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Non-invasive detection of glycine as a biomarker
of malignancy in childhood brain tumours using
in-vivo 1H MRS at 1.5 Tesla confirmed by ex-vivo
high-resolution magic-angle spinning NMR
N. P. Daviesa,b,c*, M. Wilsona,c, K. Natarajana,b,c, Y. Suna,c, L. MacPhersonc,
M-A. Brundlerc, T. N. Arvanitisc,d, R. G. Grundye and A. C. Peeta,c
Management of brain tumours in children would ben
NMR Biom
efit from improved non-invasive diagnosis, characterisation and
prognostic biomarkers. Metabolite profiles derived from in-vivo MRS have been shown to provide such information.
Studies indicate that using optimum a priori information on metabolite contents in the construction of linear
combination (LC) models of MR spectra leads to improved metabolite profile estimation. Glycine (Gly) is usually
neglected in such models due to strong overlap with myo-inositol (mI) and a low concentration in normal brain.
However, biological studies indicate that Gly is abundant in high-grade brain tumours. This study aimed to investigate the
quantitation of Gly in paediatric brain tumours using MRS analysed by LCModelTM, and its potential as a non-invasive
biomarker ofmalignancy. Single-voxelMRSwas performed using PRESS (TR 1500ms, TE 30ms/135ms) on a 1.5Tscanner.
Forty-seven cases (18 high grade (HG), 17 low grade (LG), 12 ungraded)were retrospectively selected if both short-TE and
long-TE MRS (n¼ 33) or short-TE MRS and high-resolution magic-angle spinning (HRMAS) of matched surgical samples
(n¼ 15) were available. The inclusion of Gly in LCModelTM analyses led to significantly reduced fit residues for both
short-TE and long-TE MRS (p< 0.05). The Gly concentrations estimated from short-TE MRS were significantly correlated
with the long-TE values (R¼ 0.91, p< 0.001). The Gly concentration estimated by LCModelTM was significantly higher in
HG versus LG tumours for both short-TE (p< 1e-6) and long-TE (p¼ 0.003) MRS. This was consistent with the HRMAS
results, which showed a significantly higher normalised Gly concentration in HG tumours (p< 0.05) and a significant
correlation with the normalised Gly concentration measured from short-TE in-vivo MRS (p< 0.05). This study suggests
that glycine can be reliably detected in paediatric brain tumours using in-vivoMRS on standard clinical scanners and that
it is a promising biomarker of tumour aggressiveness. Copyright � 2009 John Wiley & Sons, Ltd.
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INTRODUCTION

Brain tumours account for approximately 25% of childhood
cancer and are the most common solid tumours in children.
Accurate non-invasive characterisation of childhood brain
tumours is important given the diversity of brain tumour types
occurring in children and the impact of tumour type, site and
age of the patient on their clinical management. Magnetic
resonance spectroscopy (MRS) has a significant role to play as it
provides the opportunity to study the metabolism of brain
tumours non-invasively. Classification of brain tumours usingMRS
has been shown to permit accurate non-invasive diagnosis of
brain tumours (1–3). Recent studies have shown that multivariate
analysis of metabolite profiles derived from MRS allows accurate
identification and characterisation of adult (4) and childhood (5)
brain tumours while providing useful insight into tumour biology.
Furthermore, quantitation of individual metabolites can provide
important biomarkers of tumour behaviour (6,7).
The use of tools such as LCModelTM (8) to estimate metabolite

profiles fromMRS data by fitting to a linear combination of model
spectra from known metabolites has proved beneficial in such
studies (4–6). However, one limitation of these methods is that
they depend on the accuracy and completeness of a priori
knowledge of tissue metabolite contents. Incomplete or
ed. 2010; 23: 80–87 Copyright � 2009 John Wiley & Sons, Ltd.
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inaccurate basis sets lead to inaccurate metabolite profiles (6,9).
This may occur due to distortions of the estimated baseline in an
attempt to account for unmodelled peaks and/or false assign-
ment of overlapping signals arising frommetabolites not present
in the basis set. A systematic study of the effects of different basis
set compositions on metabolite quantitation based on MRS of
normal brain has suggested that the inclusion of additional
metabolites beyond those that contribute the major signals to
the spectra can lead to stable and robust fits, even if they are
present in sub-millimolar concentrations (10). One approach to
optimising basis sets for in-vivo MRS is to use information from
biological and ex-vivo studies in combination with analysis of the
LCModelTM fit residues to expand the basis set in a hypothesis
driven manner (6). This approach has been used here to
investigate the in-vivo detection of glycine (Gly) in 1H MRS
performed on a clinical MRI scanner with a field-strength of
1.5 Tesla.
Glycine (Gly), an inhibitory neurotransmitter, is the smallest

amino acid with a concentration estimated to be approximately
1mM in the normal adult brain (11) and the developing brain
(12), although the concentration has been shown to vary
significantly across certain brain regions in the rat brain (13). Gly
has recently been identified as a potential biomarker in brain
tumours (14). Previous reports from in-vitro studies have shown
that Gly increases with WHO grade and is high in medullo-
blastomas and glioblastomas (15–20). Similar findings have been
observed in vivo in a rat glioma model (21). High-resolution
magic angle spinning (HRMAS) spectra from biopsy samples of
paediatric high-grade brain tumours have been shown to contain
high Gly signals (22). Accurate discrimination of Gly andmI in vivo
may provide a biomarker for improved diagnosis and prognosis
of brain tumours (23). Gly is not usually included separately in
linear combination models of MR spectra because the singlet
peak of Gly at approximately 3.55 ppm strongly overlaps with the
multiplet peak of myo-inositol (mI) around 3.6 ppm. Most MRS
studies of brain tumours have used a single echo time (TE), either
short (�30ms) or long (�135ms). The discrimination of Gly and
mI signals is more likely at long TE since the mI signal is
attenuated relative to Gly due to strong J-coupling effects.
However, this comes at the expense of additional information
available at short TE, particularly frommacromolecules and lipids,
that could be useful for classification. This may be problematic
where acquisition at both short and long TE is not possible due to
time constraints.
The aim of this study was to investigate Gly quantitation in

childhood brain tumours using single-voxel MRS at short and
long TE analysed by LCModelTM. High-resolution magic angle
spinning (HRMAS) NMR of matched tumour biopsy samples has
been used as a comparison, since the discrimination of Gly andmI
is relatively simple at high field-strengths.
8

PATIENTS AND METHODS

Single-voxel 1H MRS was performed as part of a clinical MR
protocol designed for scanning children with suspected brain
tumours on a Siemens Symphony Magnetom 1.5 T scanner.
Ethical approval was given for the study by the Local Research
Ethics Committee and parental consent was obtained. MRS was
acquired using the PRESS sequence with a TR of 1500ms and a TE
of 30ms (‘short’) or 135ms (‘long’). Cubic voxels were placed to fit
within the contrast enhancing or most solid part of the tumour
NMR Biomed. 2010; 23: 80–87 Copyright � 2009 John Wiley &
visualised on the standard MR images with side length of either
1.5 cm or 2.0 cm according to the size of the tumour target. For
the smaller voxels 256 repetitions were used for signal averaging
while for the larger voxels 128 repetitions were used. In the cases
where large voxels were used, both short and long TE MRS was
performed where time constraints allowed. Additional spectra
were acquired without water suppression, while keeping all other
parameters constant, providing a reference for metabolite
concentrations. For patients undergoing surgery subsequent to
the MRI study, biopsy samples were made available for ex-vivo
investigation where sufficient tumour material was available.
HRMAS was performed on biopsy samples from 16 patients using
a pulse-acquire sequence on a Varian 600MHz spectrometer with
a gHX nanoprobe spun at 2.5 kHz and a sample temperature of
6.78C [see ref (22) for further details].
Two cohorts were retrospectively selected from the group of

children with suspected brain tumours studied prior to treatment
betweenMarch 2003 and October 2008. The first cohort consisted
of those cases for which short-TE MRS was acquired in vivo and
HRMAS was performed on a corresponding tumour sample. The
second group consisted of the patients where both short-TE and
long-TE spectra were acquired in vivo. Table 1 shows the number of
cases meeting these criteria and the mix of tumour diagnoses
represented in each group. The groups were mutually exclusive,
with the exception of onepatientwith a pilocytic astrocytomawho
had all three types, providing a combined group of 47 cases for
whichshort-TEMRSwasavailablewitheither long-TEMRSorex-vivo
HRMAS for comparison. The diagnosis was confirmed by
histopathology for 36 patients with 15 medulloblastomas (MB),
12 pilocytic astrocytomas (PA), two glioblastomas (GBM), three
ependymoma and one each of germinoma, choroid plexus
papilloma (CPP), ganglioglioma and diffuse astrocytoma. Of these,
18 were confirmed to be high grade (World Health Organization
(WHO) grade III and IV) tumours (including one anaplastic
ependymoma) and 17 were identified as low grade (WHO
grade I and II) tumours. The other 11 patients were diagnosed
using clinical and radiological criteria as four diffuse pontine
gliomas (DPG), two dysembryoplastic neuroepithelial tumours
(DNET), and 5 non-tumour space occupying lesions.
In-vivo spectra were processed by LCModelTM (version 6.2–0)

using two basis sets, one including Gly and one excluding Gly.
Each metabolite signal in the basis set was simulated based on
the appropriate PRESS sequence parameters using the density
matrix formalism and published data for metabolite chemical
shifts and coupling constants (24,25). The other metabolites
included in the basis set were: alanine, aspartate, creatine (Cr),
g-aminobutyric acid, glucose, glutamine, glutamate, myo-inositol
(mI), lactate, N-acetyl-aspartate, N-acetylaspartylglutamate, scyl-
lo-inositol (sI), taurine (Tau), glycero-phosphocholine, phospho-
choline (PCh) and guanidinoacetate. Nine simulated lipid and
macromolecular components provided with this version of
LCModelTM were also included at around 0.9 ppm (� 2), 1.2 ppm,
1.3 ppm (� 2), 1.4 ppm, 1.7 ppm and 2.0 ppm (� 2). In addition, a
correction term for the CH2 peak of Cr at 3.9 ppmwas included to
account for saturation caused by the water suppression pulses.
Concentrations were determined relative to the corresponding

water spectrum. In the absence of well-defined values for
the water content and T2 of childhood brain tumours, a constant
water content and T2 equivalent to that of grey matter was
assumed (concentration: 43.3M, T2: 80ms (26)). Quality control
(QC) of the spectra was carried out such that they were excluded
if the voxel was misplaced, the signal-to-noise ratio< 4, or the
Sons, Ltd. www.interscience.wiley.com/journal/nbm

1



Table 1. Recruitment of patients to the study according to tumour type and grade and the availability of short-TE and long-TE
in-vivo MRS and matched HRMAS data

Grade Type Short-TE MRSþHRMAS Shortþ Long-TE MRS Total

High Grade Medulloblastoma 8 7 15
Glioblastoma 2 2
Anaplastic Ependymoma 1 1

Low Grade Pilocytic Astrocytoma 5 8 12
Ependymoma 1 1 2
Diffuse Astrocytoma 1 1
Ganglioglioma 1 1
Choroid Plexus Papilloma 1 1

Ungraded Germinoma 1 1
Unbiopsied Diffuse Pontine Glioma 4 4

DNET 2 2
Non-tumour space occupying lesions 5 5
Total 15 33 47
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water linewidth (full-width-at-half maximum, FWHM)> 10Hz. To
compare the quality of fits obtained using the simulated basis set
containing Gly with those obtained using a basis set excluding
Gly, the root-mean-square (RMS) of the fit residues (signal – fit)
between 3.3 ppm and 3.7 ppm was computed. Paired Student’s
t-tests were used to test the null hypothesis that there is no
difference in the RMS of the fit residues obtained with and
without Gly in the basis set for both short-TE and long-TE MRS.
Furthermore, the possible difference in the RMS of the fit residues
in the 3.3 to 3.7 ppm range with and without Gly (normalised to
the RMS of the fit residues between 0.5 ppm and 4 ppm) was
compared between high grade and low grade tumours using
unpaired two-tailed Student’s t-tests assuming unequal var-
iances. The Cramér-Rao Lower Bounds (CRLB) estimates reported
by LCModelTM were used to assess the reliability of the Gly fits.
The hypothesis that Gly concentrations estimated by LCMo-

delTM are higher in high grade tumours than low grade tumours
was tested using two-tailed Student’s t-tests assuming unequal
variances for both the short-TE and long-TE spectra. In the group
for which both short-TE and long-TE spectra were obtained,
agreement between the Gly concentrations estimated at each
TE was investigated by determining the Pearson’s correlation
coefficient. For the group with HRMAS data, spectra were fitted
using the TARQUIN algorithm (27) and the Gly and mI
concentrations normalised by the sum of all metabolite
concentrations were compared between low grade and high
grade tumours and correlated with the in-vivo results.
Table 2. Mean fractional fit improvement after including
glycine in the basis set at long TE (135ms) and short TE (30ms)
for high grade vs low grade tumours

Fractional decrease in RMS of residues between
3.3–3.7 ppm

High Grade (HG) Low Grade (LG) HG vs LG

Mean SD Mean SD P

Long TE þ0.22 0.17 þ0.01 0.03 <0.001
Short TE þ0.05 0.06 �0.01 0.02 <0.001
RESULTS

After applying the QC criteria, five cases were excluded from the
group with both short-TE and long-TE data, representing two
pilocytic astrocytomas, one germinoma and two non-tumour
lesions. In the remaining spectra, the LCModelTM fits were found
to be significantly improved by the inclusion of Gly in the basis set
for both long-TE (p< 0.05) and short-TE spectra (p< 0.05), using
paired t-tests of the RMS of the residues between 3.3 ppm and
3.7 ppm. The magnitude of the improvement obtained using a
basis set including Gly was greater for the long-TE spectra, with a
mean fractional decrease of 8% in the RMS of the residues
www.interscience.wiley.com/journal/nbm Copyright � 200
compared with 2% for the short-TE spectra. Table 2 demonstrates
that this improvement was confined almost entirely to the
spectra from high grade tumours with a mean decrease in RMS of
the residues in this spectral range of 22% at long TE and 5% at
short TE.
Figure 1 illustrates the improvement in the spectral fits

resulting from the inclusion of Gly in the basis set for long TE and
short TE spectra from a representative high grade tumour
(medulloblastoma, grade 4). The improvement in the fit with Gly
can be clearly seen for the long-TE spectrum, with a markedly
reduced residue (data – fit) in the range 3.3–3.7 ppm and a flatter
baseline across a broader region of the spectrum. A similar
but more subtle improvement can also be appreciated in the
short-TE fit.
Figure 2 shows a scatter plot of the Gly concentrations

measured at long TE and short TE revealing a highly significant
correlation (Pearson’s correlation coefficient, R¼ 0.91, p< 0.001).
The line of best fit suggests less than 20% discrepancy between
the values estimated at short TE and long TE, with a tendency for
higher estimates at long-TE. However, at lower concentrations the
short-TE spectra sometimes give a higher estimate of Gly
concentration. The error bars depicting the CRLB for each fit show
that for higher concentrations, the uncertainty of the quanti-
tation is less than 20% for both long and short TE. As indicated in
the plot, the high grade tumours have a significantly higher Gly
9 John Wiley & Sons, Ltd. NMR Biomed. 2010; 23: 80–87



Figure 1. Example spectra from a medulloblastoma with LCModelTM fits at long TE (a) without glycine (Gly) in the basis set and (b) with Gly included in

the basis set and at short TE (c) without Gly in the basis set and (d) with Gly included in the basis set. The complete fits, individual metabolite fits for
myo-inositol (mI) and Gly, estimated baseline and fit residues are shown offset beneath the spectra. Inset in each panel is an expanded view of the

3.3–3.7 ppm region containing the overlapping Gly and mI signals showing a collapsed view of the data, fit and baseline with the residue offset. The

residues have been scaled by the factor indicated to allow improvements in the residues around 3.5 ppm to be seen more clearly.

Figure 2. Correlation of glycine concentrations obtained from LCMo-
delTM analysis of corresponding MR spectra using long TE (135ms) and

short TE (30ms) with high grade (circles), low grade (squares), unknown

grade (crosses) and non-tumour (diamonds) cases indicated. Error bars

represent uncertainties (CRLB) reported by LCModelTM. The line of best fit
(solid) results from a robust least squares fitting algorithm (Pearson’s

correlation coefficient, R¼ 0.91; p< 0.001).

NMR Biomed. 2010; 23: 80–87 Copyright � 2009 John Wiley &

NON-INVASIVE DETECTION OF GLYCINE IN BRAIN TUMOURS USING 1H MRS AT 1.5 T

8

concentration than the low grade tumours. There is a consistent
separation between the high grade and low grade tumours
based on the Gly concentration estimated from the long-TE MRS.
Table 3 records the mean Gly concentrations measured for low

and high grade tumours at short and long TE. The difference in
Gly concentration between high grade and low grade tumours is
highly significant when estimated from both the short-TE spectra
and long-TE spectra. For the high-grade tumours with greater
estimated Gly concentration, the accuracy is equivalent for
short-TE and long-TE fits (mean CRLB 19%). The two GBMs have a
lower estimated Gly concentration than the rest of the
high-grade group consisting of medulloblastomas. The estimated
Gly concentration for these cases is 1.4mM and 1.2mMwith CRLB
of 71% and 66% respectively for the short-TE fits and 2.4mM and
2.3mM with CRLB of 16% and 15% respectively for the long-TE
fits, showing an improved accuracy at long-TE in these cases. The
anaplastic ependymoma (grade III) that did not have long-TE MRS
had a high Gly concentration from short-TE MRS (4.1mM, CRLB
26%), whereas the two low-grade ependymomas did not have a
measurable Gly concentration in vivo at short-TE or long-TE. For
the low-grade tumours the majority of the glycine values had
CRLB> 50% at both short-TE and long-TE implying that the
metabolite was below the level at which it could be reliably
detected in these tumours. Five low-grade tumours (three PA, one
CPP, one ganglioglioma) had Gly concentrations from short-TE
MRS estimated with CRLB< 50%. Of the four of these that also
Sons, Ltd. www.interscience.wiley.com/journal/nbm
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Table 3. Comparison of mean glycine concentrations and
mean Cramer Rao Lower Bounds (CRLB) from LCModelTM fits
to short and long TE spectra for high grade and low grade,
with p values from Student’s t-tests assuming unequal var-
iances

Glycine concentration for high grade vs low
grade tumours at short and long TE (mM)

Short TE Long TE

Mean conc. SD Mean conc. SD

High Grade 3.9� 2.0 5.1�� 3.5
Low Grade 0.4y 0.6 0.2yy 0.3
p-value < 1e–6 0.003

�n¼ 18; yn¼ 15; ��n¼ 9; yyn¼ 10.

Figure 4. Correlation of normalised Gly concentration measured from

LCModel analysis of short-TE in-vivo MRS and TARQUIN analysis of

corresponding HRMAS NMR spectra of matched surgical samples. High
grade (circles) and low grade tumours (squares) are indicated, along with

the best linear fit (Pearson’s correlation coefficient, R¼ 0.57, p< 0.05).
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had long-TE MRS (two PA, one CPP, one ganglioglioma), Gly was
detected with CRLB< 50% in two (one PA, one CPP), but not
detected in the other two. Of these low-grade cases where Gly
was reliably detected it was at a level below that of all the
high-grade tumours.
Figure 3 shows representative HRMAS spectra from a high

grade and low grade tumour focussing on the 3.3–3.7 ppm
Figure 3. High-resolution magic angle spinning (HRMAS) NMR spectra

showing the spectral region from 3.3–3.7 ppm for typical (a) medullo-
blastoma (high grade) and (b) pilocytic astrocytoma (low grade) biopsy

samples, showing the presence of glycine in the high grade spectrum. Gly,

glycine; hTau, hypotaurine; mI, myo-Inositol; sI, scyllo-inositol; Tau, taurine.

www.interscience.wiley.com/journal/nbm Copyright � 200
region. In the spectrum from the high grade tumour, there is a
prominent singlet peak at 3.55 ppm attributed to glycine that is
clearly distinguished from themultiplet peak of myo-inositol. This
is not the case in the spectrum from the low-grade tumour,
although small amounts of Gly could be quantified in some of the
low-grade tumours. Figure 4 shows that the normalised Gly
concentrations measured by the TARQUIN analysis of the HRMAS
spectra correlate significantly with the corresponding normalised
values measured by LCModelTM from the short-TE in-vivo MRS
(Pearson’s correlation coefficient: R¼ 0.57, p< 0.05). Two-tailed
Student’s t-tests showed a significantly higher normalised Gly
concentration for the high grade tumours (medulloblastomas)
compared with the low grade tumours for both the HRMAS
(p< 0.05) and in-vivo (p< 0.0001) data. In addition, the normal-
ised mI concentrations were significantly correlated between the
short-TE in-vivo MRS and the corresponding HRMAS NMR spectra
(R¼ 0.76, p< 0.01). However, no significant differences in
normalised mI were found between the high grade and low
grade tumours.
The PA with Gly estimated with CRLB< 50% in both short-TE

(0.6mM, CRLB 23%) and long-TE (0.8mM, CRLB 33%) in-vivoMRS
also underwent HRMAS, which showed the highest normalised
Gly concentration of the eight low-grade tumours. In addition,
the HRMAS results showed a normalised Gly concentration for
the high-grade ependymoma 2.6 times as high as for the
low-grade ependymoma.
DISCUSSION

In this study, MR spectra of childhood brain tumours in vivo and
ex vivo (using HRMAS) have been analysed to assess the capability
of single voxel MRS at 1.5 Tesla to non-invasively detect and
measure glycine levels. The results demonstrate that LCModelTM

fits to in-vivo spectra acquired at both long TE and short TE are
significantly improved by including glycine in the basis set. As
expected due to the attenuation and modulation of the mI signal
at long TE caused by the strong J-coupling in this molecule, the
magnitude of the fit improvement is much greater for the long TE
spectra than the short TE spectra. Nevertheless, the highly
9 John Wiley & Sons, Ltd. NMR Biomed. 2010; 23: 80–87
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significant improvement resulting from including glycine in the
fits at short TE together with the strong correlation of the glycine
concentrations measured at the different TE and the relatively
low CRLB in most cases, suggest that glycine can be reliably
detected in vivo by MRS at a field-strength of 1.5 Tesla using both
long and short TE. Further evidence for this is provided by the
significant correlations in the normalised Gly and mI concen-
trations between short-TE in-vivo MRS and HRMAS of corre-
sponding biopsy samples.
Analysis of the CRLB estimates of the LCModelTM quantitation

as a function of the Gly concentration (not shown) indicates that
for good quality spectra the minimum concentration of Gly that
can be reliably detected with a CRLB< 50% is approximately
0.9� 0.6mM. This limit will depend on the quality of the
individual spectrum, the relative concentrations of Gly and mI in
the tumour, and the presence of other overlapping signals.
The trend towards higher estimates of Gly concentration in the
long-TE relative to the short-TE MRS at high Gly levels may be the
result of unaccounted-for differences in T2 between water and
Gly in these tumours, or under estimation of the short-TE Gly
concentration due to the stronger overlap with mI. There is
some evidence to suggest that low Gly concentrations can be
estimated by short-TE MRS in some low-grade tumours. In these
cases, where the SNR is inherently low due to lower cell density
the further reduction in SNR at long-TE leads to less reliable Gly
detection and lower estimates of Gly concentration (Fig. 2).
Alternatively, it is possible that Gly concentrations may be over
estimated at short-TE in some low grade tumours for which
the spectral quality is less good, particularly with low SNR.
However, the low-grade tumour with the highest normalised Gly
concentration measured by HRMAS also gave the most
consistent estimate of Gly concentration and CRLB between
the short-TE and long-TE in-vivo MRS among the low-grade
tumours.
Good evidence has been shown for the detection of a high

concentration of glycine in high-grade paediatric brain tumours
using short-TE and long-TE in-vivo MRS at 1.5 T, which is in
agreement with in-vitro, ex-vivo and animal studies that implicate
Gly as a potential biomarker for malignancy in brain tumours
(14–21). This finding held true for the small number of high-grade
glial tumours in this study, suggesting that there is the potential
to strengthen the biomarker profile of high-grade tumours by
including Gly in spectral fitting models and hence improve the
performance of classifiers based on metabolite profiles for
high-grade versus low-grade brain tumours (28). It should be
noted that the absolute Gly concentrations estimated in this
study did not take account of water content or T2 variations
between the high-grade and low-grade tumours that may exist
due to variations in cellular density. The largest effect is likely to
arise from tissue water content variations. Water content is likely
to be higher in brain tumours than the grey matter value used
here of approximately 80%, with higher values in the pilocytic
astrocytomas (low grade) than high-grade tumours. Whilst this
may lead to an underestimate of the Gly concentration in this
study and a bias towards lower concentrations in the low-grade
tumours, these effects are likely to be less than 10–20%.
The current dataset is dominated by medulloblastomas and

pilocytic astrocytomas and greater numbers in the other tumour
groups are required to confirm the relationship of Gly
concentration with grade. Perhaps more importantly from a
clinical perpective, follow-up data is required on the patients to
evaluate Gly as a prognostic marker independent of grade in
NMR Biomed. 2010; 23: 80–87 Copyright � 2009 John Wiley &
childhood brain tumours. Further study is also warranted to
investigate the potential impact of Gly detection on the
discrimination and prognosis of brain tumours in adults using
MRS (14).
The biological significance of the elevated Gly levels seen in

malignant tumours is unclear. Recently, the role of Gly as an
inhibitory neurotransmitter and its involvement in brain meta-
bolism has led to several studies investigating the non-invasive
measurement of Gly with MRS carried out at high magnetic fields
(29–32). However, little has been documented of the ability to
detect and quantify Gly in vivo with MRS at 1.5 T. To our
knowledge, this is the first study to provide evidence to support
the robust quantitation of Gly at 1.5 T. Some studies have
suggested that detection of Gly is possible at this field strength in
different pathologies (33–37), indicating that this approach may
have applications beyond brain tumour characterisation. This
study has utilised existing MRS data acquired with standard
protocols, but if Gly quantitation is taken to be the primary goal,
optimisation of the PRESS sequence parameters can be
implemented to minimise the overlap of Gly and mI at
3.55 ppm and thereby enhance the Gly quantitation (32). This
may be necessary to allow robust quantitation of Gly levels in
cases where SNR is limited, in tumours with high levels of mI and
in adult glioblastomas and metastases where metabolite signals
are notoriously difficult to assess due to the high levels of lipids
present.
Observations of paediatric brain tumour spectra and fit

residues in our study indicate that some signals are still
unaccounted for in the fits, indicating that further optimisation
of the LCModelTM basis set for the study of brain tumour
metabolism is possible. Other studies have shown that the
addition of metabolites such as glutathione to an experimental
LCModelTM basis set improves the characterisation of brain
tumours in adults (6). This study has shown that using simulation
based on known parameters is a feasible and convenient method
for expanding spectral fitting basis sets. Further analysis leading
to increasingly detailed assignments of signals in the HRMAS
spectra of biopsy samples and re-simulations of such signals at
1.5 T for inclusion in the basis set for LCModelTM (or an alternative
LC spectral fitting tool), followed by rigorous assessment of
the improvement in the fits of the in-vivo spectra may allow the
detection of so far unaccounted for metabolites and thus
improve our understanding of the underlying tumour metab-
olism. This approach may be used in conjunction with an
alternative method that uses independent components analysis
for distinguishing individual metabolite signals within spectra,
potentially leading to the identification of unexpectedmetabolite
signals (38).
CONCLUSIONS

LCModelTM analysis can be used to reliably detect glycine in
paediatric brain tumours using both short-TE and long-TE MRS at
a field strength of 1.5 Tesla. This has been shown by the
significant reduction in the LCModelTM fit residues resulting from
the inclusion of Gly in the basis set, the significant correlation of
the Gly concentrations estimated from the short-TE and long-TE
spectra, and the significant correlation of the normalised Gly and
mI concentrations between the short-TE in-vivo MRS and the
ex-vivo HRMAS analysis. Furthermore, the Gly concentration
estimated by LCModelTM was significantly higher in the high
Sons, Ltd. www.interscience.wiley.com/journal/nbm
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grade brain tumours compared with the low grade brain tumours
for both short-TE and long-TE MRS, consistent with the HRMAS
results and with previous in-vitro studies. This study highlights the
validity and importance of including Gly in the LCModelTM basis
set for the study of brain tumours and the potential contribution
of Gly quantitation to the biomarker profile of malignancy.
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