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Abstract

Purpose—The purpose of this study was to evaluate the feasibility of using a short echo time,
3D H-1 magnetic resonance spectroscopic imaging (MRSI) sequence at 7T to assess the metabolic
signature of lesions for patients with glioma.

Materials and Methods—29 patients with glioma were studied. MRSI data were obtained
using CHESS water suppression, spectrally-selective adiabatic inversion-recovery pulses and
automatically prescribed outer-volume-suppression for lipid suppression, and spin echo slice
selection (TE=30ms). An interleaved flyback echo-planar trajectory was applied to shorten the
total acquisition time (~10min). Relative metabolite ratios were estimated in tumor and in normal-
appearing white and gray matter (NAWM, GM).

Results—Levels of glutamine, myo-inositol, glycine and glutathione relative to total creatine
(tCr) were significantly increased in the T2 lesions for all tumor grades compared to those in the
NAWM (p < 0.05), while N-acetyl aspartate to tCr were significantly decreased (p < 0.05). In
grade 2 gliomas, level of total choline-containing-compounds to tCr was significantly increased (p
= 0.0137), while glutamate to tCr was significantly reduced (p = 0.0012).

Conclusion—The improved sensitivity of MRSI and the increased number of metabolites that
can be evaluated using 7T MR scanners is of interest for evaluating patients with glioma. This
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study has successfully demonstrated the application of a short-echo spin-echo MRSI sequence to
detect characteristic differences in regions of tumor versus normal appearing brain.
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Introduction

It is estimated that 68,530 new cases of primary brain and central nervous system tumors
were diagnosed in the United States in 2012 with 24,170 being malignant (1). Gliomas
account for the majority of primary malignant brain tumors in adults. Patients have a
variable prognosis, ranging from a median survival of 15 months for glioblastoma (GBM)
(2), to over 10 years in the case of oligodendroglioma. Although low-grade lesions have a
better prognosis, they often undergo transformation to a more malignant, higher grade at the
time of recurrence. Both primary and recurrent gliomas infiltrate into adjacent brain tissue,
making it difficult to define tumor margins. Proper diagnosis and grading, correct
localization, and assessment of response to therapy are of great importance for all phases of
treatment planning and selection.

Conventional T1- and T2-weighted MR imaging (MRI) are applied in conjunction with an
injection of a Gadolinium-based contrast agent to delineate structural abnormalities in the
brain and assess regions where the brain-blood barrier has been compromised. Regions of
hyperintensity on T2-weighted images are used to evaluate tumors, but fail to distinguish
between edema, gliosis, inflammation, cyst, and active tumor. New anti-angiogenic
therapies in patients with GBM, such as agents that target vascular endothelial growth
factor, have been shown to decrease the extent of contrast enhancement within the lesion
(3). This makes conventional MRI even more challenging in distinguishing tumor
recurrence from non-specific treatment effects (4).

Proton magnetic resonance spectroscopic imaging (MRSI) is a powerful noninvasive tool for
assessing changes in the metabolic properties of the tumor and surrounding normal brain for
patients with glioma. Spectra acquired with long echo time (TE) offer several major
metabolites that have been widely studied in patients, including total choline containing
compounds (tCho), total creatine (tCr), N-acetyl aspartate (NAA), lactate, and lipid.
Elevations in levels of tCho and reductions in levels of NAA have been used as biomarkers
for distinguishing regions of tumor from normal brain (5). High levels of lactate and lipid
were reported to be the best predictors for poor overall survival in patients with GBM (6).

The availability of improved hardware and acquisition techniques offers the possibilities of
obtaining in vivo MRSI at high field strengths, such as 7T (7-10). Previous studies have
showed a linear gain in SNR with the increase of field strengths and improved spectral
quantification of metabolites at 7T compared to current clinical scanners (8,11). The
increase in SNR can be used to shorten the total acquisition time and/or increase the spatial
resolution, and heightened spectral resolution can improve the detection of metabolites with
lower concentration and/or complex J-coupling patterns such as myo-inositol (ml),
glutamate (Glu), glutamine (GIn), and glutathione (GSH), which are difficult to isolate into
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their individual components at 3T. Ex vivo high resolution magic-angle-spinning nuclear
magnetic resonance (HRMAS-NMR) spectroscopy from the image-guided tissue samples
have shown that ml/Cho is of interest for differentiating between tumor and gliosis (12), and
that malignant transformation in recurrent low-grade glioma is associated with changes in
levels of ml, 2-hydroxygluatarate (2-HG), and/or GSH (13-15). These findings provide
strong motivation for performing high field in vivo studies of patients with glioma.

The purpose of this study was to implement and test a 3D short-echo-time spin-echo MRSI
sequence using a 7T whole body scanner within a clinically feasible acquisition time in
patients who were undergoing treatment for glioma. After validation in phantoms, the
sequence was applied to patients with glioma in order to characterize the metabolic
signatures of lesions and to compare metabolite levels in tumor vs. normal appearing white
matter (NAWM).

Materials and Methods

Study population

The sequence was developed using a standard GE MRS phantom (3mM Cho, 10 mM Cr,
12.5 mM NAA, 12.5 mM Glu, 7.5 mM ml and 5 mM Lac) and a mixed metabolite phantom
(3mM Cho, 10 mM Cr, 12.5 mM NAA, 12.5 mM Glu, 7.5 mM GIn, 5 mM GABA, 5 mM
GSH, 7.5 mM ml, 3 mM Gly and 5 mM Lac). A total of twenty-nine patients with glioma
(15 males and 14 females, median age = 45 years) were referred by physicians from the
neuro-oncology service at our institution and recruited to this study. The characteristics of
the patient population are summarized in Table 1. Tumors had been graded by histological
examination of tissue samples obtained during biopsy or surgical resection: 12 had grade II,
10 grade 111, and 7 grade IV glioma. All the patients were being followed using standard
clinical criteria (4,16). Twelve of the patients were newly diagnosed with stable disease (3
grade I1, 7 grade 111 and 2 grade 1V), 16 had recurrence but without any malignant
transformation at the time of the scan (9 grade I, 3 grade Il and 4 grade 1V), and 1 was
newly diagnosed grade IV examined prior to receiving any treatment.

Data Acquisition

All MR studies were performed using a 32-channel receive-only array with a volume
transmit head coil (NOVA Medical, Wilmington, MA) on a GE 7T MR950 scanner (GE
Healthcare, Waukesha, WI). Anatomic imaging consisted of a T1-weighted sagittal scout
(repetition time [TR]/TE = 6/2 ms), 2D T2-weighted fast spin echo (FSE) (TR/TE/inversion
time [T1] = 6000/86/600 ms, matrix size = 512x512, field of view (FOV) = 241x241 mm?,
19-21 slices, slice thickness/gap = 3/1 mm), 2D T2*-weighted gradient recalled echo (GRE)
(TR/TE = 250/12 ms, matrix size = 512x512, FOV = 220x220 mm?, 11 slices, slice
thickness/gap = 2/3 mm), and 3D T1-weighted inversion recovery-prepared spoiled gradient
echo (IRSPGR) images (TR/TE/TI = 6/2/600 ms, matrix size = 256x256x192, FOV =
256x256x192 mm3, voxel size = 1x1x1 mm§3).

Before spectral acquisition, the manufacturer’s higher-order shimming procedure was
performed. 3D H-1 MRSI data were obtained using CHESS water suppression, very
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selective suppression (VSS) (17) outer volume suppression, and spin echo slice selection
(Figure 1a) with TE/TR = 30/2000ms, spectral array = 16-20%22x8, and spatial resolution =
1 cm3. Eight VSS suppression bands were positioned automatically to suppress the
subcutaneous fat, calculated by using masks of lipid and brain that were generated from T1-
weighted IRSPGR images (18,19). An example of automatically prescribed VSS is
illustrated in Figure 2. To further eliminate lipid signal, a spectrally-selective adiabatic
inversion recovery pulse was applied prior to the CHESS pulses with an inversion
bandwidth of 400Hz (20) (Figure 1b—c, Tl = 300-542 ms), and placed at 0.9 ppm to avoid
modulating the GABA signals. The excited slab was 1.9 times thicker than the volume of
interest, resulting in a 1.9 over-excitation factor (OE), to reduce the effects of chemical shift
misregistration in the S/I direction. The edges of the volume were then suppressed using
VSS pulses (see Figure 2). To shorten the total acquisition time, an interleaved flyback
echo-planar trajectory (21) with a spatial resolution of 1 cm was designed and applied in the
anterior/posterior (A/P) direction with a FOV of 22 cm. Each acquisition comprised 552
readout lobes with a spectral-bandwidth of 958 Hz after reconstruction using the flat portion
of the flyback lobes. The second acquisition was temporally shifted by 1/(2 x spectral
bandwidth). The combined data were able to provide a bandwidth of 1916 Hz and a spectral
resolution of ~1.74 Hz per point. The total 3D MRSI acquisition time was 8.77 or 10.96
minutes for 16x22x8 or 20x22x8 spectral array, respectively. The variation in RF excitation
due to B1 inhomogeneities was minimized by adjusting both the transmitter gain and
relative RF power of the CHESS, 90° and 180° pulses.

Post-Processing and Analysis

The 3D MRSI datasets acquired using the interleaved flyback readout trajectory were
combined and reordered to correspond to a rectilinear grid with resampling and phase
correction (21), followed by frequency and additional phase corrections (22). The 32-
channel data were combined by weighting with estimates of the individual channel
sensitivities as determined from a separate calibration scan (23).

Metabolite levels were quantified for voxels within the brain using LCModel (24). Sixteen
metabolite signals were generated for the basis set using NMR-SCOPE (25) with prior
knowledge of chemical shift and J-coupling (26). Spectra were fitted between 4.1 and 1.8
ppm. Levels were expressed relative to tCr. Metabolite ratios included in the analysis were
those with Cramer-Rao lower bounds (CRLB) lower than 10% for tCho, tCr and NAA, and
20% for the others. Linewidths of tCho, tCr, and NAA were computed for each voxel as
described previously (22).

The 3D MRSI data were referenced to the FSE images by assuming that there was no
movement between the two acquisitions. The 3D IRSPGR anatomic images were then
resampled to the orientation of the FSE images. Regions of interests (ROIs) included voxels
within the region of T2 hyperinstensity (T2L) on the FSE images, and NAWM and gray
matter (GM) defined from the 3D SPGR brain images. Median metabolite ratios were
analyzed within each of these ROIs.

Statistical analysis was performed using R version 2.9.2 (www.r-project.org).
Nonparametric Wilcoxon rank sum tests were applied to assess differences in metabolite

J Magn Reson Imaging. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Results

Page 5

ratios between tumor grades, T2L and NAWM, or NAWM and GM. P-values of 0.05 or
smaller were considered to be significant. The coefficients of variance (CVs) for metabolite
ratios in the phantoms were calculated using the standard deviation divided by the mean.
Due to the exploratory nature of this study, adjustment for multiple comparisons was not
applied.

Figure 3 illustrates the results of 3D MRSI data acquired from phantoms. The metabolic
maps of tCho/tCr and NAA/Cr that were quantified using LCModel are relatively uniform
with an over-excitation factor of 1.9 in the S/I direction and in-plane phase encoding. For
data acquired from the phantom, maps of relative metabolite ratios to Cr were smooth not
only for Cho and NAA singlets, but also for those with more complex coupling patterns. The
metabolite CRLBs were within quantifiable range for all of the metabolites considered. The
CVs for data within the phantom were 4.3% for Cho/Cr, 6.8% for NAA/Cr, 8.5% for
GSH/Cr, 9.3% for Gly/Cr, 9.2% for ml/Cr, 8.8% for Glu/Cr, 16.7% for GIn/Cr, and 18.9%
for GABA/Cr, and became 3.9%, 5.8%, 7.4%, 6.7%, 7.6%, 8.7%, 14.1%, and 16.1%,
respectively after removing 1 voxel on the edge of the spectral regions.

An example of in vivo 3D MRSI data from a patient with grade Il astrocytoma is
demonstrated in Figure 2. Note that the baseline was not removed from the spectra shown
and that the water signal is smaller than NAA from the GM voxel. The application of 8
automatically prescribed VSS outer volume suppression bands preserved the spectra within
the region of interest. By using both 8 VVSS and spectrally-selectively inversion recovery
pulses (Figure 1c), good suppression of subcutaneous and cavity lipid signal was achieved.
The CRLB estimates of Glu, ml, Gly and GSH from LCModel shown in Figure 2 were
relatively small within the spectral array. Decreased Glu/tCr and increased ml/tCr, Gly/tCr,
and GSH/tCr were observed within the T2L compared to the NAWM. The linewidths of
tCho, tCr, and NAA within the NAWM for patients were 13.6+3.6, 14.1+3.1, and 16.2+3.6
Hz, respectively; and they were 13.8+3.3, 13.7+2.6, and 15.5+£3.5 Hz, respectively, in the
GM.

The median metabolite ratios in the NAWM, GM and T2L from the patients are summarized
in Table 2. The differences in metabolite ratios between NAWM and GM were statistically
significant for tCho/tCr, NAA/tCr, Glu/tCr, GIx/tCr, and Gly/tCr (p < 0.0001, = 0.0027, <
0.0001, < 0.0001, and 0.0344). Significant differences between tumor grades were found for
the levels of Cho/NAA and NAA/tCr between grade Il and grade 1V glioma (p = 0.0431
and 0.0250). When compared to values in NAWM, the levels of tCho/tCr (p = 0.0137, >0.05
and 0.0051, in grade I, 111 and 1V, respectively), tCho/NAA (p < 0.0001, >0.05, and <
0.0001), GIn/tCr (p = 0.0352, 0.0090 and 0.0028), ml/tCr (p = 0.0001, 0.0004 and 0.0108),
Gly/tCr (p = 0.0001, 0.0060 and 0.0003), mIG/tCr (p = 0.0006, 0.0010 and 0.0319), and
GSH/tCr (p < 0.0001, = 0.0224 and = 0.0062) were significantly increased in the T2L, while
NAA/Cr (p =0.0001, 0.0479 and 0.0002) and Glu/tCr (p = 0.0012, > 0.05 and > 0.05) were
significantly decreased. The combination of Glu and GIn over tCr (GIx/tCr) was not
significantly different from that in NAWM.

J Magn Reson Imaging. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal Page 6
There is no difference in metabolite ratios within the T2L between newly diagnosed patients
with stable disease and recurrent patients (Table 3). Examples of MR images, MRSI data
and metabolite maps from three representative patients with a grade 1V, Il and IV glioma,
who were prior to any treatment, recurrent within 10 months and over 3 years, respectively,
are illustrated in Figure 4. Patients who had recently active tumors had higher tCho/NAA
and relatively lower mI/tCho within the T2 lesion.

Discussion

Improving the sensitivity of MRSI and increasing the number of metabolites that can be
assessed would be an important advance for evaluating patients with glioma. This study has
successfully demonstrated the application of short echo 3D MRSI to patients with glioma at
7T and has demonstrated differences in metabolite levels for regions of tumor versus normal
brain, as well as between lesions.

Major concerns in obtaining data using high field strength MR scanners are increased
variations in susceptibility and B1. A number of different methods for shimming have been
proposed, for example, FASTERMAP shimming (27) and adding 3" and 4t degree shims
(28). In this study, the commercially available GE high-order shimming method provided
good spectral quality in terms of metabolite linewidths, with a mean value of 13.8 Hz for tCr
in the GM. Although this was higher than the reported tCr linewidth (8.5 Hz) in healthy
controls that had been acquired with a single voxel MRS acquisition (8), the majority of our
patients had large surgical cavities and hence this is a reasonable performance. Changes in
the B1 field cause nonuniform excitation and reception. Although adiabatic excitation and
refocusing pulses were not used in this project, the transmit gain and RF power were
adjusted during the acquisition to provide a balance between brain metabolite excitation and
lipid suppression. With a 32-channel receive-only array and a volume transmit head coil, the
data were of good quality for both phantoms and in vivo acquisitions.

Spatial variations in metabolite ratios on the edges of the selected volume that are caused by
chemical shift misregistration are exacerbated with increasing field strength. An alternative
is to use sequences with RF pulses such as localized adiabatic spin-echo refocusing
(LASER) (7,10), and full intensity acquired spectroscopy (SPECIAL) (8), that have large
bandwidth, provide more uniform excitations, higher SNR, and shorter TE. In our study, the
phantom data in Figure 3 illustrated uniform, quantifiable metabolite ratios in all directions,
which allowed changes in metabolite ratios to be evaluated in different tissues. A TE of 30
ms was used in this case to avoid lipid contamination.

Automatic prescription of the volume of interest and the outer volume suppression bands
(18,19), facilitates the acquisition process and offers consistent data quality, which is
extremely important for obtaining reproducible results from serial studies. An interleaved
flyback echo-planar trajectory was utilized in this study to shorten the total acquisition time
to ~10 min and the VSS bands were prescribed automatically. As seen in Figure 1c, the
combination of spectrally-selectively inversion recovery pulses and spatially selective
volume suppression reduced the contamination from subcutaneous lipid. In this study, the
spatial resolution was 1cm?3 and the thickness of the excited slab was 4 cm, which possibly
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was not able to pick up all the differences due to tumor heterogeneities and treatment-
induced effects in the tumor. Other fast spectroscopic imaging techniques, such as
sensitivity encoding (SENSE) and GRAPPA, could be implemented to increase to the spatial
resolution and coverage while maintaining a reasonable clinical acquisition time for future
studies.

The tCho peak that is observed in vivo at 3.22 ppm includes contributions from choline,
phosphocholine (PC), glycerophosphocholine (GPC) and acetylcholine. The level of tCho in
tumors is elevated compared to normal tissue due to increased cell density and membrane
turnover. On the other hand, NAA is decreased in pathology due to the loss of neurons or
function. Changes in the relative levels of NAA and tCho have been widely studied for
patients with brain tumors but the results on using the ratio of Cho-to-NAA to differentiate
tumor recurrence from treatment effects have been quite variable (29-32). This suggests that
information provided by other metabolites may be required to more fully evaluate disease
progression. The increased spectral resolution and improved accuracy of quantification at 7T
compared to clinical 1.5T and 3T scanners (8,11,33) provides the opportunity to investigate
a larger range of metabolites in patients with brain tumors. Results from ex vivo
spectroscopy indicated that Cho, ml, Gly, Glu, GIn, GSH and 2-hydroxyglutarate (2-HG)
vary with tumor grade and during therapy (12-14,34,35). This information could be used for
interpreting disease processes and directing treatment in vivo since MRSI is a non-invasive
method. Patients recruited in the study were at different stage of disease and had received
varying treatment, which may explain why only the Cho/NAA and NAA/tCr were found to
be significantly different between grade Il and 1V.

Previous ex vivo studies in tissue samples obtained from patients with tumor have shown
that m1/tCho and tCho/NAA could be used to differentiate treatment effects from active
tumor (12), and that mI/tCho clearly distinguished recurrent grade Il gliomas from other
grades (13). ml is predominately located within astrocytes and the increases of ml/tCr and
ml/tCho in the T2L compared to those in the NAWM could be a reflection of the presence
of gliosis. There were no differences in ml/tCho in T2L detected in this study between
newly diagnosed with stable disease and recurrent patients, which may have been due to the
limited population size. On clinical scanners, the ml peaks often overlap with the peak of
Gly, which is an inhibitory neurotransmitter. Elevations in mIG (sum of ml and Gly) relative
to Cr from in vivo MRS data at 1.5T have been observed in low-grade astrocytomas but
were shown to decrease in high grade lesions (36). As shown in Figure 2, Gly has been
successfully separated from ml at 7T. Both the mI/tCr and mIG/tCr in our study showed a
similar pattern with no significance was found between grades. The elevation in Gly/tCr
observed within the T2L in this study was consistent with the previous reports (34,37), but
the role of Gly in brain tumors is still not clear.

Glu is the main excitatory neurotransmitter in the brain and is converted to Gln by the re-
absorption by neurons or reuptake by astrocytes in order to avoid Glu excitotoxicity. Glioma
cells have been found to secrete Glu resulting in an increase in extra-cellular Glu (38,39).
Gln is not only a precursor for Glu and GSH, but is also a suppressor of apoptosis (40); thus
it may protect cells from external stimuli such as radiation therapy (41). GSH is an
antioxidant that prevents damage from reactive oxygen species (42) and its metabolism was
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found to play an important role in tumor proliferation, invasion, and resistance to therapy in
many tumors (43-48). The complex roles of Glu, GIn and GSH in tumors make it difficult to
interpret the changes in such a small population. Interestingly, the GIx (sum of Glu and GlIn
peaks) was found to not be significantly different from that in the NAWM, suggesting the
importance to evaluate these two metabolites separately in future studies.

Another important metabolite to consider in evaluating glioma is the onco-metabolite 2-HG,
which is associated with the presence of mutated isocitrate dehydrogenase (IDH) enzyme
(49). It has been reported that more than 70% of patients with low-grade glioma and
secondary GBM have IDH mutations (50), and that the presence of such mutations is
associated with longer overall survival (51-53). While we did include 2-HG in the basis set
for LCModel fitting, we did not attempt to interpret the differences in intensity that were
observed, because we did not have tissue available to obtain information about the IDH
mutation status for this study population. Based on the previous ex vivo studies in tissue
samples (13,15), it is anticipated that an increase in 2HG, along with elevated GSH and
decreased ml/tCho would indicate malignant progression. Future studies will investigate
data acquisition parameters for 7T MRSI that have been optimized to observe 2-HG and will
apply these methods to patients with glioma who have known IDH mutation status.

In conclusion, the results of our study demonstrated differences in tCho/NAA, Glu/tCr, GIn/
tCr, ml/tCr, Gly/tCr, and GSH/tCr in the T2L compared to those in NAWM. These data
reflect the complexity of processes associated with disease progression and treatment
effects, and further studies in a more specific study population, such as patients with newly
diagnosed GBM, would be helpful in interpreting changes in metabolite ratios. In terms of
data quality, our results were also encouraging and offer the opportunity to study other brain
diseases using 7T H-1 MRSI.
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The flowchart of 3D 1-H MRSI sequence (a) with the components of spectrally-selective
adiabatic inversion recovery (b), CHESS water suppression, automatically prescribed outer
volume suppression bands, spin echo slice selection and an interleaved flyback echo-planar
trajectory sampling. The sensitivities of inversion recovery pulses to B1 variation were
simulated using Matlab (b). MRSI data (with baseline, 0.3—4.3 ppm) from a patient acquired
without (blue) and with inversion recovery pulses (green, T1=442 ms) are shown in Panel C.
The combined application of inversion recovery pulses and VSS spatial suppression bands

achieved better lipid suppression.
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Figure2.
One slice from a 3D MRSI dataset from a patient with a grade 11 astrocytoma (TE/TR =

30/2000 ms; spatial resolution = 1 cm?3; total acquisition time ~ 10 min). Note that the
baseline has not been removed from the spectra that are shown. 8 VSS were automatically
prescribed that was based on the position of the selected. Small water signal was seen from
the selected voxel in the GM, and the fitted spectra from LCModel were related to the
phased spectra in the two selected voxels. The metabolite maps, tCho/NAA plotted within
the range between 0 and 0.3 [0-0.3], Glu/tCr [0-2.2], GSH/tCr [0-0.5], mI/tCr [0-1.2] and
Gly/tCr [0-0.4], and CRLB maps, tCho+NAA [0-10], Glu [0-20], GSH [0-30], ml [0-20]
and Gly [0-30], which were quantified from LCModel, overlaid on FSE images.
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Figure 3.
Relative metabolite maps quantified using LCModel acquired from a GE MRS phantom (a)

and a mixed metabolite phantom containing Cho, Cr, NAA, Glu, GIn, GABA, GSH, ml, Gly
and Lac (b) to examine chemical shift misregistration (a) and accuracy of quantification (b).
The spectra from the first slice have highest NAA/tCr, whereas those from the last slice have
lowest levels (a, OE=1.0). Exciting larger than the encoded volume in the S/I direction
(OE=1.9) significantly reduced this difference. Not only these singlets, but also the
metabolites with complex coupling information, such as Glu, GIn, GABA, GSH, ml and
Gly, were quantified and remarkably uniform in the spectra array with relatively small
CRLB values.
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Figure4.
MRSI data (baseline removed from LCModel) from three patients with grade 1V, 1l and IV

gliomas, who were prior to any treatment (a), recurrent within 10 months (b) and over 3
years (c), respectively. The metabolite maps were quantified using LCModel and plotted
with the range between 0 and 0.36 for tCho/NAA and between 0 and 6 for ml/tCho. Higher
tCho/NAA in the recent active tumor lesions, while mI/tCho was elevated in the region that
had been diagnosed stable for a long period.
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Metabolite ratios (95% confidence interval) within the T2L between newly diagnosed and recurrent patients.

Newly-Diagnosed (N=12) Recurrent (N=16) P-value

tCho/tCr 0.24-0.31 0.26-0.34 0.5070
NAA/Cr 1.20-1.45 0.98-1.26 0.1330
tCho/NAA 0.18-0.24 0.22-0.37 0.1457
Glu/tCr 0.91-1.26 0.91-1.09 0.5070
GlIn/tCr 0.56-1.00 (N =7) 0.66-1.00 (N =15)  0.8601
GIx/tCr 1.07-1.66 (N = 11) 1.25-1.54 0.4155
GSH/tCr 0.26-0.37 0.29-0.36 0.2601
ml/tCr 0.77-1.11 0.89-1.19 0.6313
Gly/tCr 0.26-0.45 (N = 11) 0.27-0.37 0.6569
mlIG/tCr 0.91-1.27 1.00-1.25 0.9091
ml/tCho 2.85-4.48 2.95-4.57 0.9091
GABAI/tCr 0.45-0.57 (N = 8) 0.48-0.56 (N =11)  0.9039

N = number of patients.
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