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Comparison of T, and T, Metabolite Relaxation

Times in Glioma and Normal Brain at 3T
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Purpose: To measure T; and T, relaxation times of metab-
olites in glioma patients at 3T and to investigate how these
values influence the observed metabolite levels.

Materials and Methods: A total of 23 patients with gliomas
and 10 volunteers were studied with single-voxel two-dimen-
sional (2D) J-resolved point-resolved spectral selection
(PRESS) using a 3T MR scanner. Voxels were chosen in nor-
mal appearing white matter (WM) and in regions of tumor. The
T; and Ty of choline containing compounds (Cho), creatine
(Cr), and N-acetyl aspartate (NAA) were estimated.

Results: Metabolite T; relaxation values in gliomas were
not significantly different from values in normal WM. The Ty,
of Cho and Cr were statistically significantly longer for
grade 4 gliomas than for normal WM but the Ty of NAA was
similar. These differences were large enough to impact the
corrections of metabolite levels for relaxation times with
tumor grade in terms of metabolite ratios (P < 0.001).

Conclusion: The differential increase in Ty for Cho and Cr
relative to NAA means that the ratios of Cho/NAA and Cr/
NAA are higher in tumor at longer echo times (TEs) relative to
values in normal appearing brain. Having this information
may be useful in defining the acquisition parameters for op-
timizing contrast between tumor and normal tissue in MR
spectroscopic imaging (MRSI) data, in which limited time is
available and only one TE can be used.
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GLIOMAS ACCOUNT FOR THE MAJORITY of primary
brain tumors and vary from benign to malignant.
Among all the gliomas, glioblastoma multiforme (GBM)
is both the most common and the most malignant, with
a relatively poor prognosis. Proton magnetic resonance
spectroscopy (*H-MRS) is a powerful noninvasive tool
that has been used for the assessment of metabolites in
gliomas and the biochemical profiles of brain tumors
have been widely studied (1-4). A general marker of
brain tumors is the elevation of choline-containing
compounds (Cho), which is thought to be due to in-
creased cell density and membrane turnover in neo-
plasms, and the reduction of the neural marker N-
acetyl aspartate (NAA). The availability of higher field
strength MR scanners and multichannel radio fre-
quency coils offer the potential of higher signal-to-noise
ratio (SNR) and better spectral resolution (5) that can be
used to either shorten acquisition time, decrease spa-
tial resolution, or improve detection of other brain me-
tabolites; such as, glutamate (Glu), a main excitatory
neurotransmitter; glutamine (Gln), which acts as a de-
toxifier; and myo-inositol (ml), which is predominantly
located within astrocytes.

In planning the data acquisition parameters for using
MR spectroscopic imaging (MRSI) to determine the spa-
tial extent of tumor vs. normal brain tissue, it is impor-
tant to consider how to select values that will empha-
size the contrast between metabolites in the different
regions. Because of the restrictions on clinical scan
time, the repetition time (TR) for acquiring MRSI data is
often set at one to two seconds and it is usually only
possible to acquire data with a single echo time (TE). In
deciding which TE is most appropriate for a particular
data acquisition it is critical to consider the differences
in metabolite intensities caused by the effects of T; and
T, relaxation times, as well as the changes in metabolite
concentrations associated with pathology. Previous
studies have reported a difference in T, relaxation time
between tumor and normal tissues in brain at 1.5T
(6,7), but the values reported were variable and there is
no literature about the Ty relaxation times in brain
tumors at 3T.

The purpose of this study was to use a single-voxel
point-resolved spectral selection (PRESS) sequence
with an eight-channel phased array coil at 3T, to mea-
sure the longitudinal and transverse relaxation times of
Cho, creatine (Cr), and NAA within anatomic lesions
corresponding to grade 3 and grade 4 gliomas and to
compare them with white matter (WM) or normal-ap-
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pearing WM (NAWM). Because the data acquisition
method that was used for this study employed two
dimensional (2D) J-resolved spectroscopy, it also al-
lowed the separation of J-coupling information from the
chemical shift and improved distinction between Glu
and GIn in the TE-averaged spectra by averaging across
the different TEs (8). The data were used to compare
estimates of metabolite levels in tumor vs. NAWM, as
well as evaluating the differentials in Cho, Cr, and NAA,
with and without corrections for relaxation times.

MATERIALS AND METHODS
Study Population

A total of 10 volunteers (four males and six females,
median age = 28 years) and 23 patients (11 males and
12 females, median age = 44 years) with gliomas at
different clinical stages were studied. Tumors were
graded by histological examination of tissue samples
obtained during biopsy or surgical resection. Of all the
patients, there were two grade 2 oligodendrogliomas,
five grade 3 (two oligodendrogliomas, and three ana-
plastic astrocytomas), 15 grade 4 (GBM) patients, and
one oligodendroglioma with unknown grade.

Data Acquisition

All the empirical data were acquired using an eight-
channel phased array coil on a 3T GE Signa scanner
running the Excite software package (GE Healthcare
Technologies, Waukesha, WI, USA). The MR scans in-
cluded the acquisition of both anatomic and spectral
data.

Anatomical MR images comprised T,-weighted sagit-
tal scout images (TR/TE = 70 msec/2 msec), axial fluid
attenuated inversion recovery (FLAIR) (TR/TE/TI =
10,002 msec/121 msec/2200 msec) and T;-weighted
spoiled gradient echo (SPGR) images (TR/TE = 26
msec/3 msec).

All spectra were acquired using 2D J-resolved tech-
niques. For T, studies and metabolite levels, 2D J-
resolved PRESS data were obtained using 64 steps with
a time increment of 2.5 msec starting at TE = 35 msec
(8). With a TR of two seconds and the number of exci-
tations (NEX) = 2, the total acquisition time was ap-
proximately five minutes. For T; studies, TE-averaged
PRESS data was obtained with 16 steps and a time
increment of 10 msec at TR = 1 second with NEX = 4,
TR = 2 seconds with NEX = 4, and TR = 8 seconds with
NEX = 2, respectively (8,9). The spectral data were
acquired with number of spectral points = 2048 and
spectral width = 5000 Hz. To obtain estimates of coil
sensitivities for the combination of the eight-channel
data, unsuppressed water spectra were acquired with
TE = 35 msec with each of the PRESS spectra.

The 8-cc single voxels were located within WM,
NAWM, or regions of tumor for participants. The volume
of interest (VOI) from volunteers was localized in the
parietal WM. The NAWM in patients was positioned as
far as possible from the lesions and included four pari-
etal NAWM voxels and six frontal NAWM voxels. The
tumor regions were defined by Ty hyperintensity from Ty
FLAIR images and positioned to cover as much of the
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Figure 1. Scheme of the procedure for data postprocessing.

lesion as possible. The number and regions of interest
(ROJ) investigated for each patient in the Ty, studies were
shown as follows: four patients (NAWM only), six pa-
tients (NAWM and one tumor voxel), and nine patients
(one tumor voxel only). Due to long acquisition times to
measure T; values of metabolites, a relatively small
number of patients was involved in the study and these
patients varied from low grade gliomas to high grade
gliomas.

Data Processing

Postprocessing was applied on a Sun workstation (Fig.
1). The time domain data were extracted from the raw
files using the SAGE software package™ (General Elec-
tric, Milwaukee, WI, USA) which is based on the IDL
software package (Research Systems, Inc., Boulder,
CO, USA). An internal water reference was used for
phase and frequency correction, and 4-Hz Lorentzian
apodization was applied in the F, dimension. Eight-
channel data were combined in the time-domain using
the unsuppressed water signal (10). Spectra were then
zero-filled and processed with a fast Fourier transform
(FFT). The TE-averaged free induction decay (FID) was
generated by averaging the different TEs and metabolite
quantification was performed without any spectral apo-
dization or zero-filling.

Metabolite T; and Ty Estimation

To increase the SNR and the accuracy of the T, calcu-
lation, data for each echo-time were averaged with the
one before and the one after in the t; dimension and
then Fourier-transformed in the t, dimension. The peak
heights of Cho at 3.22 ppm, Cr-CH; at 3.02 ppm, and
NAA at 2.02 ppm were extracted from the spectra with
TE from 57.5 msec to 190 msec, a total of 54 spectra, to
reduce the contamination of macromolecules and/or
J-coupled multiplets, and fitted to a single exponential
function. Only the T, fits with variances of the fit resi-
due smaller than 10% were included in the analysis.
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T, relaxation times were calculated from data par-
tial saturation using a two-parameter least-squares
fitting routine to the equation S/S, = 1
— 2 exp[—(TR — TE/2)/T,] + exp(—TR/T),) (11),
where S is the signal intensity acquired at three dif-
ferent TRs, Sy is the fully relaxed signal intensity, and
the effective TE of the TE-averaged spectra for T,
acquisition is 110 msec. The signal intensities of Cho,
Cr, and NAA were normalized for the number of ac-
quisitions that were obtained before T, fitting.

Estimation of Differences in Metabolite Levels

To estimate metabolite levels, the combined data were
averaged in the t; domain before zero filling and then
quantified using the LCModel package (12) and the
quantitation based on quantum estimation (QUEST)
quantitation algorithm (13) in the Magnetic Resonance
User Interface (MRUI) spectrum analysis program.

An in vitro basis set of individual metabolites, con-
sisting of NAA, Glu, GIn, Cr, Cho, and ml, was prepared
for LCModel. The fitting was performed between 3.85
ppm and 1.8 ppm to minimize spectral artifact from
lipid. Metabolite concentrations included in the analy-
sis were those with relative Cramér-Rao lower bounds
(CRLB) lower than 5% for Cho, Cr, and NAA, and 20%
for mI and Glu.

For QUEST, the signals were analyzed in the time
domain. To minimize the incorporation of large broad
baseline components, the first data point of the FID was
excluded and the first 20 points were weighted by a
quarter-wave sinusoid (14). A Hankel Lanczos singular
value decomposition (HLSVD) filter was applied to re-
move the residual water from the spectra (15). Meta-
bolic signals for the basis set were generated using
GAMMA simulations (16) with prior knowledge of chem-
ical shift and J-coupling (17). Due to known differences
in T, relaxation times between two singlets of Cr peak,
Cr-CH; and Cr-CHj; are separated into two spectra in
the basis set. The selection criteria for QUEST esti-
mates were defined by the output parameters from the
QUEST analysis, namely a CRLB smaller than 20% and
additional common damping factor smaller than 12 Hz.
The calibration factors for both methods were obtained
from a standard GE MRS head (HD) phantom (12.5 mM
NAA, 10 mM Cr, 3 mM Cho, 12.5 mM Glu, 7.5 mM ml
and 5 mM lactate) and 50 mM NAA only phantom (50
mM phosphate buffer, pH 7.2) and were applied in all of
the data sets.

To estimate the T, values on the effective separation
of Glu and GIn in the TE-averaged spectra, the spectra
were created with 2048 spectral points, spectral
width = 5000 Hz, and TE values starting at 35 msec in
either 128 steps of 2.5 msec or 64 steps of 2.5 msec. To
approximate the effects of transverse relaxation time
and inhomogeneities for the in vivo spectra for Glu and
Gln, the time data were multiplied by a factor,
e /T /Ti where t, is the TE and t, is the total sam-
pling time. T5 was set to 50 msec, which was estimated
from the mean linewidth of metabolites (5), and a sim-
ple monoexponential decay was applied to the data with
T, values of 100 msec, 150 msec, and 300 msec, re-
spectively. A 4-Hz Lorentzian apodization, zero-filling,
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Figure 2. Simulation of TE-averaged PRESS spectra of Glu
(black) and GIn (gray) with different Ty relaxation times. TE-
averaged PRESS spectra were simulated with 64 steps and T,
of 100 msec (a), 64 steps and Ty, of 150 msec (b), and 128 steps
and T, of 300 msec (c).

and Fourier transform were applied and the spectra
were averaged in the t; domain. Figure 2 shows the
TE-averaged spectra of Glu and GIn that were simu-
lated using this approach. The efficacy of separation for
C4 protons of Glu and GIn in TE-averaged spectra was
the same for different T, values but the signal intensi-
ties of Gln depended on the T, values. This meant that
the signals from the C4 protons of Gln were not fully
cancelled in the simulation, but they were clearly sep-
arated from the C4 protons of Glu due to the difference
in chemical shift being 0.1 ppm.

Corrections of Metabolite Levels for Relaxation Times

The metabolite levels were corrected for transverse and
longitudinal relaxation times using the values estimated
from the empirical data. T, correction was applied for
levels of Cho, Cr, and NAA by multiplying LCModel con-
centrations and QUEST parameter estimates by a factor
of frr = explTE * (1/Tauwo — 1/Touio)], respectively, while
the effective TE of the TE-averaged spectra for Ty acquisi-
tion was 113.75 msec, and T; correction factor was
fTR = [1 - exp( - TR/Tlvitro)]/[l - CXP( - TR/Tluiuo)]-
for Cho, Cr, and NAA. Since the metabolite signals used
as a basis for QUEST were ideally simulated without any
effect of T; and T,, the calibration factor only required a
calculation of the in vivo T; and T, values.

Voxel Content Analysis

For the empirical data, the spectral data were refer-
enced to the 3D SPGR image by assuming that there
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Figure 3. Single-voxel 2D J-
resolved spectra acquired from
a volunteer and a patient with
a GBM. The TE-averaged spec-
tra were plotted along the indi-
vidual echo spectra.
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was no movement between the image and spectra ac-
quisition. The FLAIR image was aligned to the corre-
sponding 3D SPGR image. Segmentation of the brain
images was performed automatically on the 3D SPGR
images using a program that is based on a Markov
random field model (18). The segmented WM mask was
then used to identify voxels that had at least 75%
NAWM. The masks of the region of Ty hyperintensity
were segmented using a region-growing segmentation
tool (19). The tumor voxels used for the study were
restricted to those that were more than 80% within the
T, hyperintensity. These were the voxels used for com-
parative analysis to the volunteer and patient data.

Statistics

The statistical analysis was performed using the SPSS
software package (Chicago, IL, USA). A Pvalue of <0.05
was regarded as significant for all the tests. For T,
studies, nonparametric Wilcoxon rank sum tests were
used to test the difference between lesions and normal
tissues.

Analysis of variance (ANOVA) was utilized to deter-
mine whether T, values and metabolite levels differed
between normal, grade 3, and grade 4. To check possi-
ble confounding effects of age and sex, these variables

M AL
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were added into the model. However, they did not
change the effects of tumor grade and they were insig-
nificant. And then Tukey’s honestly significant differ-
ence tests were used to test these differences between
tumor grades or between T, hyperintensity lesion and
normal WM.

The Spearman rank correlation coefficients were cal-
culated to determine the association between the esti-
mated metabolite concentrations of LCModel and
QUEST for Cho, Cr, and NAA after corrections with T,
and T, relaxation times.

Changes of metabolite ratios by corrections with T,
and T, relaxation times in each grade and overall were
tested using a paired t-test, then a t-test was used to
compare whether the effect of change was dependent on
tumor grade.

RESULTS

The quality of data for the single-voxel data was excel-
lent. Figure 3 shows an example of the 2D J-resolved
and TE-averaged spectra from a volunteer and a pa-
tient. Note the differences in metabolite levels, with a
clear reduction in the level of NAA in the voxel from
tumor. At the shorter TEs peaks corresponding to Gln,
Gln, and ml can be observed.
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Figure 4. T, relaxation times for metabolites (msec). The sig-
nificance was tested between normal WM and tumor using
Tukey’s honestly significant difference test. The diamond in
the figure stands for data from patients, while the cross for
volunteers. N, 3, and 4 represent values from WM in volun-
teers, and NAWM in patients with grade 3 and grade 4 lesions,
respectively.

Metabolite T; Relaxation Times

The T, relaxation times of metabolites were available for
voxels in eight volunteers and eight patients. Values
were 1.06 = 0.11 seconds (mean * SD) vs. 1.00 = 0.21
seconds for Cho, 1.38 + 0.13 seconds vs. 1.37 = 0.20
seconds for Cr, and 1.38 * 0.13 seconds vs. 1.38 =
0.21 seconds for NAA. There was no significant differ-
ence between these values.

Metabolite T, Relaxation Times

For the estimation of Ty values, there were 10 voxels in
WM from volunteers, three voxels from NAWM in pa-
tients with grade 3 glioma, and seven voxels from
NAWM in patients with grade 4 glioma. Neither the
values in WM and NAWM or their SDs were significantly
different. The results were therefore pooled as normal
WM VOIs for comparison with tumor voxels. NAWM
voxels from patients were treated as independent ob-
servations from the values determined in the lesions
because they were selected to be clearly distinct from
the lesions on Ty-weighted images and did not appear to
be correlated with tumor values. The pooled WM values
for Cho were 169 *+ 27 msec, for Cr were 139 * 16 msec,
and for NAA were 249 *+ 53 msec. There were tumor
voxels from five different patients with grade 3 glioma
and 10 different patients with grade 4 glioma. The vari-
ations in Ty, relaxation values of metabolites for normal
WM and patients were shown in Fig. 4. The range of
NAA T, values was quite large, and they were not sig-
nificantly different between normal WM and tumor vox-
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els. For voxels from grade 3 glioma the T, values of Cho
were 199 = 29 msec but the small sample size meant
that this was not significant. For voxels from grade 4
glioma the T, values of Cho were 209 + 30 msec and for
Cr were 1.57 = 14 msec. These were significantly dif-
ferent from the values in normal WM with P = 0.002
and P = 0.013, respectively.

Metabolite Levels Corrected for Relaxation Times

Examples of TE-averaged spectra from normal parietal
WM, grade 3 glioma, and grade 4 glioma that were
quantified by LCModel and QUEST and are shown in
Fig. 5. Both algorithms fit the data well, with the differ-
ences in the plotted spectra being due to the way in
which the baseline estimation is performed. Because of
the different relaxation times of metabolites in the basis
sets for the two methods, due to one being simulated
and the other from in vitro phantoms, the comparison
between them only considered Cho, Cr, and NAA, which
were corrected for T; and Ty values. The fact that the
estimates for Cho, Cr, and NAA obtained using LC-
Model and QUEST were consistent is reflected in Fig. 6.
The Spearman rank correction coefficients were 0.92,
0.96, and 0.97 for Cho, Cr, and NAA estimates, respec-
tively, with P < 0.001 for all three metabolites.

The estimates of metabolite levels obtained using
QUEST and LCModel are further illustrated in Tables 1
and 2. Cho and Cr were clearly increased in grade 3
gliomas but decreased in grade 4 gliomas relative to
normal brain. The differences in Cr between grades 3
and 4 lesions were statistically significant (P < 0.01).
The concentrations of NAA were reduced in both tumor
grades (P < 0.001). Compared with those in normal
WM, the levels of ml estimated using LCModel were
increased in grade 3 gliomas (P = 0.002) and statistical
significantly different from grade 4 (P = 0.017). No sig-
nificance was found for the results using QUEST. The

k J}L,ﬂ M

Figure 5. TE-averaged spectra quantified by LCModel (middle
row) and QUEST (third row) corresponding to the image in a
volunteer (a), grade 3 (b), and grade 4 (c¢) patients. The fitted
spectra (straight line) were related to the phased spectra (bro-
ken line).
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Figure 6. Scatter plots of Cho, Cr, and NAA calculated from LCModel vs. QUEST for all the voxels in the study. Metabolite
concentrations on the x-axis represent those determined from LCModel, while the values on the y-axis were obtained from the
same spectra using quantification by QUEST. The P-value represents the significance test for the correlation coefficient.

levels of Glu were significantly increased in grade 3
from QUEST (P = 0.047), and the difference between
grade 3 and grade 4 for Gln was marginally significant
for LCModel (P = 0.05).

Differences in Metabolite Ratios With and
Without Corrections for T,

Since the time available for data acquisition is relatively
short in the case of in vivo MRSI data, the difference in Ty
relaxation times may contribute to the distinction be-
tween tumor and normal tissue. To investigate the mag-
nitude of this effect, we considered the differences in me-
tabolite ratios for our single-voxel data with and without
correction for relaxation times. The metabolite ratios with
and without corrections of relaxation values were shown
in Table 3. In all cases, the Cho/Cr, NAA/Cr, and Cho/
NAA ratios in tumors were larger than in normal WM for
the uncorrected compared to the corrected values. This
implies that the differential in relaxation times between
Cho, Cr, and NAA increases the contrast for spectra in
tumor relative to normal tissue when there is a higher
degree of To-weighting. Statistical significance was found

Table 1

for the interaction between the correction and tumor
grade for all the metabolite ratios with P < 0.001.

DISCUSSION

Gliomas are the most common primary brain tumor
and primarily affect WM. The ability to map out the
spatial extent of tumor relative to NAWM is dependent
upon both the variations in absolute concentrations of
metabolites and in degree of T;- and Ty-weighting in any
given acquisition. Designing the most appropriate ac-
quisition parameters for obtaining multivoxel MRSI
data requires the measurement of these variables in
localized spectra from normal volunteers and patients
with brain tumors.

The methods used in this study to estimate relaxation
times and metabolite levels had several benefits over
previous approaches. First, the individual spectra that
used for T, fitting were the mean of three spectra with a
TE difference of 2.5 msec, which increased the SNR, as
shown in Fig. 3. This can be expected to provide more
reliable estimates of the T, values. Note that J-coupling

Concentrations of Cho, Cr, and NAA as Corrected Using Empirical T4 and T, Relaxation Times and Expressing the (Mean = SD) in mM

by QUEST and LCMODEL*

Methods Metabolite Group Concentrations Population G3 G4
QUEST Cho Normal 23 *05 N=20
G3 29+0.9 N=5 P < 0.01
G4 1.9+05 N=10 P < 0.01
Cr Normal 89+1.6 N=20 P < 0.001
G3 9.1+24 N=5 P < 0.005
G4 6.0+ 0.9 N=10 P < 0.005
NAA Normal 124 = 2.1 N =20 P < 0.001 P < 0.001
G3 6.8+1.5 N=5
G4 6.3+ 1.6 N=10
LCModel Cho Normal 20+ 05 N=20
G3 23+0.6 N=5
G4 1.7 0.6 N=10
Cr Normal 84+15 N=20 P = 0.001
G3 8.6 +2.6 N=5 P < 0.001
G4 58 1.1 N=10 P < 0.001
NAA Normal 125 + 2.1 N =20 P < 0.001 P < 0.001
G3 55=*15 N=5
G4 6.6 =22 N=10

*Statistics were evaluated using Tukey’s honestly significant difference tests.

N = number of patients.
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Table 2
Levels of ml, mIG, Glu, and GIn as Quantified by QUEST and LCModel (Mean *= SD)*
Methods Metabolite Group Levels Population G3 G4
QUEST ml Normal 28 +0.9 N=20
G3 38+1.2 N=5
G4 28 +17 N=8
miG Normal 3.6 1.1 N=20
G3 51+1.8 N=5
G4 3.3+1.6 N=8
Glu Normal 23+ 0.5 N=14 P < 0.05
G3 3.1+0.8 N=4 P < 0.05
G4 21+05 N=4 P < 0.05
GIn Normal 25+ 0.9 N=19
G3 2.7 £ 0.1 N=2
G4 23+07 N=9
LCModel ml Normal 59+15 N=14 P < 0.005
G3 104 =24 N=4 P < 0.05
G4 6.4 +27 N=5 P < 0.05
Glu Normal 6.3 1.9 N=14 n/a
G3 8.4 N=1
G4 54+15 N=3 n/a
GIn Normal 22+ 0.3 N=3
G3 24+ 0.6 N=4 P = 0.05
G4 15+05 N=5 P = 0.05

*Statistics were evaluated using Tukey’s honestly significant difference tests.

N = number of patients.

differences within these three averaged spectra would
have been very small and were therefore ignored. The
second benefit in using the 2D refocused sequence is
that the effective TE was relatively long, and would
therefore reduce the effects of macromolecules and de-
crease the contribution of J-coupled resonances of Glu
located underneath the NAA peak. Although the last
echo in the Ty fit (TE = 190 msec) was not long enough
to cover the complete signal decay, more points were
involved in our study than in previous publications
(20-22). Third, since the TE-averaged spectra had a flat
baseline, the possibility of overestimating T; values
should be relatively small.

A limitation of the approach used was that the weak
signal intensities of Glu and ml translated into a large
variation and uncertainty in peak intensities for indi-
vidual TEs and so the T; and T, of these metabolites
were not able to be evaluated. To estimate the Ty values
of metabolites such as ml, Glu, and Gln with complex
J-coupling patterns would require a metabolite-specific
spectral editing sequence (23,24).

Several studies have assessed the T; and Ty relax-
ation times of normal brain metabolites within different
regions of the normal brain and at different field
strengths. T, values were significantly longer at 3T than

at 1.5T (21), but were not reported as showing major
regional variability (22). A distinct correlation was re-
ported between T, and relative WM/gray matter (GM)
composition for NAA and Cr-CHj (22). This suggests
that the T, of these intracellular metabolites is more
affected by the integrity and composition of the tissue,
whereas T; values are influenced by molecular tum-
bling, reflecting the viscosity of the medium. The T,
relaxation times of metabolites from normal brain that
were observed in our study are similar to those previ-
ously published (22), and were not significantly differ-
ent from the T; values in gliomas. While this is consis-
tent with observations made at 1.5T (7) it may also be
due to the limited number of cases in the study.

The T, relaxation times of metabolites from normal
WM, including fourteen parietal WM and six frontal
WM, in our study, are close to that previously published
(9), which also investigated T, values in the parietal
WM. T, relaxation times in Cho and Cr were statistically
significantly longer in grade 4 gliomas compared with
those in normal WM. The Cho peak resonates at 3.20
ppm and represents choline, phosphocholine (PC), and
glycerophosphocholine (GPC). Previous studies have
shown that a switch from GPC to PC is associated with
glioma malignancy (25,26). This could be one reason

Table 3
Relative Metabolite Ratios (Mean *= SD)*
Cho/Cr NAA/Cr Cho/NAA
Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected
Normal 0.36 = 0.05 0.24 = 0.03 1.84 + 0.23 1.51 £ 0.19 0.20 = 0.04 0.16 = 0.03
G3 0.47 = 0.13 0.28 = 0.08 0.80 = 0.37 0.71 £ 0.33 0.70 = 0.35 0.47 + 0.23
G4 0.46 = 0.09 0.29 = 0.06 1.23 £ 0.35 1.14 £ 0.33 0.42 = 0.23 0.29 = 0.16

*The ratios of Cho/Cr, NAA/Cr, and Cho/NAA estimated by LCModel were compared with the same data after the corrections of Ty and T,

values.
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why the observed T, of Cho increases in tumor. The
higher T, of Cr in grade 4 glioma may also be associated
with the changes of metabolite composition, associated
with the increase of phosphocreatine (PCr) to Cr. Note
that PCr contains a high-energy phosphate bond,
which transfers to adenosine diphosphate (ADP) via the
breakdown of PCr to Cr and that reduced PCr has been
observed in gliomas (27). This suggests that there is a
high energy requirement for maintaining the growth of
cells in gliomas. In the previous studies that were per-
formed at 1.5T, either the T, relaxation time of NAA and
Cr were reported to be shorter in high-grade gliomas (6)
or the T, relaxation time of all of the singlets were
shorter in the tumor (7). The differences observed in our
study may be because of the higher field strength used,
the larger number spectra employed in calculating the
T, values, or the application of a more effective statistic
test, Tukey’s honestly significant difference test, in-
stead of a regular Student’s t-test. Compared to Bon-
ferroni correction, which is known to be overly conser-
vative in the adjustment of multiple comparisons,
Tukey’s honestly significant difference test takes into
account the correlation structure of the ANOVA model
and is more efficient.

The elevation of the Cho peak and the reduction of the
neuronal marker NAA are considered to be character-
istic of gliomas. Our results suggest that the changes in
Cho and Cr peak heights in gliomas are partially caused
by T, effects and partially by changes in absolute con-
centrations, and that a significant interaction exists
between corrections for relaxation times and tumor
grade. Longer T, relaxation value of Cho in gliomas
means that the ratio of Cho/NAA that is observed in
long echo spectra is larger than that in short echo
spectra and relatively larger than values in normal WM
at the same TE. This is consistent with the previous
observations at 1.5T (28).

Two different algorithms were used to quantify the
metabolic profiles in our study. LCModel uses a con-
strained regularization method accounting for the
phase, lineshape, and baseline (12). QUEST differs
from the LCModel in the method used for fitting the
baseline, and is sensitive to whether a common extra
damping factor or different metabolite extra damping is
estimated (13). In our case, we used a simulated basis
set and found better results when a unique common
extra damping was estimated. Since there is little pen-
alty for the contamination of macromolecules and lipids
in the TE-averaged spectra (8,9,29), we used the
QUEST quantification algorithm without background
adjustment, but weighted the first 20 points with a
quarter-wave sinusoid and discarded the first points to
reduce the influence of broad resonances underlying
metabolites of interest. The results of the estimates of
Cho, Cr, and NAA showed a very high correlation coef-
ficient between the two methods. Compared with LC-
Model, QUEST gives more flexibility and reliability but
has more subjective interaction, which requires the use
of more prior knowledge.

As expected, there was a striking reduction in NAA for
all the grades of glioma. The higher metabolite levels in
grade 3 compared to grade 4 glioma suggested that the
levels in the higher-grade lesions may be influenced by
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partially voluming with necrosis (30). The ml is predom-
inantly located within astrocytes and is a precursor for
the phosphatidylinositol (PI) second-messenger system
(31) that is also presumed to act as an osmoregulator. It
resolves as an apparent doublet at 3.6 ppm in TE-
averaged spectra, which cannot be separated from the
Gly peak that resonates at 3.56 ppm. Compared to the
simulation, the doublet of ml from the in vitro solution
had different effective T, values, which resulted in the
difference of fitting outcomes between LCModel and
QUEST. Changes that are associated with ml and re-
ported in the literature show increases in mIG (32) and
its ratio to Cr (33) in low-grade astrocytomas but de-
creased in high-grade. In our results, the ml estimated
from LCModel was statistically significantly higher in
grade 3 compared to normal WM.

Although averaged 2D J-resolved spectra have less
macromolecule contamination compared with short-
echo acquisitions, macromolecules are always associ-
ated with gliomas and result in more uncertainty of
small peaks such as Glu/Gln. The changes observed
with LCModel and QUEST had a similar pattern of
changes. Previous studies have showed that a signifi-
cant increase in Glu/Gln (Glx) was found in oligoden-
drogliomas and was used to discriminate them relative
to low-grade astrocytomas (34). The increase in Glu
that was observed in the grade 3 glioma considered in
our study is consistent with the observation that glioma
cells may secrete Glu, resulting in an increase in extra-
cellular Glu (35,36). Increased Glu could be also asso-
ciated with inflammation in the peritumor tissues since
activated microglia and brain macrophages express
high-affinity Glu transporters (37) and stimulate tumor
cell proliferation. Gln was also slightly increased in
grade 3 but the change was not statistically significant.
Because GIn acts as an suppressor for apoptosis, it
could contribute to block apoptosis induced by exoge-
nous agents, such as radiation treatment and chemo-
therapy, and also promote tumor proliferation (38). As
predicted by the simulation, the signal intensities of
Glu and GIn in the TE-averaged spectra depend on the
Ty, values. The pattern of changes in Gln for gliomas
would be much clearer if estimates of the T, of Glu and
GIn were obtained. Although mobile lipids and lactate
(Lac) are also strongly associated with the higher grade
of gliomas, it was not possible to distinguish Lac from
lipid in the TE-averaged spectra. It is for this reason
that we did not attempt to quantify these metabolites in
the current study.

It is well known that gliomas are extremely heteroge-
neous. The regions of T, hyperintensity on the Ty-
weighted image may include edema, gliosis, inflamma-
tion, active tumors, or treatment effects. While we chose
to consider large tumors and required that 80% of the
voxel considered be in the tumor, the effect of hetero-
geneity is a limitation in terms of the results of our
study. Due to the large voxel size in the study (8-cc), it
was not possible to evaluate the differences between
enhancing and nonenhancing lesions. This would re-
quire multivoxel acquisitions (39). Obtaining biopsies
from the region with the highest metabolite ratio (Cho/
NAA) may further help to understand the underlying
biologic characteristics of the tumor. Another factor
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that may have influenced the data is that there were
four different grades of gliomas considered, which arise
from different glial cells, such as oligodendrocytes and
astrocytes, and could therefore result in different me-
tabolite characterizations (34).

In conclusion, the results of our study demonstrated
the differences in metabolite relaxation times and in
metabolite concentrations both between normal WM
and tumor and between glioma of grade 3 and grade 4.
These data suggest that the contrast in metabolite ra-
tions between tumor and normal tissue would be great-
est at longer TEs and, if the SNR is high enough, the use
of long TEs may have benefits over short TEs. Our
results are encouraging but further studies are re-
quired to provide more information about the spatial
variations in metabolite concentrations within tumor
and peritumor regions using multivoxel acquisitions in
populations of patients with gliomas.
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