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Abstract

The proton T, relaxation times of metabolites in the human brain were measured using point-
resolved spectroscopy at 3T in vivo. Four echo times (54, 112, 246 and 374 ms) were selected
from numerical and phantom analyses for effective detection of the glutamate multiplet at ~2.35
ppm. In vivo data were obtained from medial occipital and left occipital cortices of five healthy
volunteers, which contained predominantly gray and white matter, respectively. Spectra were
analyzed with LCModel software using volume-localized calculated spectra of brain metabolites.
The estimate of the signal strength vs. TE was fitted to a monoexponential function for estimation
of apparent T, (T,"). The T, was estimated to be similar between the brain regions for creatine,
choline, glutamate and myo-inositol, but significantly different for the N-acetylaspartate singlet
and multiplet. The T,'s of glutamate and myo-inositol were measured as 181+16 and 197+14 ms
(meanzSD, N = 5) for medial occipital, and 180+12 and 196+17 ms for left occipital, respectively.
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INTRODUCTION

Proton MRS offers a noninvasive tool for measuring metabolites in the human brain in vivo.
While measurement with short TE benefits from minimum T, signal loss, long-TE
approaches are often employed as an alternative (1-3), with advantages that TE optimization
can improve the spectral resolution and the uncertainties of metabolite measures due to
broad baseline signals from macromolecules are reduced. The detected signals are, however,
T, weighted and thus may not reflect the metabolite concentrations directly. T, relaxation
may reflect the cellular and molecular environments of metabolites in the brain; e.g.,
viscosity of the cellular fluids and microscopic susceptibility distribution within cells (4,5).
Increased T, relaxation could occur due to reduced cell volumes and altered micromolecule
structures in bipolar disorder and schizophrenia (6). A reasonable estimate of metabolite T,
may therefore be valuable not only for quantification of the metabolite levels but also for
understanding the physiological and pathological changes in disease conditions.

Most of prior studies of T, measurements for metabolites in the human brain focused on
prominent singlet signals, such as N-acetylaspartate (NAA), total creatine (tCr), and total
choline (7-15). While the TE dependence of a singlet is described by T, relaxation only, the
time evolution of scalar coupled metabolite signals is affected by the effects of the J
evolution as well as T relaxation. Measurements of relaxation times of coupled resonances
therefore require proper evaluation of the J evolution on the signals (16,17). The primary
excitatory neurotransmitter glutamate (Glu) and the glial marker myo-inositol (mins) are
measured in many clinical studies (18). The complex behavior of the multiplets with
changing TE, which occurs due to strong coupling effects, makes it difficult to measure the
T, relaxation times in vivo. Moreover, when the bandwidth of the spatially localizing RF
pulses are not much greater than the spectral distance between coupled resonances, non-
uniform coherence distribution within the localized volume arises from chemical shift
localization errors (19), resulting in complicated behavior of the multiplets with changing
TE. Due to these spectral complexities, there is paucity in reports of T, relaxation times of
coupled-spin metabolites.

Due to its single-shot volume-localization full-refocusing capability, point-resolved
spectroscopy (PRESS) is widely used in clinical studies. The in vivo evaluation of brain
metabolite T, may depends on MRS sequence. As shown by Michaeli et al. (11), signal
reduction due to the molecular diffusion effects may result in reduced T estimates (T5")
when measured with PRESS, compared to Carr Purcell-type sequences. Thus, signal
reduction with increasing TE may be greater in PRESS than in sequences with increased
number of 180° RF pulses. Thus, the Glu T, values obtained using a triple-refocusing
method (16) may not be directly applicable to PRESS measures of Glu at intermediate or
long TEs. Given the field dependence of metabolite T, measures (11) and the utility of long-
TE approaches for measurements of J-coupled metabolites at 3T, a field strength
increasingly available for in vivo spectroscopy, measurement of T, of coupled metabolites
by PRESS at 3T is of high significance.

Here, we report measurements of apparent proton T relaxation times (T, ") of metabolites in
the human brain at 3T, using a PRESS sequence. The metabolites include Glu, mins, NAA
aspartate (Asp) moiety, and N-acetylaspartylglutamate (NAAG), in addition to tCr, NAA
and choline singlets. Four echo times in the range 50-400 ms were selected from computer
simulations that incorporated the shaped RF and gradient pulses, and validated in phantoms.
In vivo results from the gray- and white-matter dominant occipital regions in five healthy
volunteers are presented.
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MATERIALS AND METHODS

Experiments were carried out on a 3.0 T whole-body Philips scanner with actively shielded
gradient coils (maximum gradient strength 80 mT/m; slew rate 200 mT/m/ms) (Philips
Medical Systems, Best, The Netherlands). An integrated body coil was used for RF
transmission and an eight-channel phased-array head coil for signal reception. A PRESS
sequence was used for measurement of apparent T, (T ") of brain metabolites; 90 — TE1/2 —
180 — TE1/2 — TE,/2 — 180 — TE,/2 — Acquisition. Single-voxel localization was obtained
with a 9.8-ms amplitude/frequency-modulated 90° RF pulse (bandwidth = 4.25 kHz) and
13.2-ms amplitude-modulated 180° RF pulses (bandwidth = 1.27 kHz), the same RF
envelopes used as in a prior study (20). A vendor-set maximum allowed RF field intensity
(B1 = 13.5 uT) was used for the RF pulses. The slice selection was obtained along the
anterior-posterior, left-right, and foot-head directions using the 90° and the first and second
180° RF pulses, respectively, for which the gradient strength was 4.0 and 1.0 mT/m for slice
thickness of 25 and 30 mm, respectively. A pair of spoiling gradients (3.5 ms long; 20 mT/
m) was applied in the same direction as that of the slice selective gradient for each 180°
pulse.

Four pairs of PRESS subecho times were used for T, measurement; (TE;, TE,) = (32, 22),
(32, 80), (32, 214), and (36, 338) ms. Here, the echo time pair (32, 22) ms was the shortest
possible for the chosen RF and gradient pulses. The other three TE1-TE, pairs were obtained
from density-matrix simulations, largely focusing on Glu. The C4-proton multiplet of
glutamate was varied with changing TE due to the J coupling effects, giving relatively large
and positive signals at TE = ~110, ~250, and ~370 ms, for which the subecho times were
asymmetric (TE; # TE5). We chose subecho time pairs with TE; < TE, because residual
eddy current artifacts may be less in these pairs than in TE1 > TE,. The simulations were
performed including the effects of the shaped RF and gradient pulses as well as the Zeeman,
chemical shift and J coupling effects, thus the effects of the finite bandwidth of volume
selective RF pulses are accounted for precisely. Published chemical shift and coupling
constants were used in the simulation (18). The simulations were programmed with Matlab
(The MathWorks Inc., Natick, MA, USA).

The optimized PRESS echo times were tested in an aqueous solution (pH = 7.2) with Cr (8
mM), Glu (20 mM), and GIn (20 mM). Phantom spectra were obtained from a 25x25x25
mm3 voxel, using a TR of 10 s (> 5T4), and compared with numerically-calculated spectra.

In vivo measurement of brain metabolite T, was conducted in five healthy volunteers (2
female and 3 male; age 2747 years). 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. Following survey scans, T1-weighted images (MP-RAGE)
were acquired (TR/TE/TI = 2500/3.7/1300 ms; flip angle = 8°; field of view = 240x240%150
mm; 150 slices; resolution = 1x1x1 mm3). Spectroscopic data were obtained from the
medial occipital and left occipital regions (voxel size 25x30x30 mm3), which are
predominantly gray- and white-matter, respectively. The number of averages was 16, 32, 64,
and 128 for the four TEs, respectively, to compensate for the SNR loss at longer TEs,
similarly to the prior study (12). First- and second-order shimming for the selected volume
was carried out using the fast automatic shimming technique by mapping along projections
(FASTMAP) (21). The linewidth of the water signal was ~7 Hz at TE = 54 ms. Data
acquisition parameters included; TR = 3 s, sweep width = 2.5 kHz, and sampling points =
2048. Following 6 dummy scans, signals were recorded in multiple blocks, each with 4
averages. A 64-step phase cycling scheme was used for the PRESS data acquisition. The
carriers of slice-selective RF pulses were set at 3 ppm. A four-pulse variable-flip-angle
scheme was used for water suppression. Unsuppressed brain water signals were acquired at
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the four TEs with the same gradient schemes as those of water-suppressed acquisitions. The
total MR scan time was ~1 hr including the shimming, power calibration, and water imaging
times.

The multi-block data were processed individually for correction of eddy current artifacts and
frequency drifts using an in-house written MATLAB program. Residual eddy current effects
were minimized using the unsuppressed brain water signal. The frequency drifts were
corrected using the NAA singlet as a reference. Data were apodized with a 1-Hz exponential
function for enhancing SNR and removing potential artifacts in the later part of FID.
Spectral fitting was performed using the LCModel software (22). 3D volume localized
model spectra of brain metabolites were numerically calculated and used as a basis function
for the fitting. The basis function included 18 metabolites; tCr, NAA, Glu, mins, GABA,
NAAG, GPCPC (glycerophosphocholine + phosphocholine), GIn (glutamine), GSH
(glutathione), glycine, taurine, scyllo-inositol, acetate, aspartate, phosphoethanolamine,
ethanolamine, lactate, and threonine. Given the potential differences in relaxation times
between resonances within a metabolite, model spectra were created individually for
subgroups of the metabolite according to their coupling connections. These metabolites
included tCr (methyl and methylene groups), NAA (acetyl and aspartate moieties), NAAG
(acetyl, aspartyl, and glutamate moieties), and GSH (glycine, cysteine, and glutamate
moieties). The spectral fitting range was set to 0.5 — 4.1 ppm. Cramér-Rao lower bounds
(CRLB), which represent the lower bound of precision, were returned as a percentage
standard deviation (%SD) with respect to the signal estimates. The LCModel estimates of
signal strengths at the four echo times were fitted with a monoexponential function,
exp(-TE/T,1). The fitting was performed on LCModel estimates with CRLB less than 20%
at all the four TEs. The T1-weighted images were segmented, using Statistical Parametric
Mapping software (SPM5), to obtain the fractions of gray matter (GM), white matter (WM),
and cerebrospinal fluids (CSF) within the voxels.

Figure 1 presents comparison between numerically calculated (sum) and phantom spectra of
Glu, Cr3 (Cr-CHj3) and Cr2 (Cr-CH,) for the four pairs of PRESS subecho times, together
with a calculated spectra of individual metabolites. The signal strength and spectral pattern
of Glu and GIn varied with changing echo time due to the J evolution of the coupled
resonances. The echo time dependence of the multiplets was in good agreement between
calculation and experiment for both Glu and GIn. The Glu multiplet pattern was well
preserved at the optimized echo times (except for (TEq, TEp) = (32, 22) ms). These
simulation results were reproduced in phantom spectra, with phantom T's of Glu, GIn, Cr-
CHg3 and Cr-CH> at 720, 660, 1190 and 890 ms, respectively.

Figure 2 presents in vivo spectra from medial occipital and left occipital cortices of 5
subjects enrolled in the study, obtained at the four pairs of PRESS subecho times, together
with voxel positioning (voxel size 25x30x30 mms3). The spectra from the 5 subjects showed
similar pattern for each voxel, indicating consistent voxel positioning between the subjects.
The spectral patterns in the 2.2 — 2.5 ppm and 3.4 — 3.65 ppm regions, which were largely
attributed to Glu and mlns, respectively, showed good agreement between the subjects. The
GPCPC singlet intensity was quite different between the regions, likely due to differences in
gray and white matter contents within the voxels. The GPCPC singlet at 3.2 ppm was about
50% the tCr-CHs singlet at TE = 54 ms. This signal ratio increased with TE and their signal
strengths were similar at TE = 374 ms, indicating a long T, of GPCPC compared to that of
tCr. Segmentation of Tq-weighted images gave mean fractions of GM, WM and CSF as
60+3, 2542 and 15+1% for medial occipital, and 16+2, 74+4 and 10+2% for left occipital,
respectively. Figure 3 displays in vivo spectra at the four PRESS TEs from the medial and
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left occipital cortices of a healthy subject (subject 1 in Fig. 2), together with LCModel fits
and residuals. The spectra were all well reproduced by the fits, resulting in residuals without
considerable dependence on chemical shift resonance. Due to the increased number of signal
averages at the longer TEs (16, 32, 64 and 128 for TE =54, 112, 246 and 374 ms,
respectively), the residuals were progressively smaller with increasing TE.

Monoexponential fitting for metabolite T, estimation was performed for LCModel
estimates at the four TEs that had CRLBs less than 20%. The fitting included the multiplets
of Glu, mins, the NAA-Asp moiety, and the NAAG singlet, in addition to the three
prominent signals, i.e., the singlets of tCr (3.03 ppm), NAA (2.01 ppm) and GPCPC (3.2
ppm). The CRLB of Glu was 2 - 4% at TE = 54, 112 and 246 ms, and 4 — 5% at TE = 374
ms for both brain regions, as shown in Fig. 4a. The mins CRLBs were somewhat larger, the
mean values being 4, 4, 6 and 9% at TE = 54, 112, 246 and 374 ms, respectively (Fig. 4).
The mean CRLBs of NAA-Asp were 3, 4, 4 and 5% at the four TEs, respectively. For the
NAAG singlet, only the data from the left occipital region gave CRLBs less than 20% at the
four TEs (i.e., mean values were 6, 7, 7 and 8, respectively). Compared to left occipital, the
data from medial occipital gave much greater CRLBs. The CRLBs were less than 20% only
at TEs shorter than 374 ms, at which NAAG estimates were not reliable (CRLB > 50). The
NAAG T, fitting was therefore performed for left occipital only. The methyl group proton
signals of tCr, NAA and GPCPC were all well defined, giving CRLBs less than 3% at all
TEs. Figure 4b presents the correlation coefficients between the estimates of Glu and several
metabolites having resonances adjacent to the Glu signals. While Glu and GIn showed more
or less negative correlations at TE = 246 and 374 ms, the two short TEs gave positive
correlations between the metabolites, implying that the Glu and GIn estimation could be
influenced by other metabolites, which may include GABA, GSH and macromolecules. At
TE = 54 ms, the macromolecule signals may not be attenuated completely, but since the Glu
and GIn C4-proton multiplets were not extensively overlapped as indicated in Fig. 1, the
covariance between Glu and GlIn were similar at TE = 54 and 112 ms. The correlation
coefficients of Glu with respect to other resonances were more or less within +0.5 at the four
TEs, indicating that the Glu signals were estimated without substantial uncertainties due to
the neighboring interferences, which may provide Glu T, estimation with acceptable
precision.

Figure 5 illustrates monoexponential fittings for several metabolite signals for the spectra
from subject 1 shown in Fig. 2. The upper panel shows fits of major singlet signals (i.e., tCr-
CHstCr-CHoNAA and GPCPC) and the lower panel shows Glu, mins, NAA-Asp, and
NAAG. The signal decay vs. TE was well represented by a monoexponential function,
giving coefficients of determination (R2) of monoexponential fitting close to unity. Table 1
shows mean T," and R?2 of the metabolites and p values from paired t-tests (uncorrected and
Bonferroni corrected) for the T, values between the medial occipital and left occipital
regions. The T, of Glu was measured to be 181+16 and 180+12 ms (mean+SD, N = 5) for
medial occipital and left occipital, respectively. The mins T, was estimated as 197+14 and
196+17 ms, respectively. For these coupled-spin metabolites, the T, was measured to be
very similar between the two regions (p > 0.8). The Glu and mins data were well fitted with
a monoexponential function for both regions, with R? ~ 0.99 and 0.97, respectively. The
T,'s of tCr-CH3tCr-CH, and GPCPC were measured to be ~150, ~120 and ~230 ms for
both regions, respectively. The T, of the NAA singlet was observed to be ~260 and ~310
ms for medial occipital and left occipital, respectively. The difference was statistically
significant (p = 0.008; paired t-test). The T, of the NAA-Asp CH, resonances was also
observed to be quite different between the regions (~220 and ~280 ms, respectively; p =
0.009). The reliability of the T, fitting of this NAA multiplet was low, as indicated by large
standard deviations and relatively small R? values. The p-values from Bonferroni correction
for NAA and NAA-Asp were close to 0.05, indicating statistical evidence for the presence
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of relaxation time differences between the two regions. The T, of the NAAG singlet was
measured as ~290 ms for the left occipital region, with mean R2 of 0.934. In addition, the
brain water T, was estimated using the unsuppressed water signals acquired with PRESS.
The water signals did not exhibit a monoexponential TE dependence consistently, primarily
due to the long T, effects of the CSF water. Thus, the water signals at TE = 54, 112, and 246
ms only were used for T, estimation, giving T, of ~83 ms for both medial and left
occipital, as shown in Table 1.

DISCUSSION

The present study reports apparent T, values of brain metabolites, including Glu, mins,
NAA-Asp, and NAAG, in addition to the major singlets. The signal intensity and spectral
pattern of coupled-spin metabolites vary with changing TE due to the effects of J evolution
as well as the transverse relaxation. Therefore, when basis spectra that include the J
evolution effects are used for spectral fitting on multi-TE data, the relaxation time constant
can be obtained directly from the TE dependence of the spectral fitting estimates. Moreover,
for spectra obtained with PRESS volume localization, the signals of coupled resonances are
largely affected by the 180° pulses. The effects of the finite bandwidth and imperfect
refocusing profile have to be taken into account to evaluate the scalar coupling effects on the
signals. This was accomplished incorporating the actual RF pulse waveforms in calculating
the basis spectra in the present study.

The four TEs used in this study appear to be reasonably optimal for T, estimation of Glu
and mins in the human brain. Although the shortest TE (54 ms) may not be sufficiently long
for complete suppression of macromolecule signals, spectral fitting using precisely-
calculated basis spectra differentiated effectively the metabolite signals from the residual
macromolecule signals, leading to Glu and mins CRLBs smaller than those at short TES in
prior studies at the same field strength (23,24). At long TEs, the metabolite signals were
attenuated substantively, but using the proper basis spectra the CRLBs of Glu and mins of
the present study were comparable to those of the prior short-TE studies (< 10%). The
resonances of Gln are proximate to the Glu resonances, but the GlIn signals were resolvable
with CRLB < 20% at TEs 54, 112, and 264 ms (mean CRLB = 12+4%, 11+4%, and 8+3%
(n = 10), respectively). The GIn signal at TE = 374 was not properly measurable (CRLB >
100%) likely due to the insufficient SNR. Given that the precision of signal estimates is
governed by SNR and critical for relaxation time estimation, measurements at the four TEs
with various number of averages allowed us to achieve acceptable precision of LCModel
estimates and T, values for several J-coupled metabolites, as indicated by the R2 values
comparable to those in recent T, studies with greater number of TEs (12,14,17). Despite the
increased number of signal averaging at the long TE (128 averages), the CRLBs of mins at
TE = 374 ms were relatively large (9.1+2.0%, N=10) due to the extensive signal degradation
arising from the J coupling effects (Fig. 4).

The estimated T, values of the present study may well be apparent relaxation time
constants, presumably specific to the PRESS sequence used. With the changing inter-RF
pulse delays for multi-TE measurements, the relaxation estimates may include the effects of
spin-spin relaxation (T,) and molecular diffusion under the field gradients created by
magnetic susceptibility distribution, thereby resulting in T,T < T,. The T, of brain
metabolites may be measured employing constant, short inter-RF pulse delays in multi-TE
scans in vivo (11). In the present study, signal reduction due to diffusion under spoiling
gradient pulses may be minimal and equal at all TEs since the diffusivity of metabolites in
the human brain is low (< 0.3x10~" m?/s) (25) and the inter-gradient pulse intervals were
relatively short (~17 ms) and kept constant in the multi-TE scans. The molecular diffusion
effects associated with the pulsed field gradient pulses may therefore be negligible in our
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relaxation estimates. In addition, the use of constant TR of 3 s for the multi-TE scans may
lead to relaxation estimates shorter than the To. However, this effect does not seem
substantial. The trajectory of the longitudinal magnetization in the steady-state condition
(TR < 5xT,) is varied with changing TE, resulting in unequal initial longitudinal
magnetization prior to the 90° excitation in multi-TE scans (26). Assuming that for a PRESS
sequence the ratio of the steady-state initial longitudinal magnetization to the thermal
equilibrium magnetization is given by 1 — Etg + 2ETrE; — 2E7RE), Where Etr = exp(-TR/
T1), E1 = exp((TE1/2)/T1), and E, = exp((TE; + TE,/2)/Ty), the T, estimates can be
corrected for constant-TR effects using known T values. For published T, of ~1.2 s for Glu
and mins at 3T (9,12), the steady-state constant-TR effect on the T, estimates of the present
study is predicted to be only 1.5% compared to T, estimates from TR » T;. For tCr and
NAA with T of ~1.4 s, the discrepancy may be 1.6%.

Prior studies of relaxation time measurements for brain metabolites indicated consistently
that T,' of the NAA singlet differs between gray and white matter (9,12,14,15). The T,'s of
the NAA singlet from the medial occipital and left occipital regions in the present study
were similar to those of the prior studies for occipital GM and WM (9,12), indicating that
GM and WM were dominant in the voxels positioned in the medial occipital and left
occipital cortices in the present study, respectively, in agreement with the GM, WM and
CSF estimates shown earlier. The NAA-Asp CH, multiplet also showed T, longer in left
occipital than in medial occipital, most likely due to the different fractions of GM and WM
within the voxels. The NAA-Asp T,T was measured separately from the NAA singlet. While
it is necessary to individually fit the subgroups of metabolites to take into account possible
differences in relaxation times between resonances within a metabolite, this approach may
decrease the precision of spectral fitting. The NAAG signals from the left occipital region
were measurable with CRLB < 20% at the four TEs, most likely because of its relatively
high concentration in WM compared to that in GM, as indicated by prior studies (27,28).
For the medial occipital cortex, CRLB of NAAG was less than 20% at TEs other than the
longest TE in 4 subjects. Monoexponential fitting of the data at the three TEs gave an
NAAG T, of 252+49 ms, implying that the NAAG relaxation time may differ between GM
and WM, similarly to NAA.

The T,' of Glu in the GM and WM dominant regions in the human brain was estimated to
be about the same in the present study (180 ms), similarly to a prior study (16), but
somewhat shorter than the previously reported value (200 ms). Although the investigated
brain regions differ (occipital vs. frontal), given that the metabolite T, estimation depends
on the number of refocusing RF pulses (11), the difference in Glu T,'s from the two studies
may be in part due to the difference in the effects of inter-RF pulse molecular diffusion
during the sequences (dual refocusing vs. triple refocusing). Presumably for a similar reason,
the tCr-CHs T, was shorter in the present study (~150 ms) than in the prior triple-
refocusing study (~165 ms). In the present study, Glu T, was measured to be much shorter
than NAA-CH3 T,T (~290 ms). The large T, difference between Glu and NAA was also the
case in phantom solutions (~700 vs. 1200 ms). These in vivo and phantom results may be as
expected given that the CH, protons (Glu) are most likely less mobile than the CH3 protons
(NAA) and consequently the motional averaging of the dipole-dipole interaction occurs less
in Glu than in NAA. In the brain, Glu and NAA are largely present within neuronal cells and
the intra-molecular dipolar interaction may be a dominant mechanism for T relaxation in
both Glu and NAA. However, for tCr, the T,' (3.02 ppm) was shorter than the NAA-CH3
T," in many prior studies (7-15) and in the present study. This may not be due to the
difference in the diffusion-induced dynamic dephasing since the diffusion constants of tCr
and NAA are similar (29-31). The relatively short T, of tCr may be a result of tCr-to-water
magnetization transfer occurring via immobile proton pools (32,33). Since in all prior and
present T, studies the data were acquired following water suppression (i.e., creation of large
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magnetization difference between the tCr and water proton pools with respect to their
thermal equilibrium values), the tCr signals may undergo further relaxation with increasing
TE in addition to the relaxation caused by the intra-molecular dipolar interaction, thereby
leading to reduced T,T, shorter than that of Glu T,, as in the present and prior Glu T,
studies. The tCr T, may become longer when measured without water suppression. In
phantom solutions, in which the magnetization transfer is not present, the Cr-CHz and NAA-
CHs T,'s are similar due to the similarity in their dipolar interaction strength. For the brain
water (excluding CSF), the T, was measured to be short (~80 ms) compared to metabolite
T, because of the strong intra-molecular interactions and the high diffusivity in water (29—

31).

In conclusion, we have demonstrated measurement of apparent proton T, of coupled-spin
metabolites in the human brain using a PRESS sequence at 3T in vivo. The signals of brain
metabolites, including Glu, mins and NAAG, were resolved, for the GM-dominant medial
occipital and WM-dominant left occipital regions, at four selected echo times using spectral
fitting with numerically calculated basis spectra. Further studies will be required to
determine variations in relaxation times across brain regions and in disease conditions.
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Abbreviations

PRESS
STEAM
CRLB
SD
SNR
RF
FASTMAP
Cr

Glu
GIn
GSH
GABA
GPC
PC
mins
NAA
NAAG

Asp

point-resolved spectroscopy
stimulated-echo acquisition mode
Cramér Rao lower bound
standard deviation
signal-to-noise ratio
radio-frequency

fast automatic shimming technique by mapping along projections
creatine

glutamate

glutamine

glutathione

y-aminobutyric acid
glycerophosphocholine
phosphocholine

myo-inositol

N-acetylasparate
N-acetlyaspartylglutamate
aspartate
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Comparison between numerically calculated and phantom spectra of Glu (20 mM), GIn (20
mM), and Cr (8 mM) for the four pairs of PRESS subecho times (TEy, TEy) used for in vivo
T, measurements. Spectra were broadened to 2.5 Hz. Spectra were calculated ignoring the

signal reduction due to T effects.
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Figure2.

I n vivo spectra, at the four (TEq, TE) pairs of PRESS, from medial occipital and left
occipital cortices of five healthy volunteers are presented together with voxel positioning
(size 25x30x30 mm3). Spectra are normalized with respect to the NAA singlet at TE = 54
ms for each brain region. FIDs were filtered with a 1-Hz exponential function prior to the
Fourier transformation. The number of signal averages was 16, 32, 64, and 128 for TE = 54,
112, 246, and 374 ms, respectively (TR =3 s).
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Figure 3.

In vivo spectra at the four (TE4, TE5) pairs of PRESS from medial occipital and left occipital
cortices of a healthy volunteer (subject 1 in Fig. 2) are shown together with LCModel fits
and residuals. The decreasing residual levels with increasing TE are due to the different
number of signal averages (16, 32, 64, and 128, top to bottom). Spectra are normalized with
respect to the NAA singlet at TE = 54 ms for each voxel.
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(a) The CRLBs of Glu and mlIns are shown for the four TEs used for T, measurement.
For each TE, five data points on left (circle) represent CRLBs in spectra from medial
occipital, and five data points on right (triangle) from left occipital. (b) The correlation
coefficients, returned by LCModel, between Glu and metabolites having resonances in the
proximity of the Glu signals. The metabolites include GlIn (circle), GABA (square), GSH
Glu moiety (triangle up), NAA-CHj3 (triangle down), NAAG-CH3 (diamond), and NAAG

Glu moiety (hexagon).
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Figurebs.

Monoexponential fitting of LCModel estimates vs. TE (= TE; + TE,) for the medial
occipital and left occipital lobes. The upper panel shows fits of major singlet signals (tCr-
CHas, tCr-CH,, NAA and GPCPC) and the lower panel shows fits of major multiplets (Glu,
mins and the NAA aspartate moiety) and the NAAG singlet (left occipital only). Error bars
indicate the standard deviation of the LCModel estimates.

NMR Biomed. Author manuscript; available in PMC 2013 December 05.



Page 16

Ganji et al.

- ¥886'0 6660 GFE8 8660  [¥FEB FEINY
- - ve6'0  GEFI6T - - OVVN
/G900 ¥6000 €960 €2F¥8Z 9860 £€¥zzz  dsv-VVWN
T Tve6'0 €860  LTF96T  L.60  YIFLET sujw
T 60880 ¥66'0 CIFOST 9660  9TFIST no
T 69120 €660 GIFrge 1860 EIFT¥Z  OdIdD
G¥S0'0 8000 6860 9TF60E G660  TIF8ST VYN
T 05/8°0 8660 TITEZT 8660 9Fpgl  CHO-IO
€850  6€80°0 866'0 LFIST 8660 OTFLYT  EHO-ID}
d d A bw el M w) L
pewe.iod 1))
luosRuog  polled  [eHdpoo T [endiooo eIpS A

"(S=N) QSFuesw ale ;4 pue ¢| 'sw 9pg pue ‘ZTT ‘¥G = 31 1e s[eubls sy} Wolj parewnss sem ] Joyem ayl ‘T 01 19s sem anjeA d sy} ‘auo uey) 1ayealh
sem anjen-d pajoallod-luoiauog ayl usymn (DN Buipnjoxa ‘2 “a°1) salljogelsw Jo Jaquinu ayi Ag sanjea-d paloaliodun ayi BuiAjdninw Aq paurelqo
81aM san[eA-d pa1oallod-1uoLIgjuog ay L "suolfial ureiq OM) S} USSMIS] S30UBIBHIP (¢ 10} sanjeA-d yim Jayiahiol umoys aue se01110d [e3d1020 Ya| pue
[e)1d1020 [eIPSW Y} W04 eIep JSJeM pue saijogelsl 4o Buiiy [eusuodxsouow Jo (;4) UOHBUILLISISP JO SIUSIDNYB0D ay pue sanfeA (;¢1) <1 Jusseddy

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript

NMR Biomed. Author manuscript; available in PMC 2013 December 05.



