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Abstract

Two spectral editing techniques for simultaneously detecting glutathione (GSH) and lactate (Lac)
in the human brain at 3T are described and evaluated. These methods, ‘sSMEGA’ and ‘DEW’, were
optimized to detect GSH and Lac simultaneously at 3T, using density-matrix simulations and
validation in phantoms. Simulations to test for co-edited metabolites within the detected GSH
region of the spectrum were also performed. /n7 vivo data were acquired in the midline parietal
region of seven subjects using both methods and compared to conventional MEGA-PRESS
acquisitions of GSH and Lac.

Simulations and phantom experiments show that SMEGA and DEW have a high editing efficiency
for both GSH and Lac. In the phantom, the editing efficiency of GSH was >88% relative to a
conventional GSH MEGA-PRESS acquisition while for Lac, the editing efficiency was >95%
relative to a conventional Lac MEGA-PRESS acquisition. Simulations also show that the editing
efficiency of both methods is comparable to separate MEGA-PRESS acquisitions of the same
metabolites. In addition, simulations and in vivo spectra show that at an echo time of 140 ms there
is a partial overlap between Cr and GSH peaks and that NAA/NAAG are sufficiently resolved
from GSH. In vivo measurements show that both SMEGA and DEW edit GSH and Lac reliably
with the same editing efficiency as conventional MEGA-PRESS acquisitions of the same
metabolites with measured GSH integrals of 2.23 + .51, 2.31 £ .38, 2.38 + .53 and measured Lac
integrals of 1.72 + .67, 1.55 £ .35, and 1.53 + .54 for MEGA-PRESS, DEW, and SMEGA
respectively. Simultaneous detection of GSH and Lac using SMEGA and DEW is possible at 3T
with high editing efficiency.
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Subject 1 Subject 2

Two spectral editing techniques for simultaneously detecting glutathione (GSH) and lactate (Lac)
in the human brain at 3T are described and evaluated. Simultaneous spectral editing methods
(‘sMEGA’ and ‘DEW?’) were optimized to detect GSH and Lac simultaneously, simulations,
phantom, and in vivo experiments show that SMEGA and DEW have a high GSH and Lac editing
efficiency and that the editing efficiency of both methods is comparable to separate MEGA-
PRESS acquisitions of the same metabolites.
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Introduction

Glutathione (GSH) is the brain’s main antioxidant, functional impairment of which is
associated with oxidative stress (1, 2). Lactate (Lac) is an indicator of non-oxidative
glycolysis, elevation of which is considered an indicator of metabolic abnormalities or
oxygen deficiency (3-5). Both metabolites can be detected non-invasively by in vivo 1H
magnetic resonance spectroscopy, and have been implicated in the pathophysiology of
various brain pathologies such as schizophrenia (6-9), bipolar disorder (10-13), obsessive-
compulsive disorder (14), and chronic fatigue syndrome (15). Detection of either metabolite
using MR spectroscopy, however, is not trivial due to their relatively low /in vivo
concentrations under normal conditions. Thus, they are often detected using spectral editing
techniques in order to separate them from the larger, overlapping signals of other more
abundant compounds (16).

‘J-difference’ editing using the MEGA-PRESS sequence (17) is currently the most widely
used spectral editing technique in vivo. Traditionally, J-difference editing sequences are
designed to only detect one molecule at a time. However, if different molecules have
coupled spins that have similar chemical shifts and which lie within the bandwidth of the
editing pulse, it is possible to simultaneously edit more than one molecule. A well known
example of this is the co-editing of glutamate and glutamine (GIx”) in experiments designed
to primarily edit GABA, since the coupled GIx resonances at around 2.1 ppm are usually
also affected by the GABA editing pulse applied at 1.9 ppm (18). Another approach for
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editing two compounds, dubbed ‘Double Editing With (DEW) MEGA-PRESS’ (19),
alternates editing pulse frequencies between the targeted resonances of two molecules in the
acquisitions traditionally considered as ‘ON’ and ‘OFF’, resulting in signals from both
molecules being present in the difference spectrum, but with opposite polarity. DEW was
originally demonstrated for glutathione and ascorbate (the ‘oxidant profile’) but can also be
adopted for other combinations of compounds, such as glutathione and lactate.

Here, these two approaches (i.e. simultaneous editing with less selective editing pulses):
MEGA-PRESS with sinc pulses referred to as sinc-MEGA (SMEGA) and DEW with more
selective editing pulses are developed and compared for the simultaneous detection of
glutathione and lactate. In addition to optimizing editing pulse characteristics, it is also
important to consider what TE value is best for detecting both compounds (if each
compound optimally edits at a different TE), and also how unwanted co-edited molecules
may vary with TE. The two methods are compared in terms of sensitivity, co-editing of
overlapping compounds, as well as to conventional single-metabolite MEGA-PRESS
acquisitions in vivo.

All experiments were performed on a Philips 3T ‘Achieva’ scanner equipped with body coil
transmit (B, = 13.5 uT) and a 32-channel head coil, using a MEGA-PRESS sequence as the
starting point for sequence development. The editing sequences used high bandwidth,
frequency modulated slice selective refocusing pulses (‘fmref07’, BW = 2.2 kHz) to
minimize signal losses associated with chemical shift displacement effects as shown in
Figure 1a (3, 20). Thus the chemical shift displacement error (CSDE) between the GSH
spins at which the editing pulse is applied at 4.56 ppm and the observed spins at 2.95 ppm is
9.7%. For Lac, the chemical shift displacement error between the spins at which the editing
pulse is applied at 4.1 ppm and the observed spins at 1.3 ppm is 16.2%. The basic concept
for dual- (or multi-) metabolite editing is that the editing pulses should invert the target
coupled resonances of each molecule to be detected; in the case of the SMEGA this was
achieved by using a relatively non-selective sinc-derived editing pulse (25 ms duration and a
bandwidth 160 Hz and applied at 4.35 ppm in the ON case and at 10 ppm in the OFF case)
with a rectangular inversion envelope to edit both GSH (4.56 ppm) and Lac (4.1 ppm)
(Figure 1a and b). To adapt the DEW method (19) for simultaneous GSH and Lac detection,
Bloch equation simulations were performed to determine the editing pulse frequency
selectivity needed so that the 4.56 ppm ON pulse doesn’t significantly invert the 4.1 ppm
Lac peak and vice versa. Thus in the case of the DEW method, selective sinc-Gaussian
editing pulses (30 ms duration with a bandwidth of 40 Hz) were applied alternatively on Lac
(4.1 ppm) and GSH (4.56 ppm) in the ‘ON” and ‘OFF’ acquisitions respectively (Figure 1la
and b). As can be seen from the inversion profiles of the editing pulses shown in manuscript
figure 1b, the editing pulses are selective enough to avoid the nearby resonance of the other
edited metabolite even in the presence of minor By drift. Considering the low bandwidth of
these editing pulses, it is estimated that the maximal tolerable By drift to maintain at least
90% editing efficiency is 10 Hz. For the conventional MEGA-PRESS acquisitions, 20 ms
sinc-Gaussian editing pulses with a bandwidth of 60 Hz were applied at 10 ppm in the OFF
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acquisition and at 4.1 ppm in the ON acquisition for Lac MEGA-PRESS or at 4.56 ppm in
the ON acquisition for GSH MEGA-PRESS.

For spectral editing of lactate, echo times of 135-144 ms are most commonly used (3, 21,
22) corresponding to TE = 1/J, where J = ~7 Hz (23). There has been some discussion in the
literature as to the optimum TE for editing GSH; some publications use relatively short TE
(e.g. 68 ms (24), but experiments in phantoms and simulations suggest that maximum J-
difference editing is achieved around TE 140-160 ms (20). However experimental studies /in
vivo have shown a relatively flat dependency of the GSH signal as a function of TE,
suggesting that the T, of GSH may be quite short (e.g. ~90 ms), resulting in signal loss from
To-relaxation tending to offset the effects of J-modulation (20). In the current study,
experiments were performed at TE 140 ms for both lactate and GSH.

Spectral Simulations

Density-matrix simulations were performed using ‘FID-A’, a MATLAB-based spectral
simulation package (25), with chemical shifts and coupling constants taken from the
literature (23, 26, 27). The excitation pulse was assumed to be an ideal 90° rotation around
the x-axis, but editing and slice-selective refocusing pulses were simulated using actual
pulse waveforms. Both methods were simulated for both the GSH and Lac spin systems, and
compared to conventional MEGA-PRESS acquisitions of the same metabolites.

To assess the degree that other brain metabolites may co-edit with Lac and GSH, simulations
of metabolites with coupled spins that occur within the bandwidth of the editing pulse were
also performed. These metabolites included phosphoethanolamine (PE), N-acetyl-aspartate
(NAA), N-acetyl aspartyl glutamate (NAAG), creatine (Cr) and aspartate (Asp). Particular
attention was paid to NAA and NAAG (including modeling their TE-dependence, ranging
from 110 to 160 ms) since these compounds are known to prominently co-edit with GSH,
and have the potential to overlap with the detected GSH resonance at 2.95 ppm. Although
traditionally Cr is not thought to edit in J-difference spectra, in fact a small coupling (J = 0.3
Hz) does exist between the Cr CH, and CH3 groups (26, 27), so a 3.0 ppm Cr peak will
appear in the difference spectrum since the editing pulse partially inverts the coupled 3.9
ppm Cr CH> protons (see below). Simulations for each compound were weighted according
to their concentration values in literature (23).

Phantom Experiments

SMEGA, DEW, and MEGA-PRESS experiments were performed in 1L phantoms with 26
mM Lac (pH =7) and 14 mM GSH (pH = 7.1) in separate samples. Scans were performed
with TR/TE = 25/140 ms; GSH and Lac phantom data were acquired in a (3.5 cm)3 voxel
with 128 averages. Prospective frequency correction for B field drift during the scan was
performed based on the frequency of a non-suppressed water reference scan collected once
every 8 averages. (28). GSH and Lac editing efficiencies for both SMEGA and DEW were
also calculated as a percentage of separate MEGA-PRESS acquisitions for the two
metabolites.

NMR Biomed. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chanetal.

Page 5

In Vivo Experiments

Results

Seven healthy volunteers (three female, age 29 + 10 years) gave informed written consent
after local Institutional Review Board approval. Dual-edited data was collected from 5
subjects, and conventional GSH MEGA-PRESS data and Lac MEGA-PRESS data were also
acquired in 5 subjects, three of which overlapped with the subjects from whom dual-edited
data was collected. All were acquired with 320 signal averages using VAPOR water
suppression. MEGA-PRESS and SMEGA data were acquired in a (4 cm)3 midline posterior
frontoparietal region (Figure 7a) while DEW data were acquired in a (3 cm)? in the same
region. Other parameters were the same as in the phantom experiments. As in the phantom
experiments, frequency correction for By field drift during the scan was performed based on
the frequency of the water-unsuppressed scan acquired every 16 averages (28).

The ‘Gannet’ program (29, 30) was used to frequency-and-phase-correct individual
transients, based on the 2.0 ppm N-acetyl peak of NAA, before the difference spectra were
calculated. In the dual-edited spectra, a Cr peak at 3.03 ppm was fit with a Lorentzian
function since the lineshape of Cr was expected to be singlet-like due the coupling between
the Cr CH, and CHg groups being relatively small and the GSH peak was fit with a Gaussian
at 2.95 ppm due to its doublet-like signals and hence, broader lineshape. In the GSH
MEGA-PRESS acquisitions, only a Gaussian was fit to the peak at 2.95 ppm. For fitting of
lactate, the region of the spectrum around 1.3 ppm was fit with two Gaussian functions for
the macromolecule (MM) resonances at 1.24 and 1.43 ppm (coupled to the 4.23 and 4.30
ppm resonances respectively (31)), and two Lorentzians to fit a doublet for the Lac peak at
1.33 ppm with a 7 Hz splitting. The percentage standard error in the amplitude coefficient of
the GSH fits and in the area coefficient of the Lac fits were calculated to determine the
uncertainty in the fitting. The GSH and Lac integrals were then normalized by an internal
water reference signal obtained from the same localized voxel. To test for differences in
GSH and Lac editing between the three different methods, two-tailed paired t-tests were
performed with statistical significance defined as p < 0.05. The linewidth of the water peak
from the water references in the in vivo acquisitions was also measured to evaluate the
amount of By inhomogeneity present in each scan.

Simulations and experiments in phantoms (shown in Figure 2) confirm that both the SMEGA
and DEW methods successfully edit both GSH and Lac with similar sensitivity. In addition,
both simulations and phantom experiments show that both methods edit GSH and Lac with a
high editing efficiency of at least 88% for GSH and at least 95% for Lac relative to
conventional MEGA-PRESS acquisitions, which is also reflected in the ON and OFF
subspectra of all three methods (Supplementary Figure 1). In addition, these methods can be
performed without any increases in specific absorption rate values which was 1.32 w/kg for
all three methods. While both methods co-edit the same metabolites: PE, Cr, NAA, NAAG,
and aspartate, SMEGA co-edits most of these metabolites to a significantly greater degree
than the DEW method because of its less selective editing pulse profiles. Of these co-edited
metabolites, only the Cr peak overlaps with that of the edited GSH signal (as shown in
Figure 3). In SMEGA, this co-edited Cr peak has the same polarity as GSH, but in DEW it
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has the opposite polarity due to it being co-edited by the Lac editing pulse but not by the
GSH editing pulse.

In vivo spectra (as shown in Figure 4) also confirm that the SMEGA sequence edits
appreciably more NAA (and NAAG) than DEW. However, there is also an extra co-editing
of Cr at 3.02 ppm in the spectra in both methods (as seen in Figure 4). As in the simulations,
SMEGA has a co-edited Cr peak that is the same polarity as GSH, but opposite polarity in
the DEW method. In addition, there is co-editing of MM2 at 1.24 ppm and MM3 at 1.43
ppm in all three methods that overlaps the Lac peak at 1.31 ppm. After fitting out the co-
edited Cr peak and macromolecules, it can be seen in Table 1 that SMEGA and DEW have
about equal GSH and Lac editing efficiency and both methods edit GSH and Lac to a similar
degree as the conventional MEGA-PRESS acquisition in all subjects. The GSH fitting
standard errors were 2.4% =+ 0.7% for SMEGA, 0.4% + 0.01% for MEGA-PRESS, and 1.3%
+ 0.4% for DEW while the Lac fitting standard errors were 18.2% + 4.9% for SMEGA,
16.1% = 7.4% for MEGA-PRESS, 8.9% = 3.4% for DEW. Differences in measured
metabolite integrals between the three methods were found to be not statistically significant
between overlapping subjects and all subjects. In addition, the frequency of the water peak
was 4.7 ppm (mean) £ 0.007 ppm (standard deviation) over the different in vivo acquisitions
and the total B drift over the different in vivo acquisitions was 0.9 Hz (mean) £ 0.4 Hz
(standard deviation). Thus, minimal Bg drift was present in the scans and did not affect the
editing efficiency of the DEW acquisition. This is also reflected in the in vivo ON and OFF
subspectra where it can be seen that the large NAA singlet at 2.0 ppm is aligned in all three
methods (supplementary figure 1). In addition, the linewidths of the water peak ranged from
~5 — 8 Hz with a 6.24 Hz (mean) £ 0.97 Hz (standard deviation) indicating that the Bg
inhomogeneity was minimal and did not significantly affect the editing efficiency of any of
the editing methods.

Discussion

In this article, two methods to simultaneously editing GSH and Lac are presented and
compared. Both the SMEGA method and DEW method perform well with a high overall
editing efficiency of GSH and Lac comparable to separate acquisitions of each metabolite
using conventional MEGA-PRESS. Although both SMEGA and DEW have high editing
efficiencies, DEW needs highly selective editing pulses at frequency offsets close to one
another (0.46 ppm separation) which makes the robustness of the measurements unlikely to
hold in the presence of By frequency drift. In this case, the editing pulse for the spins of one
metabolite may start to impinge on that of the other resulting in losses of editing efficiency
for both metabolites in addition to the usual subtraction artifact issues (28, 32). On the other
hand, SMEGA uses less selective editing pulses than DEW, which would make the sequence
more robust to By field instability. However, the DEW method has less co-edited signals
than the SMEGA method. The edited 3.02 ppm Cr signal that partially overlaps with the 2.95
ppm GSH peak is also co-edited to a greater degree in the SMEGA method, but does not
appear to impact the quantification of the GSH peak if appropriate spectral fitting is used.
The DEW method also has the added benefit of co-editing MM2 to a lesser degree due to
partial symmetrical suppression of the 4.3 ppm MM2 resonance from the ON GSH editing
pulse placed at 4.56 ppm and the ON Lac editing pulse placed at 4.1 ppm. In the DEW

NMR Biomed. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chanetal.

Page 7

acquisition, the NAA and NAAG aspartyl resonances adjacent to the GSH peak are also co-
edited to a lesser degree, thus aiding quantification by reducing spectral overlap between the
GSH and aspartyl resonances.

Simultaneous editing of GSH and Lac is possible at 3T due to their similar echo time
dependence and editing target frequencies. Compared to separate measurements of each
compound individually, simultaneous editing results in a 50% reduction in scan time with
essentially the same sensitivity. An echo time of 140 ms results in a high editing efficiency
(~95%) of both GSH and Lac (20). This relatively long TE also allows sufficient time for the
very selective editing pulses used in DEW and sinc editing pulses used in SMEGA to be
played out. Also at this TE, the neighboring NAA and NAAG resonances are well resolved
(and in-phase) from the GSH peak, thus facilitating quantification of the GSH peak
(supplemental figure 1). In this study, we have shown the feasibility of SMEGA and DEW
dual editing techniques. Future studies will be required to compare the reproducibility of the
two methods in additional subjects.

One of the relatively surprising results of this study was the identification of a co-edited
peak of the Cr CHg signal at 3.02 ppm, which is traditionally thought be to a singlet, and
therefore not to contribute signal intensity to edited spectra. However, recent work has
shown that there is a small (~0.3 Hz) long-range J-coupling between the Cr CH, protons at
3.9 ppm and the CHj3 protons, thus giving some co-editing of this signal at long TE.
Fortunately it only partially overlaps the edited GSH signal at 2.95 ppm, allowing the two to
be separated by appropriate spectral fitting routines.

In conclusion, two methods were compared for the simultaneous editing of GSH and Lac,
compounds that have both been implicated in the pathophysiology of a variety of brain
pathologies. These methods allow for a 50% reduction in scan time compared to sequential
measures of the two metabolites. In healthy subjects, the methods are shown to reliably edit
both GSH and Lac with no loss in editing efficiency in comparison to conventional MEGA-
PRESS acquisitions of the same metabolites. While the DEW method gives less co-editing
of other compounds, the co-edited signals in SMEGA do not hinder quantification of either
GSH or Lac in the SMEGA acquisition. Thus, the SMEGA sequence may be preferable
especially when By field drift is problematic, which may occur when significant gradient
heating or cooling is present such, as after gradient-intensive diffusion-weighted MRI and
functional MRI scans (33). Regarding field inhomogeneity, since the most selective editing
pulse used in this study has a bandwidth of 40 Hz, and the water linewidths measured in this
study were less than 10 Hz for all voxels, all the editing methods presented here should be
largely unaffected. As MRS acquisitions in different regions of the brain usually have
linewidths less than 20 Hz at 3T, By field inhomogeneity will generally not have a
significant effect on editing efficiency for any of the methods described here.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic diagram of the three different GSH-Lac editing schemes. (a) The RF pulse
sequence of both the DEW method and the SMEGA method. Both methods use high-
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bandwidth frequency-modulated refocusing pulses but use different editing pulses. (b) The
SMEGA method uses an editing pulse with a more rectangular profile to invert both the GSH
and Lac spins in the ON sub-acquisition. In the DEW method, more selective editing pulses
alternate between ON-GSH or ON-Lac in sub-acquisitions.
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Figure 2.
Comparison of the edited GSH and Lac signal in the three methods in both simulations and

phantom experiments. For both GSH and Lac, the SMEGA method (blue) performs better
than the DEW method (purple). However, both methods maintain a high editing efficiency
comparable to that of separate MEGA-PRESS acquisitions of the same metabolites.
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Figure 3.
Simulations of co-edited metabolites for the GSH region of the spectrum for SMEGA and

DEW: PE, NAA, NAAG, and aspartate (Asp), and Cr are plotted for both methods. SMEGA
and DEW co-edit the same metabolites, but with greater intensity in MEGA because of its
less selective editing pulses. The co-edited Cr peak has the same sign as the GSH peak in
SMEGA, but the opposite polarity in DEW.
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Figure 4.
(a) Example voxel placement in a 4 cm x 4 cm x 4 cm midline parietal region overlaid on

sagittal and coronal T-weighted images in one subject. (b) Representative GSH and Lac
spectra in two subjects. Note that the GSH peak has the opposite polarity relative to the Lac
+ MM peak in the DEW spectra and that there is a co-edited Cr peak at 3.02 ppm adjacent to
the GSH peak which is inverted relative to GSH in the DEW spectra.
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Table 1

Fitted GSH and Lac integrals for all five subjects and all three overlapping subjects for both the SMEGA and
DEW methods as well as separate MEGA-PRESS acquisitions of the same metabolites. Both methods
maintain a high GSH and Lac editing efficiency, comparable to that of conventional MEGA-PRESS
acquisitions.

All subjects
Metabolite MEGA-PRESS DEW SMEGA

GSH 2.23+ .51 231+.38 238%.53
Lac 1.72 + .67 155+.35 1.53+.54

Overlapping subjects
GSH
Subject MEGA-PRESS  DEW SMEGA

1 2.66 2.67 2.30
23 1.442.59 1.922.64 1.522.78
Lac
Subject MEGA-PRESS DEW SMEGA

1 1.86 1.27 0.75
23 2.610.75 1.701.28 1.501.37
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