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ABSTRACT

The need to quantify brain glutathione (GSH) accurately by J-difference spectroscopy has stimulated assessment of the TE effects
on GSH edited signals at the popular field strength 3T. We performed multiple-TE J-difference MRS at two sites to evaluate the
GSH T, relaxation and TE dependence of the GSH signal resolution. Two 10-ms spectrally selective Gaussian editing RF pulses
were implemented in 3T MEGA-PRESS sequences at two sites having different vendors. The sequences were optimized, with nu-
merical and phantom analyses, for editing of the GSH 2.95 ppm resonance. The timings of the editing pulses within the sequences
were tailored for high-amplitude GSH signal production for a TE range of 58-160 ms. In vivo human brain data were collected at
five TEs (58, 70, 88, 116, and 150 ms) from five subjects at each site. Following LCModel analysis of difference and edit-off spectra
independently between the sites, metabolite T, values were estimated with mono-exponential regression of the signal estimates.
Simulations and phantom data indicated that the MEGA-edited GSH peak amplitude was progressively larger with increasing
TE up to 125-140 ms and the maximum amplitude was 2- to 2.5-fold greater than the amplitude at TE of 58 ms. For in vivo data,
the edited GSH peak was the largest at TE of 88 ms among the five TEs. Brain GSH T, was measured as 88 + 11 ms from 10 sub-
jects, with no significant difference between the sites. The LCModel-returned correlation coefficient between GSH and co-edited
N-acetylaspartate (NA A) multiplet was significantly smaller at short TEs than at long TEs. Our data suggest that MEGA-edited
GSH signal undergoes extensive attenuation with increasing TE due to the fast T, relaxation, and the edited GSH signal can be
well resolved at short TEs with small interferences from adjacent co-edited NA A multiplet.

Abbreviations: CRLB, Cramér-Rao lower bounds; FID, free-induction decay; FWHM, full width at half magnitude; GSH, glutathione; MEGA, Mescher-Garwood; NAA, N-acetylaspartate;
PRESS, point-resolved spectroscopy; RF, radiofrequency; SNR, signal-to-noise ratio; SS, slice selective; tCr, creatine plus phosphocreatine; tCho, glycerophosphocholine plus phosphocholine;
tNAA, N-acetylaspartate plus N-acetylaspartylglutamate.
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1 | Introduction

Glutathione (GSH), a major antioxidant, plays an important role
in protecting reactive molecules in living cells against oxidative
stress [1]. Altered concentrations of GSH in the human brain
have been reported in several neurological diseases such as
cancer [2], schizophrenia [3], multiple sclerosis [4], Parkinson's
disease [5], epilepsy [6], and Alzheimer's disease [7], as mea-
sured by proton MRS. The capability to measure the brain GSH
level noninvasively and accurately by MRS is therefore of value
clinically.

GSH is a tripeptide consisting of glycine, cysteine, and gluta-
mate moieties and presents MR signals at many spectral loca-
tions [8]. All these GSH resonances appear in the proximity
of abundant resonances of other brain metabolites, and as a
result, none of the signals from this low-concentration metab-
olite are visually discernible in conventional MR spectra from
the brain at the clinically popular field strength 3T or below.
This spectral complexity is commonly overcome by means of
spectral editing approaches incorporating the J-coupling fea-
tures of the GSH spin system. Among many spectral editing
approaches, J-difference spectroscopy (MEGA) [9] is well es-
tablished and widely used to selectively detect the ~2.95ppm
resonance of the cysteine moiety, whereas the neighboring
abundant total creatine (tCr) singlet (3.03 ppm) and the multi-
plet of y-aminobutyric acid (3.01 ppm) are suppressed via sub-
traction between subscans [10, 11].

The proton spin resonances of the GSH cysteine moiety may
be modeled by an ABX system with A, B, and X spins reso-
nating at 2.93, 2.97, and 4.56 ppm, respectively, and scalarly
coupled with strengths of J,,=7.1Hz, J;y=4.71Hz, and
J,p=-14.1Hz [8]. In MEGA spectroscopy, when the 4.56-ppm
resonance is selectively rotated through 180° in edit-on scans,
the resulting positive signal of GSH at 2.95 ppm remains about
the same with changing TE in a long-T), situation such as in an
aqueous solution. As the GSH proton spins undergo ordinary
J evolution during the edit-off sequence, the difference-edited
GSH signal yield changes with the TE of the MEGA sequence.
Because the edit-off signal of GSH is progressively inverted
with increasing TE up to 140 - 150 ms, where the in-phase
coherences of the CH, proton resonances are maximized with
negative polarity, the difference-edited 2.95-ppm signal in-
creases progressively with TE up to 130-140 ms. Many prior
brain GSH measurements using MEGA MRS were performed
with TEs longer than 100 ms [11-13], largely based on phan-
tom observations.

Determination of an optimum TE of MEGA spectroscopy
may require the T, of the target resonance in addition to the
J-evolution effect. GSH is a large and heavy molecule (molec-
ular weight of 307 g/mol). Compared with other brain metab-
olites, the proton spins of GSH may undergo much faster T,
relaxation, as indicated in a prior GSH T, study at 4T (T, of
67 ms) [14]. There is a paucity in brain GSH T, measurements
at 3T.

Designing MRS sequence parameters for maximum possible
signal yield would be important for detecting a weak reso-
nance. Sequence tailoring for maximizing the peak amplitude

may be preferable in MRS as it is directly relevant to the signal
detectability and signal-to-noise ratio (SNR). The amplitude
of a multiplet can be enhanced by manipulating the in-phase
and antiphase coherence evolutions. In MEGA-PRESS, the
timings of the spectrally selective editing pulses with respect
to the second slice-selective 180° pulse provide an effective
means to manipulate the coherence evolution during the ed-
it-on sequence and eventually enhance the peak amplitude in
difference spectra, as demonstrated in a recent lactate MEGA
MRS study [15].

Here, we report evaluation of the GSH T, in the human brain
at 3T, achieved with MEGA-PRESS at two sites with different
vendors. Multiple TEs for T, evaluation are introduced incor-
porating optimized timings of the editing pulses. In addition to
GSH T, evaluation, multi-TE spectral analysis is discussed for
assessing the TE dependence of the difference-edited GSH sig-
nal detectability.

2 | Methods

T, evaluation of GSH in the human brain was performed with
J-difference MRS at two sites, Vanderbilt University Medical
Center (Site 1) and Kyungpook National University (Site 2).
Proton MR experiments were carried out on a Philips 3-T scan-
ner at Site 1 and on a GE 3-T scanner at Site 2 (Table 1). Human
MR protocols were approved by the local Institutional Review
Boards. Written informed consent was obtained from each sub-
ject prior to the MR scans.

Two 10-ms spectrally selective Gaussian editing 180° RF pulses,
truncated at 7% (bandwidth 120Hz), were implemented in the
MEGA-PRESS sequences at the two sites (Figure 1A,B). The ed-
iting pulses were tuned at 4.56 ppm in edit-on scans and turned
off in edit-off scans for editing of the GSH 2.95-ppm resonance.
Single-voxel localization was obtained with vendor-supplied RF
pulses (Figure 1C,D, and Table 1). The minimum TEs of the se-
quences at the two sites were both 58 ms for the given RF and
gradient pulse durations.

Density-matrix simulations were carried out to determine the
TEs for GSH T, evaluation and tailor the timings of the 10-ms
editing pulses with respect to the second slice-selective 180°
RF pulse (ie., 7, and 7, in Figure 1A). The time evolution of
the density operator during the sequence was numerically cal-
culated using a product-operator-based transformation-matrix
approach [16], programmed with Matlab (The MathWorks Inc.).
Transformation matrices were created for the slice-selective
90° and 180° pulses, incorporating the actual slice-selective
RF and gradient pulse envelopes, and used to calculate single-
voxel localized MEGA spectra according to a published algo-
rithm (Supplementary Methods) [17]. Spectra were calculated
for a TE range of 58-160ms with 1-ms increments and for all
possible 7, and 7, values with 0.5-ms increments at individual
TEs. The total number of timing sets, (TE,, TE,, 7;, 7,), was
364,312, for each of which the edit-on, edit-off and difference
spectra were calculated. For each TE, three sets of t values
were defined: (1) (z;, 7,) of maximum GSH edited peak ampli-
tude (optimum-7), (2) maximum (z;, 7,) values (maximum-1),
and (3) (z;, 7,) satisfying 7, =7,=TE/4 (quarter-TE 7). The GSH
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TABLE1 | MRIscanners and the parameters of slice-selective (SS) RF pulses and in vivo human brain MRS scans at Site 1 and Site 2.

Parameters

Site 1

Site 2

MRI vendor

RF transmission

RF reception coil

SS90° pulse duration
SS90° pulse bandwidth
SS180° pulse duration
SS180° pulse bandwidth
SS pulse carrier frequency
Editing pulse duration
Editing pulse bandwidth
Human subjects

Age

Gender

Voxel size

TR

TE

Number of excitations

Philips Elition 3T
Whole-body coil
32 channel coil
7.1ms
2.2kHz
6.9ms
1.3kHz
3.0ppm
10 ms (Gaussian envelope)
120Hz
5 healthy adults
25+ 4years
2 male and 3 female
25%30x30mm?
2s
58,70, 88, 116, and 150 ms
80 edit-on and 80 edit-off

GE Signa Architect 3T
Same as left
48 channel coil
3.6ms
2.4kHz
8.0ms
2.6kHz
2.7ppm
Same as left
Same as left
Same as left
25+ 2years
Same as left
Same as left
Same as left
Same as left

Same as left

Sweep width 2500Hz 5000Hz
Number of sampling points 2048 4096
BO shimming Second order First order
Hz/ppm 127.75 127.76

peak amplitude was calculated from spectra broadened to a
singlet linewidth (FWHM) of 6 Hz (3-Hz exponential and 3-Hz
Gaussian broadening).

Phantom MRS experiments were carried out using an aqueous
solution with GSH 20mM and glycine 30 mM at Site 1 and using
a solution with GSH 20mM and glycine 20mM at Site 2. Both
solutions were at neutral pH. Data were collected at five TEs
(58, 70, 88, 116, and 150 ms), with TR 25, 16 excitations for each
subscan, and voxel size of 25X 25x25mm?3. The three 7 schemes
were tested at Site 1, but only the maximum-7 scheme was tested
at Site 2 because the other two schemes were not available in the
sequence implementation.

In vivo brain MRS data were collected from five healthy adult
subjects at each site. The scan parameters are shown in Table 1.
Data were acquired from 25x30x 30mm? voxels in the me-
dial posterior brain in individual subjects. Water suppression
was obtained with variable flip-angle schemes [18, 19]. The
editing pulse timings were set to the optimum-7 scheme at Site
1 and to the maximum-7 scheme at Site 2. Water-suppressed
FIDs were recorded in multiple blocks. For Site 1, the editing
pulse carrier frequency was switched in alternating blocks,
each block having 16 averages of water-suppressed RF-phase-
cycled FIDs. An unsuppressed water signal was acquired with

editing pulses turned off at the beginning of each block and
used as reference in multichannel combination and eddy-
current compensation. Frequency drifts were corrected real
time in each excitation using a vendor-supplied tool. For Site
2, the edit-on and edit-off subscans were executed in alternate
fashion and each FID was recorded separately. An unsup-
pressed water signal was acquired with editing pulses turned
off at the beginning and used as reference in multichannel
combination and eddy-current compensation. An eight-step
phase cycling scheme was applied for each of edit-on and edit-
off acquisitions.

The in vivo multiblock MEGA-PRESS data were frequency
aligned and phase corrected prior to summation. Data were
apodized with 1-Hz exponential and 1-Hz Gaussian func-
tions before Fourier transformation. Spectral fitting of dif-
ference spectra was then performed with LCModel software
[20] using an in-house basis set of 20 metabolites, which
included GSH, N-acetylaspartate (NAA), NAA aspartate,
N-acetylaspartateglutamate, creatine, phosphocreatine, phos-
phocholine, glycerophosphocholine, glutamate, glutamine,
aspartate, taurine, myo-inositol, ethanolamine, phosphoetha-
nolamine, glucose, lactate, threonine, and macromolecular spe-
cies resonating at 1.42 and 1.24 ppm [21]. The LCModel built-in
macromolecules and lipids bases were excluded in the fitting.
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FIGURE 1 | (A) Schematic diagram of the single-voxel localized MEGA-PRESS sequence of the present study. The first subecho time TE, was
15 and 16 ms at Site 1 and Site 2, respectively. The TE, period had two editing 180° Gaussian pulses (E180) applied at time intervals 7, and 7, from
the second slice-selective 180° pulse. Slice-selective gradients are shown in brown and spoiling gradients in green. (B) The envelope of the 10-ms
Gaussian editing RF pulse (truncated at 7%) is shown together with the Bloch-simulated frequency profiles (120-Hz bandwidth at half amplitude).
The editing pulses were set to 4.56 ppm in the edit-on scans and turned off in the edit-off scans. (C,D) The slice-selective 90° and 180° RF pulses used
at Site 1 and Site 2 are shown together with Bloch-simulated frequency profiles. For Site 1, the 90° and 180° pulses were 7.1 and 6.9 ms long at B, of
13.5uT (both amplitude modulated), giving a 2.2-kHz excitation bandwidth and a 1.3-kHz refocusing bandwidth, respectively. For Site 2, the 90°
and 180° pulses were 3.6 and 8.0ms long, giving a 2.4-kHz excitation bandwidth (B, =14.3uT) and a 2.6-kHz refocusing bandwidth (B, =22.0uT),
respectively. The 90° pulse was amplitude modulated and the 180° pulse was amplitude/frequency modulated. The frequency modulation of the 180°
pulse is not shown for brevity.

Here, NAA denotes a singlet-only basis signal, which was in- GSH T, evaluation was performed with mono-exponential re-
cluded for fitting an artificial singlet that was added at 2.01ppm  gression of LCModel estimates of the difference-edited signal
in difference spectra to achieve proper phasing and frequency at 2.95ppm versus TE. A mono-exponential fitting was also
reference in LCModel fitting, similarly to a prior study [22]. In undertaken on the co-edited NAA multiplet (aspartate moiety).
addition, LCModel fitting of edit-off spectra was performed using LCModel signal estimates of tNAA and tCr from edit-off spec-
a metabolite basis set that additionally included y-aminobutyric tra were similarly analyzed. The T, relaxation-free estimation

acid, glycine, and scyllo-inositol. The LCModel built-in macro- of GSH level was calculated with reference to zero-TE extrap-
molecular and lipid basis signals were included in the edit-off  olated tCr estimation at 8mM [23, 24]. The Cramér-Rao lower
spectral fitting. The metabolite basis signals were prepared in- bounds (CRLB) and correlation coefficients were returned by
corporating the actual slice-selective and spectrally selective RF LCModel as percentage standard deviations of metabolite signal
and gradient pulse envelopes of the MEGA-PRESS sequences, estimates and a measure of signal resolution, respectively. The
according to a published simulation method [17]. Published contents of gray matter, white matter, and cerebrospinal fluids
chemical-shift and J-coupling constants were used in the simu-  within the MRS voxels were estimated from segmentation of the

lations [8]. The spectral fitting was conducted between 0.2 and T1-weighted images using FSL (FMRIB Software Library) [25]
4.0ppm. The basis sets were generated at Site 1. LCModel fitting at Site 1 and SPM (Statistical Parametric Mapping) [26] at Site 2.
was carried out independently at the two sites. Data are presented with mean + standard deviation.
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FIGURE 2 | (A,B) The 7, and , values are plotted versus TE for three schemes for Sites 1 and 2: (1) maximum possible 7, and 7,, (2) optimum 7,
and 7,, and (3) quarter-TE 7, and 7, (satisfying 7, =7, =TE/4). Here optimum 7, and 7, denote the  values where the difference-edited GSH peak am-

plitude was calculated to be maximum in density-matrix simulations. (C,D) The calculated difference-edited GSH peak amplitude is plotted versus
TE for the three T schemes, ignoring T, relaxation effects. Five arrows indicate the TEs at which data were collected for GSH T, evaluation. (E,F) The
calculated difference-edited GSH peak area is plotted versus TE for the three 7 schemes, ignoring T, relaxation effects. In C-F, the peak amplitudes
and areas were calculated from GSH signals broadened to singlet FWHM of 6 Hz. The peak area was obtained between 2.8 and 3.1 ppm.

3 | Results

Numerical simulations indicated that the MEGA-PRESS
difference-edited GSH signal yield depends on the editing-pulse
timings with respect to the second slice-selective 180° RF pulse.
The difference-edited GSH 2.95-ppm peak amplitude exhibited
a local maximum in the (z;, 7,) plane for TEs between 58 and
160ms (Figure S1). These maximum-amplitude, optimum 7, and
7, values increased with TE (Figure 2A,B). For relatively short
TEs (< 95 ms), where 7, and 7, were not very changeable for given
RF and gradient pulse durations, the optimum 7 values were es-
sentially identical to maximum-t values. For the slice-selective
RF pulses of both Site 1 and Site 2, the optimum 7, began to be
smaller than the maximum 7, from TE 95ms, and the optimum
7, became smaller than the maximum 7, from TE 120-130ms.
The calculated difference-edited GSH signal was clearly dif-
ferent between the three 7 schemes. Ignoring the T, relaxation
effect, the edited GSH peak amplitude from the optimum-t set
was maximum at TE 140, at which (z}, 7,) equaled (37, 51) and
(39.5, 46.5) ms for the Site-1 and Site-2 RF pulses, respectively
(Figure 2C,D). The TE 140-ms peak amplitude at Site 1 was

predicted to be 90% with respect to that at Site 2, due largely to
the difference in the slice-selective 180° RF pulse bandwidths
used (1.3 vs. 2.6kHz). The GSH peak amplitude of the maxi-
mum (7, 7,) sets dropped rapidly when TE exceeded 130 ms. The
GSH peak height from the quarter-TE 7 sets was overall lower
compared with the optimum-7 scheme for the entire TE range
studied. The quarter-TE 7 scheme showed the largest peak area
among the three 7 schemes (Figure 2E,F), which was due to gen-
eration of large amounts of the GSH in-phase coherence follow-
ing the quarter-TE 7 sets. The peak area increased progressively
with TE up to 160ms. The calculated TE 160-ms peak area at
Site 1 was 88% with respect to that at Site 2.

Phantom spectra of GSH and glycine are presented together
with calculated spectra in Figure 3A. Whereas the edit-on GSH
signal was positive across the five TEs, the edit-off GSH signal
was somewhat positive at short TEs and inverted at long TEs,
thereby resulting in a progressive increase of the difference-
edited GSH signal with increasing TE. When a phantom T, of
GSH was incorporated (350-400ms), the simulated edit-on,
edit-off, and difference-edited signals of GSH showed good
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FIGURE 3 | (A) Phantom and numerically calculated MEGA-PRESS spectra of glycine and GSH are shown for five TEs (58, 70, 88, 116, and

150ms) for Site 1 (upper panel) and Site 2 (lower panel). For individual TEs, the numbers in brackets are, from left to right, TE;, TE,, 7;, and 7, in mil-
liseconds, where the 7; and 7, values at Site 1 were predicted to give maximum edited GSH peak amplitude (optimum 7,, 7,) and those at Site 2 were
maximum possible 7 values. The spectra were broadened to glycine singlet FWHM of 6 Hz. The simulated spectra were adjusted with the experimen-
tal phantom T, values of glycine and GSH (900 and 400 ms for Site 1 and 850 and 350 ms for Site 2, respectively). (B) The calculated difference-edited
GSH 2.95ppm peak amplitude is plotted (solid lines) versus TE (58-160 ms, with 1-ms increments) for the three 7 schemes for the MEGA-PRESS
sequences of Site 1 and Site 2. Phantom GSH peak amplitudes, measured from the difference-edited spectra shown in A, are plotted (solid circles) on

top of the simulated data (solid line). For Site 1, phantom GSH peak amplitude measurements using three other 7 schemes are also presented.

agreement with phantom spectra for both sites. The difference-
edited GSH peak amplitude was maximum between 125 and
130 ms for optimum-7 and quarter-TE 7 sets (Figure 3B), whereas
the maximum GSH peak amplitude of the maximum-t scheme
occurred at a shorter TE (~115ms).

Figure 4 presents brain GSH T, data and voxel positioning in a
subject at Site 1. The editing-pulse timings were set for maxi-
mum GSH peak amplitude (optimum-7). With the use of 120 Hz
bandwidth editing pulses tuned at 4.56 ppm in edit-on scans,
the effects of the editing pulses on resonances up-field from
3.3 ppm were negligible (< 0.1%), resulting in undetectable sin-
glets of tCho, tCr (3.03 ppm), and tNAA in difference spectra.
In addition to editing of the GSH 2.95ppm resonance, the dif-
ference spectra showed co-edited signals of the creatine CH,
resonance (3.92ppm), NAA multiplet (2.4-2.8 ppm), lactate
(1.31 ppm), threonine (1.32 ppm), and macromolecular species
resonating at 1.42 and 1.24 ppm. The GSH signals at 2.95ppm
were well discernible in all difference spectra at the five TEs.
The brain GSH signal at TE of 88 ms was larger than at other
TEs, which was contrasted with the simulation and phantom
data of optimum-t sets (Figures 2C and 3B), where the GSH

signals at TEs of 116 and 150ms were much larger than that
at 58 ms TE (2.0-2.5 fold). Mono-exponential regression of the
GSH signal estimates versus TE resulted in a T, of 88 ms in
the subject. The T, of the co-edited NAA multiplet was mea-
sured as 238 ms. Monoexponential fitting of tCr and tNAA esti-
mates from the edit-off spectra resulted in T, values of 149 and
240ms, respectively.

In vivo data from a subject at Site 2 is presented in Figure 5.
The editing-pulse timings were set to maximum-7 values. The
TE dependences of edit-off and edit-on spectra were about the
same as those at Site 1. Although the simulated GSH edited
peak amplitude was much larger at 116 and 150 TEs compared
with 58 ms TE (2.3 and 2.0 fold, respectively) (Figure 2D, green
line), the brain GSH edited signal was the largest at TE of
88ms. The ratios of the edited GSH and co-edited NAA sig-
nals to unedited singlets in edit-off spectra were overall larger
compared with the data at Site 1, which was a benefit from the
larger bandwidths of the slice-selective RF pulses at Site 2.
Monoexponential regression of the GSH signal estimates ver-
sus TE resulted in a T, of 92ms. The T, of the co-edited NAA
multiplet was measured as 202ms. Monoexponential fitting
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FIGURE4 | (Upper panel) Representative in vivo MEGA-PRESS edit-off and difference spectra from a subject at Site 1, obtained at the five TEs,
are presented together with LCModel fits. The editing-pulse timings were set to optimum 7 values. The LCModel-returned GSH signals (in brown)

were threefold magnified with respect to difference spectra that were fivefold magnified relative to edit-off spectra. The brain data were acquired

with 80 averages for each of edit-on and edit-off scans at individual TEs (TR =2s). (Lower panel) Monoexponential fitting of LCModel estimates is
presented for tNAA, tCr, NAA multiplet, and GSH. Here, the tNAA and tCr signals were estimated from edit-off spectra and the NA A multiplet and
GSH signals from difference spectra. The voxel positioning (25x 30 x 30 mm?) at Site 1 is shown on the right.

of tCr and tNAA estimates gave T, values of 131 and 221 ms,
respectively.

MEGA-PRESS data were acquired from 10 subjects at two
sites. Some data quality measures are presented for each site in
Table 2. The FWHMs of water and tCr (3.03ppm) peaks were
measured to be slightly smaller at Site 1 than at Site 2, which
may be due to the difference in B, shimming methods (i.e., sec-
ond order vs. first order shimming). In contrast, the SNR of tCr,
measured from edit-off spectra, was somewhat lower at Site 1
than at Site 2, which was due to the difference in actual localized
volumes and number of channels in the receive coils between the
sites. Although the bandwidth at half amplitude of the excitation
and refocusing frequency profiles were used for determining the
slice-selective gradient strengths at Site 2, the calculation of the
slice-selective gradient strengths at Site 1 used the bandwidths
of the excitation and refocusing frequency profiles at 10% levels,
which was done to reduce outer-volume signals at the expense of
reduction in SNR.

Figures 6 and 7 present in vivo difference spectra from five sub-
jects respectively at Site 1 and Site 2, together with LCModel

fits, LCModel-returned GSH signals, and monoexponential fit-
tings of the GSH and co-edited NA A multiplet estimates. A sig-
nal was visually discernible at 2.95 ppm in all spectra from the
two sites. Brain GSH T, was estimated as 85+ 8 and 90 +13ms
at Site 1 and Site 2, respectively (Table 2), without significant
difference between the sites. The brain GSH T, estimate, aver-
aged over the 10 subjects, was 88 +11 ms. Incorporating this
GSH T, in the Figure 2C,D predicted that the maximum GSH
edited peak amplitude would occur at TE<100ms for both
sites (Figure S1). Normalizing the zero-TE extrapolated GSH
estimates to the zero-TE tCr estimates and setting the tCr con-
centrations at 8mM in individual subjects resulted in a brain
GSH level of 1.6 +£0.2mM at Site 1 and 1.5+0.2mM at Site 2.
The estimated GSH concentration was not significantly differ-
ent between the sites. The zero-TE brain GSH concentration
estimate averaged over the 10 subjects was 1.6 +0.2mM. The
95% confidence intervals of the GSH and NAA T, estimates
and the correlation coefficients of the monoexponential fit-
tings are shown in Table S1. The fractional gray matter, white
matter, and cerebrospinal fluid contents within the MRS vox-
els were 47 +3%, 37 +2%, and 16 +1% for Site 1, and 65+ 2%,
24+ 2%, and 11 + 3% for Site 2, respectively.
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Representative in vivo MEGA-PRESS edit-off and difference spectra from a subject and monoexponential fitting of LCModel esti-

mates of metabolite signals at Site 2 are presented in a similar fashion as in Figure 4.

TABLE 2 | In vivo brain MRS results from five subjects in each
of Site 1 and Site 2. FWHM, SNR and CRLB were measured from 25
spectra for each site (five TEs in five subjects). Data are presented
with mean +SD, where SD denotes the standard deviation across the
measurements indicated by the sample size (N).

Quantity Site 1 Site 2
Water FWHM (N=25) 6.4+0.4Hz 7.2+0.5Hz
tCr FWHM (N=25)? 6.0+£0.2Hz 6.8+0.4Hz
tCr SNR (N=25) 132+12 106 £34
GSH SNR (N=25)® 7.2+1.2 7.9+2.0
GSH CRLB (N=25)° 4.4+0.7% 57+1.8%
GSH T, (N=5) 85+8ms 90+13ms
tCr T, (N=5) 147 +10ms 140+ 10ms
tNAA T, (N=5) 258 +19ms 229+7ms
NAA multiplet T, (N=5) 227+18ms 213+13ms
tCr level (N=5) 8mM 8mM
GSH level (N=5) 1.6+0.2mM 1.5+0.2mM

2Measured from water-suppressed spectra apodized with a 1-Hz exponential and
1-Hz Gaussian function.

bRatio of the LCModel-returned GSH edited peak amplitude with respect to the
LCModel-returned residuals between 0.2 and 4.0 ppm.

“The LCModel fitting was performed on spectra apodized with 1-Hz exponential
and 1-Hz Gaussian functions.

For both sites, the mean CRLB over the five subjects showed
slight differences between TEs (Table S2). The CRLB at TE of
88ms was the smallest, which was likely because the in vivo
detected GSH signal was larger at the TE than at other TEs.
Because the edited GSH signal neighbors a large co-edited NAA
multiplet in all difference spectra, we explored potential ef-
fects of the co-edited NAA multiplet on GSH signal estimation.
LCModel-returned correlations between the GSH and NAA
multiplets exhibited negative values at short TEs (58, 70 and
88 ms) and positive values at long TEs (116 and 150 ms) (Table 3).
The absolute values of the correlation coefficients were small at
a TE of 58 ms and increased progressively with TE, indicating
that the GSH signal can be better resolved from the co-edited
NAA multiplet at short TEs.

4 | Discussion

The current study reports a multisite multivendor evaluation of
the T, relaxation time and T, relaxation-free estimation of GSH
in the human brain at 3T in vivo. The signal intensity and spec-
tral pattern of J-coupled spin metabolites vary with changing
TE due to the combined effects of J evolution and T, relaxation.
Thus, when basis spectra that include the J evolution effects only
are used for spectral fitting of multi-TE data, the T, relaxation
effect on the J-coupled spin signals can be assessed from the TE
dependence of the integrated signal estimates. The effects of the
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FIGURE 6 | Difference spectra from five subjects, obtained at Site 1, are presented together with LCModel-returned GSH signal, fits, and resid-

uals in the upper panel. The monoexponential fittings of GSH and NA A multiplet in individual subjects are shown in the lower panel. The editing-

pulse timings were set to optimum 7 values at individual TEs. The estimated T, values of GSH and NAA multiplet are shown for each subject.

finite bandwidth and the resulting chemical-shift associated
voxel displacements need to be considered in measuring the sig-
nals, which was addressed in the present study.

The T, estimates at two sites with different vendors were not
significantly different from each other, and the brain GSH T,
estimate from combining the data from the sites was 88 £ 11 ms
(N=10). Also, the GSH concentration, estimated from the ze-
ro-TE extrapolated signal strength, was not significantly dif-
ferent between the sites. The brain GSH level was measured
as 1.6+0.2mM (N=10) with reference to tCr at 8mM, over-
all larger compared with prior GSH reports (0.8-1.9mM) [10,
12-14, 27]. Our GSH T, estimate at 3T may be in reasonable
agreement with a prior brain GSH T, measure at 4T (67 ms) [14],
considering that the T, relaxation time is expected to decrease
with increasing field strength. A 3-T 2D-MRS study reported T,
values of 17 brain metabolites including GSH [28].

The TE range of the present study is relatively small compared
with prior T, studies in other metabolites at 3T [29-32], whose T,

values are relatively long (> 150 ms). A short editing pulse (10 ms)
having negligible effects on the GSH 2.95ppm resonance when
tuned at 4.56 ppm was employed in the present study, thereby
maximizing the TE range and consequently the dynamic range
of the signal variations. It is noteworthy that our 92ms TE range
(58-150ms) is much larger than the TE range (102-152ms) of
the prior GSH T, study at 4T [14]. Given that J-evolution causes
the GSH edited signal to rapidly drop at TEs>150ms, including
very long TEs in GSH T, evaluation may not be realistic. The
TE range we opted for would be reasonable for evaluating the
relatively short T, of GSH at 3T.

It appears that the GSH edited signal differences between the
three 7 schemes are the consequences of differential coherence
evolutions during the MEGA-PRESS sequence. For an ABX spin
system of the GSH cysteine moiety, following a 90° excitation
of the thermal equilibrium, the in-phase coherences of A and B
spins undergo J evolution during the sequence, and the GSH sig-
nal at 2.95ppm may be largely determined by four in-phase co-
herences (i.e., Ay By, A, and B)) and four antiphase coherences
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FIGURE 7 | Difference spectra from five subjects, obtained at Site 2, are presented together with monoexponential fittings of GSH and NAA mul-

tiplet in a similar fashion as in Figure 6. The editing-pulse timings were set to maximum 7 values at individual TEs.

(ie,2A X , 2B X, 2AyXZ, and ZBsz) at the onset of the FID
acquisition (Figure S3). For an edit-off scan, the GSH 2.95ppm
signal is small and partially positive at TE <100ms due to co-
presence of many in-phase and antiphase coherences, and at
TE>100ms the in-phase coherences, A and B, which give an
inverted signal at 2.95ppm, are predominant in signal forma-
tion. In contrast, the edit-on scans maintain the production of
the —A, and —B_ coherences with changing TE, giving a pos-
itive in-phase signal at 2.95ppm. A major difference between
the three 7 schemes is in production of —2A X , —2B X , both of
which give rise to a narrow positive peak at 2.95ppm. Although
the production of these antiphase coherences is minimal in
quarter-TE 7 sets, the coherences are largely generated in the
optimum-7 and maximum-t schemes. It is worthwhile to note
that, in MEGA-PRESS scans with optimum-t sets, the antiphase
coherences (—2A X, , —2B X)) and the in-phase coherences (-
and —By) additively contribute to signal formation, thereby lead-
ing to high and narrow GSH peaks at 2.95ppm.

Although production of a high and narrow peak may be gener-
ally favorable for detecting a weak resonance, the reliability and

precision in estimating a signal strength are largely governed by
potential interferences of adjacent abundant resonances. The
signal resolution and detectability can be assessed with the cor-
relation coefficients returned by LCModel. Among the five TEs
of the present study, the correlation coefficient between GSH
and the co-edited NAA multiplet was clearly smaller at short
TEs than at long TEs. This is most likely due to the difference in
the co-edited NA A signal polarity in the proximity of 2.95ppm.
The co-edited NA A multiplets at short TEs have relatively small
signal tails with positive polarity at ~2.9 ppm, whereas the mul-
tiplets at long TEs exhibit non-negligible negative signals near
the GSH resonance. It appears that MEGA-PRESS GSH esti-
mation with minimum interferences is achievable at short TEs,
although the edited GSH signal intensity is somewhat low and
thus the CRLB is large.

Some limitations are present in the current study. First, the
small sample size is a major pitfall. Our findings may require
validation in a larger number of subjects to have sufficient sta-
tistical power although the result was obtained from multiple
sites and multiple vendors. Second, the GSH T, estimated in this
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TABLE3 | LCModel-returned correlation coefficients between MEGA-edited GSH and NAA multiplets are tabulated for the five TEs used for T,
evaluation.
Site 1
TE (ms) Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Mean +SD
58 —0.006 —0.009 —0.003 —0.011 —0.007 —0.0072£0.0030
70 -0.013 —0.05 —0.037 —0.058 —-0.012 —0.0340+0.0210
88 —0.099 —0.065 -0.073 —0.053 —0.047 —0.0674 +0.0204
116 0.071 0.072 0.067 0.082 0.084 0.0752+0.0074
150 0.068 0.094 0.073 0.079 0.109 0.0846 £0.0168
Site 2
TE (ms) Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Mean +SD
58 —0.02 —0.083 —0.009 —0.051 -0.074 —0.0474+0.0325
70 -0.011 —0.063 —0.038 -0.113 —0.056 —0.0562+0.0376
88 —0.023 —0.064 —0.092 —0.069 -0.074 —0.0644+0.0254
116 0.042 0.129 0.138 0.132 0.038 0.0958 £0.0511
150 0.138 0.174 0.159 0.107 0.056 0.1268 +0.0469

study should be taken as an apparent transverse signal decay-
ing rate occurring in a PRESS-type of MRS sequences, which
may include molecular diffusion effects in the human brain [33].
Lastly, given that prior studies reported unequal T, values and
concentrations of well-measurable metabolites between brain
regions [29-31], our GSH T, and T, relaxation-free estimation
of GSH may be applicable to the brain region and volume of the
present study.

5 | Conclusions

We report the first evaluation of apparent T, relaxation and
T, relaxation-free estimation of GSH in the human brain at
3T, achieved with MEGA-PRESS. The brain GSH T, estimate
(88+11ms) was shorter by twofold or more compared with
other well-detectable metabolites. The brain GSH concentra-
tion, calculated from the zero-TE extrapolated magnetization,
was 1.6 +0.2mM with reference to tCr at 8 mM. It follows that,
with the effect of the fast T, relaxation, the brain GSH MEGA-
PRESS signal may be maximized at TEs shorter than 100ms,
with dependence on other sequence parameters such as the du-
ration and timings of editing RF pulses. Short TEs may be fa-
vorable for resolving the difference-edited GSH signal from the
co-edited NAA multiplet with high confidence. Further studies
are required to determine variations in GSH T, and GSH con-
centrations across brain regions, between gray and white mat-
ter, and during disease.
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