0046
Myo-inositol 3.61 0.012+0.008 0.009+0.004 0.004+0.001 0.0036
Glucose 3.90 0.003+0.001 0.006+0.002 0.005+0.001 0.0003
Creatine 393 0.003+0.001 0.006+0.001 0.005+0.001 0.0006
Serine 398 0.012+0.004 0.006+0.001 0.001+0.001 0.0002
Phenylalanine 4.00 0.002+0.001 0.003+0.001 0.002+0.001 0.0059
Taurine 342 0.008+0.007 0.002+0.002 0.001+0.001 0.0077

tumours studied here, as shown in Fig. 3A. Pilocytic astro-
cytomas form a well-defined group. Interestingly, the different
principal components PC1 and PC2 seem to help in the
discrimination of different pairs of tumours. PC1 provides a
good basis for the metabolic differentiation between ependy-
momas and pilocytic astrocytomas, whereas PC2 provides the
basis for distinguishing between medulloblastomas and the
other groups. Fig. 3B shows the corresponding RPCA loading
plots (PC1 and PC2). Spectral integration was performed
over the most significant signals. Statistically significant
intensity values, according to the ANOVA test, are summarized
in Table II. Relative levels of metabolites relevant for tumour
metabolism have been plotted in Fig. 4.

Metabolic profile of medulloblastoma. Medulloblastoma
'H HR-MAS spectra were characterized by high levels of
taurine, GPCho, PCho and free-Cho. An example of '"H HR-
MAS spectra in this type of tumour is presented in Figs. 1
and 2. Recent studies have shown that taurine can affect
nerve blood flow, motor nerve conduction velocity, and nerve
sensory thresholds (35). An increase in taurine has been
correlated with malignancy (36), possibly related to an
increased blood perfusion in the aggressive tumour. The
increase in choline-containing compounds also suggests a
very active tumour. Increased levels of PCho have been related
to the Ras oncogene activation (37) and to higher total choline-
containing compound levels. Choline-containing compounds,
which are involved in membrane synthesis and degradation,
are associated with increased membrane turnover and tumour
growth (38). In contrast, levels of NAA, which are typically
associated with neuronal viability, and creatine, related to
energy metabolism, are decreased in medulloblastomas,
suggesting neuronal death. Myo-inositol also exhibits a slight
increase in medulloblastoma with respect to other paediatric
brain tumours. Interestingly, medulloblastomas, which are the

most aggressive tumours examined in this study, show the
lowest levels of total fatty acids. The interpretation of variations
in these signals is far from simple. Mobile lipids are typically
associated with malignancy in a variety of paediatric brain
tumours (39). However, they are also correlated with other
cell processes such as apoptosis, metabolic cell stress and
loss of viability (40). Glucose levels in medulloblastoma are
also rather low. In previous studies it was hypothesized that
malignant tumours have a high metabolic rate (41).
Additionally, some reports showed correlation between
glucose consumption rate and lactate levels for gliomas,
suggesting alterations in glycolysis in brain tumours (42).
However, we did not find a statistically significant correlation
between lactate levels and tumour grade. There is an
unavoidable warm ischaemia period in sampling the brain
tumour sections prior to snap freezing. As a consequence,
anaerobic glycolysis is activated and glucose and lactate levels
determined in these samples may be affected. This possibly
hampers the detection of statistical correlations in these
metabolites. Our findings support the previous ex vivo and
in vivo results reported at short echo times regarding levels of
taurine as the most discriminant metabolite of medulloblastoma
(11,32). Overall, the HR-MAS profile of paediatric medullo-
blastomas provides important metabolic information including
an increased membrane turnover, low neuronal viability and
glycolysis alterations.

Metabolic profile of pilocytic astrocytoma. Pilocytic astro-
cytomas, WHO grade I brain tumours, show higher
concentration of fatty acids, as can be seen in Fig. 1. This
suggests that fatty acids are not exclusively related to necrosis
and apoptosis. Increased fatty acid levels may also represent
an alteration in the metabolism of mobile lipids in this
particular pathology. Fatty acid metabolism may also
contribute to energy production in the developing brain.


https://www.spandidos-publications.com/10.3892/ijmm_00000546
https://www.spandidos-publications.com/10.3892/ijmm_00000546

946

Other characteristic features of HR-MAS spectra of paediatric
pilocytic astrocytoma include low levels of creatine, myo-
inositol and taurine, in agreement with previous studies (32).
Additionally, we found that all choline-containing compounds
were in low concentrations in these brain tumours, reflecting
their low aggressiveness. Amino acids such as isoleucine,
leucine and valine were detected in higher concentrations in
pilocytic astrocytoma when compared to other tumours. NAA,
as expected, is present at higher levels in this group in
comparison with other types of tumours, suggesting low levels
of neuronal destruction. Additionally, and supporting this
observation, neurotransmitter and neuroinhibitors are present at
higher levels in these tumours. GABA and especially glutamate
show higher concentrations in comparison with the other
tumours studied here. Pilocytic astrocytomas display a typical
metabolic profile of low grade glial tumours, where neuronal
viability is still high and the tumour growth, represented by
choline-containing compounds, remains moderate.

Metabolic profile of ependymoma. To the best of our
knowledge, this is the first metabolic profiling study of
paediatric brain tumours including as many as five paediatric
ependymoma biopsies. Paediatric ependymoma HR-MAS
spectra are mainly characterized by intense signals of myo-
inositol. Myo-inositol is normally elevated in the newborn
brain, but its concentration rapidly decreases thereafter. Myo-
inositol is also involved in the activation of protein kinase C.
This protein leads to production of proteolytic enzymes, which
are found more often in malignant and aggressive primary
cerebral tumours. Thus, changes in the levels of myo-inositol
may predict the histological grade of brain tumours (43).
Interestingly, levels of NAA in ependymoma are very similar
to those in medulloblastoma. However, the average age of
the ependymoma group is also slightly lower, and therefore, a
decreased NAA level is also expected in the healthy developing
brain. Other metabolic features observed in paediatric ependy-
momas include slightly lower levels of GABA, PCho, and
GPCho with respect to medulloblastoma. The levels of
choline-containing compounds in ependymoma with respect to
medulloblastoma are in good agreement with lower tumour
grade. GABA is the principal inhibitory neurotransmitter in
the adult mammalian brain and is thought to also be involved
in cell proliferation, migration and promotion of cell survival.
Given that GABA participates in the proliferation of various
normal cell types, a role in cancer cell proliferation has been
considered. Increased GABA content has been reported in
several types of cancers, colon, breast, prostate gastric and
glioma (44 ,45). Previous studies using purified brain tumour
cell cultures (or primary cultures of neural cells) have shown
that most of the tumour cells do not express NAA or GABA, but
rather only tumour cells derived from neurons do. Florian et al
(46) reported that while neuroblastoma cells have a significant
concentration of GABA and NAA, glioblastoma cells show
<10% of GABA and no NAA at all. Similarly, other studies
showed that astrocytes and oligodendrocytes contain <10% of
GABA levels seen in neurons (47). The presence of either
compounds in astrocytomas and ependymomas are likely to
reflect contributions by neuronal cells in the samples. Another
interesting feature of paediatric ependymoma spectra is the high
levels of phenylalanine. Although the role of phenylalanine
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in cancer is unclear, it can be neurotoxic and it can affect the
synthesis of inhibitory monoamine neurotransmitters (48). In
general, levels of other important metabolites in the
characterization of brain tumours, such as fatty or amino
acids, suggest an intermediate metabolic situation between
medulloblastomas and pilocytic astrocytomas. Overall, the
metabolic profile of paediatric ependymomas confirms that
these tumours are less aggressive than medulloblastoma but
more than grade I pilocytic astrocytoma.

In summary, the metabolic characterization of paediatric
brain tumour tissue by HR-MAS NMR spectroscopy provided
differential patterns for ependymoma, medulloblastoma, and
pilocytic astrocytoma. The metabolic composition of the
tumour tissue was highly consistent in previous in vivo and
ex vivo studies. We report here, for the first time, a metabolic
profile of several paediatric ependymoma biopsies. This
metabolic profile confirms that ependymoma is a tumour with
a biochemical aggressiveness inbetween the aggressiveness of
medulloblastoma and pilocytic astrocytoma. Agreement
between in vivo and ex vivo MR spectroscopy suggests that
ex vivo HR-MAS spectroscopy can improve spectral resolution
and provide a link between in vivo spectroscopy and neuro-
pathological analysis of paediatric brain tumours. Particular
attention should be placed on choline-containing compounds
and glutamate metabolites, which are hardly resolved in
common clinical scanners. Despite the limited number of cases
per type of tumour, a trend was observed for the separation of
them using RPCA and the ANOVA test. Some resonances
detected in this work and not previously obtained by in vivo
spectroscopy showed some potential as aids for tumour typing
and grading. The corresponding metabolites include GABA,
glucose, and some amino acids. However, their metabolic role
in the disease is not well understood yet. Other metabolites,
typically observed in adult brain tumours, correlate well with
tumour grade. Interestingly, mobile lipids, which have not been
previously studied by ex vivo HR-MAS in paediatric tumours,
decrease with tumour grade. Overall, this work suggests that the
additional information obtained by ex vivo HR-MAS metabolic
profiling of paediatric brain tumours may be useful for
assessing tumour grade and support histopathology analysis.
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