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Abstract

Purpose—To evaluate the T relaxation time of lactate (Lac) in brain tumors and the correlation
of the T, and concentration with tumor grades.

Methods—Eight pairs of the subecho time sets of point-resolved spectroscopy were selected
between 58 and 268 ms, with numerical and phantom analyses, for Lac T, measurement. In-vivo
spectra were acquired from 24 subjects with gliomas (13 low grade and 11 high grade) and
analyzed with LCModel using numerically-calculated basis spectra. The metabolite T, relaxation
time was obtained from monoexponential fitting of the multi-TE signal estimates versus TE. The
metabolite concentration was estimated from the zero-TE extrapolation of the T fits.

Results—The Lac T, was estimated to be approximately 240 ms, without a significant difference
between low and high grade tumors. The Lac concentration was estimated to be 4.1+3.4 and
7.0£4.7 mM for low and high grades respectively, but the difference was not significant.

Conclusion—The Lac T, was similar among gliomas regardless of their tumor grades. This
suggests that the T, value from this study may be applicable to obtain the T, relaxation-free
estimates of Lac in a subset of brain tumors.
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5323 Harry Hines Blvd., Dallas, Texas 75390-8542, changho.choi@utsouthwestern.edu.
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INTRODUCTION

Proton MR spectroscopy of lactate (Lac) may be characterized by the 3CH3 proton
resonance at 1.31 ppm and the 2CH proton resonance at 4.1 ppm (1). The 1.31 ppm
resonance, which is J coupled to the 4.1 ppm resonance with J = 6.93 Hz, gives rise to a
relatively large signal and thus is commonly focused in 'H MRS measurement of Lac. In
many types of brain tumors, lipids are substantially increased and consequently in vivo
detection of the Lac 1.31 ppm resonance is hampered by the CHy-chain proton signals of
lipids in short-TE MRS. This spectral overlap can be overcome by means of spectral editing
(2) or post-acquisition data processing (3). The Lac 1.31 ppm resonance can also be
effectively separated from lipids using long TEs of point-resolved spectroscopy (PRESS), at
which the Lac resonance becomes an inverted or positive doublet while the broad lipid
signal is extensively attenuated due to the effects of its relatively short T, (4,5). Given the
use of long TE for Lac detection in many prior studies, the information on Lac T, relaxation
is valuable for quantification of metabolite concentration. The Lac T relaxation time in
brain tumors has not been extensively studied to date.

In the current study, we report measurements of proton T, relaxation times of Lac as well as
choline, creatine and N-acetylaspartate in brain tumors at 3T, achieved using a single-voxel
PRESS sequence. Eight TEs in the range of 58 — 268 ms were selected from computer
simulations that included the effects of the PRESS slice-selective radio-frequency (RF) and
gradient pulses. The selected TEs were validated in a phantom solution. In vivo T,
relaxation times were evaluated from mono-exponential fitting of the LCModel estimates of
the metabolite signals versus TE. The metabolite concentrations were estimated from the
zero-TE extrapolation of the T fits. Preliminary data from subjects with brain tumors were
analyzed for testing the correlation of metabolite T,s and concentrations with tumor grade.

METHODS

Twenty-four patients with gliomas (16 males and 8 females; age range 25 — 70, median age
of 39 years old) were recruited for measurement of brain metabolite T,. The tumor grades
and types were determined by the histopathological analysis on surgical specimen according
to the World Health Organization (WHO) criteria. The set of gliomas comprised 13 low
grade gliomas that were WHO grade 11 (9 oligodendrogliomas, 3 astrocytomas and 1
oligoastrocytoma) and 11 high grade gliomas that were WHO grade 111 (4
oligodendrogliomas, 3 astrocytomas and 3 oligoastrocytomas) or grade IV (1 glioblastoma).
The protocol was approved by the Institutional Review Board of the University of Texas
Southwestern Medical Center. Written informed consent was obtained prior to the scans.

MR experiments were carried out on a whole-body 3T scanner (Philips Medical Systems)
using a body coil for RF transmission and an 8-channel phased-array head coil for reception.
The in-vitro test was conducted on a spherical phantom (6 cm diameter; pH = 7.0) which
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included Lac (20.0 mM), N-acetylaspartate (NAA) (10.0 mM), creatine (Cr) (9.0 mM), and
phophorylcholine (PCh) (3.3 mM). Data were acquired from a 2x2x2 cm3 voxel, using a
PRESS sequence, at TE = 58, 88, 118, 148, 178, 208, 238 and 268 ms (TR =95s). The
second subecho time TE, was varied while TE; was kept constant at 32 ms. Volume
localization was obtained using a 9.8 ms 90° RF pulse (bandwidth = 4.3 kHz) and two 13.2
ms 180° RF pulses (BW = 1.3 kHz) at an RF field intensity (B;) = 13.5 uT. For in vivo
experiments in glioma patients, the tumor was identified with To-weighted fluid attenuated
inversion recovery (Tow-FLAIR) imaging. Water-suppressed PRESS data were obtained
from a voxel (size 8 — 12 mL) within the tumor mass, with 16 signal averages at each of the
eight TEs. Acquisition parameters included; TR = 2 s, number of sampling points = 2048,
and spectral width = 2500 Hz. In 11 patients, spectra were acquired additionally from the
normal-appearing contralateral brain. A vendor-supplied four pulse variable flip angle
scheme was used for water suppression. First and second order shimming for the selected
volume was carried out using FASTMAP (6). The carrier frequency of the PRESS RF pulses
was set at 2.5 ppm. In addition, unsuppressed PRESS water signals were acquired with 2
signal averages at each TE.

In data processing, the residual eddy current artifacts in metabolite data were minimized
using the PRESS water signals, followed by correction for field drift effects using choline
(3.21 ppm) or NAA (2.01 ppm) as reference. Data were apodized using a 1-Hz exponential
and 1-Hz Gaussian function to remove potential artifacts in the later part of the free-
induction decay. Spectral fitting was performed with LCModel (7), using a basis function
that contained in-house calculated spectra of 18 brain metabolites. These included Lac,
tNAA (NAA + N-acetyl-aspartyl-glutamate), tCr (creatine + phosphocreatine), tCho
(glycerophosphorylcholine + phosphorylcholine), glutamate, glutamine, 2-hydroxyglutarate,
y-aminobutyric acid, myo-inositol, glycine, taurine, scyllo-inositol, aspartate, ethanolamine,
phosphorylethanolamine, alanine, glutathione, and citrate. The basis spectra were
numerically calculated including the effects of the PRESS volume-localizing RF and
gradient pulses, according to a product-operator based transformation-matrix method
described in a prior paper (8). In brief, for each metabolite spin system, a product-operator
transformation matrix, which represents the density operator evolution during an RF pulse,
was created for each of the PRESS 90° and 180° RF pulses and used for calculating the
density operator at the end of the PRESS multiple TE sequences. The spatial resolution of
the simulation was set at 1% (i.e. 0.01 = sample length / number of pixels / slice thickness),
with 200 pixels within a sample length 2-fold longer than the slice thickness. In addition,
dual-echo Lac spectra were calculated, using very short (1 ns) RF pulses (without volume
localization), for comparison with the PRESS volume-localized simulations. Published
chemical shift and J coupling constants were used for the simulations (1). The LCModel
built-in functions were used for fitting of macromolecule and lipid signals. The spectral
fitting was conducted between 0.5 and 4.0 ppm. The T, relaxation times of Lac, tCho,
tNAA, tCr and water were evaluated by fitting the LCModel estimates of the signals to a
monoexponential function of TE, exp(—TE/T,). The zero-TE magnetization was obtained by
extrapolating the exponential fit to TE = 0. Assuming identical T between metabolites and
water in tumors and healthy brain, the metabolite concentration was estimated with
reference to water at 42 M, similarly as in a prior study (8). Unpaired two-tailed t-test was
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used to evaluate the statistical significance of the T, and concentration differences among
normal-appearing brain, low grade, and high grade tumor groups. Statistical significance
was declared for p-value < 0.05.

RESULTS

In the phantom solution, due to the high mobility of molecules and consequently long T,
relaxation times, the singlets of PCh, Cr and NAA were slightly decreased as TE increased
from 58 ms to 268 ms (Fig. 1a). For Lac, the signal intensity and pattern were both varied
with increasing TE largely due to the J coupling effects. For a singlet linewidth of 6 Hz, the
Lac CHs3 resonance at 1.31 ppm was a positive doublet at TE = 58 ms, with minimal J
evolution. However, the resonance exhibited a negative single-peak pattern at TE = 118 and
148 ms, and with further J evolution the Lac signal became a positive peak at TE = 238 and
268 ms, whose amplitudes were larger than those at shorter TEs in the phantom solution.
When the Lac 1.3 ppm signal from the phantom was compared with PRESS volume-
localized simulation, the multiplet pattern showed good agreement (Fig. 1b). The phantom
spectra were well reproduced by LCModel fits. The LCModel estimates of Lac, PCh, Cr and
NAA were all decreased monoexponentially with increasing TE from 58 to 268 ms (Fig.
1d), with the phantom T, estimation of 1336, 736, 1385 and 1030 ms, respectively. The
zero-TE signal estimates of the solutes, obtained from the extrapolation of the T, fits,
reproduced closely the prepared phantom concentration ratio (20.1:3.2: 8.8: 10.1 vs. 20: 3.3:
9: 10). For comparison, the Lac signals which were calculated for a dual-echo sequence with
instantaneous RF pulses (without volume localization) were substantially different than
experiment in terms of signal intensity and pattern (Fig. 1c).

Figure 2 presents in vivo spectra at the eight TEs, obtained from astrocytoma (grade 1) and
oligoastrocytoma (grade I11), together with voxel positioning and monoexponential T,
fitting. The tumors showed a classic pattern of metabolic abnormality; namely, increased
tCho and decreased tCr and tNAA. Additionally, both tumors showed elevated Lac. The Lac
1.31 ppm signal was large and clearly discernible in all eight spectra from the tumors (Fig.
2a). For both tumors, the spectra were well reproduced by LCModel fits, without substantial
chemical-shift dependence of residuals. From monoexponential fitting of the LCModel
signal estimates vs. TE (Fig. 2b), T, was estimated to be 256, 266 and 170 for Lac, tCho and
tCr in the astrocytoma, and 239, 258, 156 and 297 ms for Lac, tCho, tCr and tNAA in the
oligoastrocytoma, respectively. In the case of the astrocytoma, the tNAA signal to noise
ratio was low and thus T fitting was not conducted. From the zero-TE estimates of the
metabolite and water signals, the concentration was estimated to be 8.8, 3.8 and 5.0 mM for
Lac, tCho and tCr in the astrocytoma and 5.8, 3.0, 5.9 and 2.1 mM for Lac, tCho, tCr and
tNAA in the oligoastrocytoma, respectively.

Of the 24 data sets from tumors, 19 showed well-defined Lac 1.31 ppm signal, with minimal
(or negligible) lipid signals. For tumors that showed small Lac signals, T» fitting was
performed only on Lac estimates in which the ratio of the LCModel-returned Lac signal to
the standard deviation of the residuals between 1.0 and 1.6 ppm was greater than 3. With
this criterion, Lac T, was evaluated with signal estimates at 6 — 8 TEs in 17 tumors, and
with data at 4 and 5 TEs in 2 tumors. For the 19 tumors, the estimated Lac T, ranged from
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192 to 270 ms, with the mean of 238+21 (mean+SD). For the 11 low grade and 8 high grade
tumors, the Lac T means were 242+14 and 232+28 ms respectively, without showing a
significant difference (p = 0.3) (Fig. 3). Similarly, the water T, was not significantly
different between the low and high grade tumors (156+36 and 145+30 ms respectively; p =
0.4). The normal brain water T, was estimated as 81+6 ms, significantly shorter than the
water Ts in tumors (p = 107 for both low and high grades). The Lac T, of the GBM was
229 ms. For estimation of the Lac concentration, the zero-TE magnetization was obtained
from the T» fit in 19 tumors. In 2 additional grade Il tumors, in which Lac T, was not
evaluated, the Lac level was estimated using the zero-TE magnetization extrapolated, using
the mean Lac T, value (238 ms), from the Lac signal estimate at TE = 268 ms, at which the
Lac signal was best defined among the TEs used. The mean concentration of Lac was
estimated as 4.1+3.4 and 7.0+£4.7 mM for 13 low grade and 8 high grade tumors,
respectively. The Lac level in the GBM was 5.1 mM. There was a trend of higher Lac
concentration in high grade than in low grade, but the difference was not significant (p =
0.1). While Lac T, was consistently around 240 ms with a relatively small coefficient of
variation (SD/mean = CV = 21/238 = 9%) in the 19 tumors, the Lac concentrations showed
large variation (CV = 4.1/5.2 = 79%), indicating the presence of high heterogeneity in Lac
levels across the tumors.

The Tys of tCho, tCr, and tNAA were evaluated for all 24 patients. The data included 11
data sets from normal-appearing brains, 13 from low grade gliomas, and 11 from high grade
gliomas. Excluding three tumors (1 grade Il and 2 grade I11) that showed low tNAA (as in
the astrocytoma of Fig. 2a), the T, of tNAA was evaluated in 12 grade 11 and 9 grade il
tumors. For the normal brain, low grade, and high grade tumor groups, the tCho T,s were
estimated to be 24046, 293+37 and 28555 ms, the tCr Tps were 149+15, 175124 and
168+18 ms, and the tNAA T,s were 291+36, 262+28 and 25641 ms, respectively (Fig. 3).
The T,s of tCho and tCr were significantly different between normal brain and low grade
tumors (p = 6x1074 and 5x1073, respectively) and between normal brain and high grade
tumors (p = 0.005, and 0.01, respectively). The tNAA T, in tumors was not significantly
different than in normal brain. There was no significant T, difference between the tumor
grades. For the 3 tumors in which tNAA T, was not obtained, the zero-TE magnetization of
tNAA was obtained from extrapolation of the signal estimate at TE = 58 ms using the mean
T, value of low grade or high grade. For the normal brain, low grade, and high grade
tumors, the tCho concentrations were estimated to be 1.5+0.2, 2.5+1.2 and 2.6+1.0 mM, the
tCr levels 6.3+1.4, 4.9+1.1 and 5.0+2.2 mM, and the tNAA levels 8.4+1.5, 3.4+1.2 and
2.4+0.8 mM, respectively. The tCho and tNAA levels were both significantly different
between normal brain and low grade (p = 0.02 and 1078 respectively) and between normal
brain and high grade (p < 0.005 and 109 respectively), but tCr was significantly different
only between normal brain and low grade tumors (p = 0.01). The tNAA level was
significantly lower in high grade than in low grade tumors. The mean CVs of tCho, tCr and
tNAA T,s were similar between the groups (4 — 16%). In contrast, the CVs of the metabolite
concentrations were large in tumors compared to those from normal brain (20 — 50% versus
10 - 20%).
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DISCUSSION

The current paper reports the first T, measurement and T, relaxation-free estimation of Lac
in subjects with brain tumors in vivo, achieved at 3T. The estimated Lac T, was
approximately 240 ms, without a significant difference between low and high grade gliomas.
The mean Lac level in the tumors was about 5.2 mM, much higher than the concentration in
healthy brain (< 1 mM) (1,9). The Lac concentration, estimated from zero-TE
magnetization, was higher in high grade than in low grade, but the difference was not
significant, most likely due to large variations in Lac levels across tumors (CV =~ 80%).
Similar variations of Lac levels were also reported in two prior 1.5T studies (5,10), in both
of which the data showed a trend of increasing Lac with malignancy but no significant
difference was observed between tumor grades. Our Lac estimates, which were 4.1 and 7.0
mM for low grade and high grade gliomas respectively, are in good agreement with the
values reported by Howe et al. (1.5, 5.8, and 11.7 mM for grade-11 astrocytomas, anaplastic
astrocytomas, and glioblastomas, respectively) (5).

Three prior studies have reported the T, relaxation times of tCho, tCr and tNAA in brain
tumors; one at 3T (11) and two studies at 1.5T (4,12). A common observation among the
present and two prior studies (11,12) is significantly longer T, of tCho in tumors than in
normal-appearing brain. The three studies showed a trend of longer tCho T in high grade
tumors, without a significant difference. In contrast, in the Sijens et al. study, tCho T, was
measured to be shorter in tumors than in normal brain (4). For tNAA T», the present study
did not show significant difference between tumors and normal brain, in agreement with the
prior 3T study (11), but in the prior 1.5T studies (4,12) the tNAA T5 in tumors was
significantly shorter compared to normal brain. For tCr, our observation of significantly
longer T, in tumors agrees with the two prior studies (4,11).

There is a paucity in literature for Lac T, evaluation in brain tumors. One study reported Lac
T, as 83 ms in brain tumors at 1.5T, which was obtained from two patients using two TES
(135 and 270 ms) (4). Another study reported brain-tumor Lac T, as 330 ms at 1.5T,
obtained using a wavelet transformation method on single short TE data in two patients (3).
In contrast, several prior studies reported Lac T, in non-tumorous brain diseases, in which
Lac was elevated. There is a large variation among the reported T, values. Blamire et al.
measured Lac T, in stoke at 2.1T (13). From the spectra at TE = 30.4 and 270 ms, Lac T»
was estimated to be ~780 ms. In contrast, Sappey-Marinier et al. measured Lac T, as 225 ms
in a subject with chronic infarction, using data at four TEs at 2T (40, 100, 200 and 270 ms)
(14). Cady et al. reported Lac T, in developing human brain as 240 — 245 ms, obtained with
a two-TE method (PRESS TE = 270 and 540 ms at 2.4T) (15). A prior study reported the
Lac T, in healthy brain as 1200 ms, which could be due to Lac predominantly originating
from cerebrospinal fluids (16). Measurement of the Lac T, in healthy brain was beyond the
scope of the present study. Although brain Lac T, may depend on field (Bg) strength and the
potential difference in molecular environments in the disease and during development, since
the Tos of large singlet signals (i.e., tCho, tCr and tNAA) are similar between these prior
studies, the large variation in the reported Lac T, values could be due to the differences in
measurement methods and possibly due to experimental errors in evaluating the J-coupled
Lac resonance using a limited number of TEs.
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The present study has measured Lac T, using data at relatively large number of TEs (8 TES),
which were selected for generating large Lac peak amplitude at 1.31 ppm given the RF pulse
envelopes and bandwidth. For a finite bandwidth of the PRESS 180° RF pulse, the Lac 1.31
ppm resonance gave larger signal return at asymmetric subecho times (i.e., TE; # TE5) than
at symmetric subecho times for an identical total TE. Moreover, we used the TE; < TE,
timings since these produced substantially larger peak amplitude than the TE; > TE,
timings, especially at relatively long TEs. For instance, for the last three TEs used in this
study (TE = 208, 238 and 268 ms), the Lac 1.31 ppm peak amplitudes were larger by 3.7,
2.4 and 1.5 fold at (TEy, TEy) pairs with TE; = 32 ms than at those with TE; = 32 ms for
singlet linewidth of 6 Hz, as indicated in simulations and phantom experiments (data not
shown). Since the PRESS subecho time dependence of Lac signal is due to the chemical
shift displacement effects, the Lac signal variation with TE1 and TE; is negligible when the
RF bandwidth is sufficiently large.

The spectral fitting was performed between 0.5 and 4.0 ppm in the present study, excluding
the Lac CH proton resonance at 4.1 ppm. Due to the large spectral distance between the Lac
1.31 and 4.1 ppm resonances, the discrepancy between the slices that were localized by the
PRESS 180° RF pulses (BW = 1.3 kHz) is calculated to be 27% of the slice thickness (e.g.,
~5.5 mm for 20 mm slice thickness). When the Lac concentration is not homogeneous, the
relative signal strength at 1.31 and 4.1 ppm may be different than in the uniform-
concentration situation. The relative peak strengths of the resonances could be affected by
inhomogeneous B. Potential errors due to these factors may be minimized by including
only the 1.31 ppm resonance for Lac estimation. In addition, unsuppressed water signal from
a single voxel was used for normalizing the metabolite signals that were obtained from the
chemical-shift displaced voxels. With the use of RF carrier at 2.5 ppm, the voxels of Lac
(1.31 ppm), tNAA (2.01 ppm), tCr (3.03 ppm), and tCho (3.21 ppm) may be displaced
respectively by 2.3, 1.0, 1.0, and —1.4 mm along the directions localized by 180° RF pulses
(anterior-posterior and head-foot directions). The water concentration difference between
the displaced voxels was ignored in the present study. Lastly, metabolite quantification was
undertaken assuming identical T4 between metabolites and water in tumors and healthy
brain in the present study (TR = 2 s). The potential errors due to the differences in T,
saturation effects can be minimized using a prolonged TR in data acquisitions or correcting
data for the T, saturation effects when the T values are known.

In conclusion, we have measured the T»s of Lac, tCho, tCr and tNAA in glioma patients at
3T, using eight PRESS TEs between 58 and 268 ms. The Lac T, was estimated to be about
240 ms, without showing a significant difference between low grade and high grade tumors.
Also, the Lac concentration was not significantly different between the tumor grades. The
Tos of tCho and tCr were significantly longer in tumors than in normal-appearing brain. The
similarity of Lac T, regardless of tumors grades suggests that the Lac T, of this study may
be applicable to obtain the T, relaxation-free estimates of in a subset of brain tumors.
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(a) In vitro spectra at eight pairs of the first and second subecho times TE; and TE; of
PRESS are presented together with LCModel fits and residuals. The phantom contained Lac
(20 mM), PCh (3.3 mM), Cr (9 mM), and NAA (10 mM). Spectra were broadened to singlet
linewidth (FWHM) of 6 Hz. (b, ¢) Numerically-calculated Lac 1.31 ppm signals at the 8
TEs. Spectra were calculated incorporating the PRESS slice-selective RF and gradient
pulses in (b), and calculated for a hard RF pulse dual-echo sequence in (c). The Lac signals
were scaled with respect to calculated Cr signal for the same Lac-to-Cr concentration ratio
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as in the phantom solution, neglecting T, effects. (d) Phantom T, evaluation of Lac, PCh,
Cr, and NAA by monoexpoential fitting of LCModel estimates versus TE. The estimated T»
values are shown in brackets.
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Figure2.
(a) Invivo spectra, at the eight (TE, TE)) pairs of PRESS, from subjects with astrocytoma

(grade 11) and oligoastrocytoma (grade 111) are shown together with voxel positioning (size
23x23x23 mm?3) and LCModel fitting results. Spectra are normalized with respect to water
signals. (b) Monoexponential T, fitting of LCModel estimates versus TE.
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Figure 3.

(a) Group comparison for the mean T»s of Lac, tCho, tCr, tNAA, and water for normal
appearing brain, low grade and high grade gliomas. Error bars indicate standard deviation.
Statistical significance is indicated with asterisks (* for 0.01 < p < 0.05; ** for 0.001 <p <
0.01; *** for p < 0.001). The numbers in brackets denote the sample size for the normal
brain, low grade and high grade tumor groups. (b) The mean concentrations of the
metabolites, estimated from zero-TE magnetization, are shown with standard deviation.
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