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Abstract

Purpose—To determine the reproducibility of a comprehensive single-session measurement of
glutathione (GSH), y-aminobutyric acid (GABA), glutamate, and other biochemicals implicated in
the pathophysiology of multiple sclerosis (MS) in the human brain with *H MR spectroscopy.

Materials and Methods—Five healthy subjects were studied twice in separate 1-hour sessions
at 7 Tesla. One MS patient was also scanned once. GSH and GABA were measured with J-
difference editing using a semi-localized by adiabatic selective refocusing sequence (semi-
LASER, TE=72 ms). A stimulated echo acquisition mode sequence (STEAM, TE=10 ms) was
used to detect glutamate along with the overall biochemical profile. Spectra were quantified with
LCModel. Quantification accuracy was assessed through Cramer-Rao lower bounds (CRLB).
Reproducibility of the metabolite quantification was tested using coefficients of variation (CoV).

Results—CRLB were <7% for GSH, GABA, and glutamate and average CoV of 7.8+3.2%,
9.5+7.0%, and 3.2+1.7% were achieved, respectively. The average test/re-test concentration
differences at this measurement reproducibility and quantification accuracy were smaller for
GABA and glutamate than inter-subject variations in metabolite content with CoV ratios of 0.6
and 0.8, respectively. As proof of principle, GSH, GABA, and glutamate were also detected in an
MS patient.

Conclusion—GSH, GABA, glutamate, and other metabolites relevant in MS can be quantified at
7 Tesla with high accuracy and reproducibility in a single 1-hour session. This methodology might
serve as a clinical research tool to investigate biochemical markers associated with MS.

Keywords
multiple sclerosis; human; brain; magnetic resonance spectroscopy; 7 Tesla; reproducibility

Corresponding author's contact information: Hetty Prinsen PhD, Department of Radiology and Biomedical Imaging, Yale University
School of Medicine, Magnetic Resonance Research Center (MRRC); The Anlyan Center (TAC), 300 Cedar Street, New Haven, CT
06520-8043, USA; Tel: 203-785-2185, Fax: 203-785-6643, E-mail address: hetty.prinsen@yale.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prinsen et al. Page 2

Introduction

Multiple sclerosis (MS) is a chronic disorder of the central nervous system that leads to
demyelination and neurodegeneration. MS disease-modifying therapies can minimize the
number of relapses and associated neurological deficits during the predominantly
inflammation-mediated relapsing-remitting phase (RR-MS) (1). To date, however, only
partially effective treatments have been developed to prevent progressive disability and
functional decline observed throughout the disease course (1). Despite significant research
progress, the cause of MS and the underlying neurobiological mechanisms leading to
progressive impairment remain unclear.

Clinical symptoms may worsen despite stable magnetic resonance imaging (MRI) lesion
burden, which suggests that processes other than acute inflammation and its immediate
consequences must contribute to cell loss, brain atrophy and ongoing clinical decline (2).
Magnetic resonance spectroscopy (MRS) enables the assessment of pathological changes
and brain damage non-invasively from the earliest stage of the disease (3). Previous MRS
studies largely focused on structural and cellular integrity and therefore mainly aimed to
quantify N-acetylaspartate (NAA) (4), choline (5), and myo-inositol (6). Besides these
established biomarkers, there is increasing evidence that glutathione (GSH) is involved in
MS pathology. For example, reactive oxygen species (ROS) are generated by activated
macrophages during inflammation and have been linked to damage of myelin,
oligodendrocytes, and mitochondria (7). GSH is assumed to play a neuroprotective role
through direct interaction with ROS or as part of enzymatic redox cycling by which ROS are
rendered innocuous (8). Largely based on investigations /n vitro and animal models, it has
been hypothesized that dysfunction of GSH metabolism impairs the brain's auto-protection
against oxidative stress, thereby promoting demyelination, neurotoxicity, and cell death
(9-12) as a basis for functional decline in MS (13). However, to what extent the
neurochemistry of GSH is deficient in MS remains unknown.

GSH is by no means independent from its biochemical environment. Rates of GSH synthesis
depend on the extracellular glutamate concentrations (14). Glutamate is the major excitatory
neurotransmitter in the brain, a precursor of -y-aminobutyric acid (GABA), and with cysteine
and glycine one of the three amino acids comprising the GSH tripeptide. Glutamate is
closely linked to glutamine by the glutamate-glutamine cycle (15), a process that depends on
the neurotransmission rate (16). As such, the link between GSH and other metabolites is
neither negligible nor is it purely chemical in nature, but is dynamically influenced by brain
function and neurotransmitter homeostasis.

Several metabolites involved in GSH metabolism play a role in MS pathology themselves.
Excess extracellular glutamate has been reported to cause calcium-mediated apoptosis in an
in vitro model of MS and a lack of oligodendrocytic glutamate transporters has been
speculated as a cause for excitotoxicity (17). Moreover, recent studies have strongly tied
alterations in genes associated with glutamate metabolism to MS markers of injury (18). The
immediate role of the inhibitory neurotransmitter GABA in MS is still unknown, but its anti-
inflammatory potential has been suggested based on the concurrent observations of
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increased GABAergic activity and reduced inflammation in animals with experimental
autoimmune encephalomyelitis (EAE), a murine model of brain inflammation (11,19).

Despite ongoing efforts (20,21), neither the link between GSH and related substances nor
the relevance of these biochemicals themselves to MS pathophysiology has been fully
explored, partly due to constraints to non-invasively measure GSH metabolism in the human
brain in a limited time frame. Several important challenges need to be overcome to achieve
reliable quantification of GSH and related metabolites by MRS. The relatively low in vivo
concentrations of GSH and GABA (22), for instance, limit the detection sensitivity;
moreover, their resonances are obscured by much stronger signals from creatine and
macromolecules. Specialized MRS techniques like J-difference editing (JDE) must therefore
be applied to isolate GSH and GABA (23). JDE is a subtraction technique that extracts the
metabolite of interest from the rest of the spectrum by exploiting a selected intramolecular
coupling. Another difficulty is the individual quantification of overlapping resonances from
glutamate and glutamine. Increasing magnetic field strength improves the overall MRS
detection sensitivity and enhances spectral dispersion, which allows the separation of
glutamate and glutamine at 7 Tesla (24).

The aim of this study was to determine the accuracy and reproducibility of a comprehensive
single-session measurement of GSH, GABA, glutamate, and other biochemicals implicated
in the pathophysiology of MS in the human brain with MR spectroscopy to explore their
potential as clinical research tool.

Materials and Methods

Five healthy subjects (3 males and 2 females, aged 24-40 years, mean age 32+8 years) were
studied twice in different sessions to assess the measurement accuracy and reproducibility of
the MRS methods. Test-retest sessions were between 1 hour and 1 month apart. As proof of
principle, one RR-MS patient (female, 41 years old) was studied once. In addition, a sixth
subject (female, 28 years old) was scanned twice in different sessions, but was on a
medication known to impact GABA concentrations and therefore not included in the general
analyses. The total session duration did not exceed 1 hour in any case. All participants
provided written informed consent, and the measurements were conducted in accordance
with the Institutional Review Board guidelines for research on human subjects.

Experiments were carried out on a 7 Tesla head-only MR system (Agilent, Santa Clara, CA,
USA) interfaced to a DirectDrive spectrometer operating at 298.1 MHz for protons. The MR
scanner was equipped with custom-designed actively-shielded gradients (Magnex Scientific,
Oxford, UK) and operated with VVnmrj 2.3A software (Varian, Santa Clara, CA, USA). An
8-channel transmit-receive array was used for spin handling and signal reception.

7-weighted anatomical images were obtained with a customized inversion-recovery
prepared MRI sequence (field of view 200x220x78 mms3, matrix size 256x256x39,
resolution 0.78x0.86x2.00 mm3, inversion time (T1) 1000 ms, repetition time (TR) 3000 ms,
echo time (TE) 6 ms, acquisition time 5 min). The anatomical images were used in the first
session to position the spectroscopy voxel on the midline occipital cortex (Figure 1A). The
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voxel was visually repositioned in the second session at an estimated < 1 mm error. Brain
extraction of the anatomical images was performed using the Brain Extraction Tool (BET)
(27) of the Oxford centre for functional MRI of the brain (FMRIB) Software Library (FSL)
version 5.0 prior to brain segmentation. Gray matter, white matter, and cerebrospinal fluid
(CSF) segmentation was applied using FMRIB's Automated Segmentation Tool (FAST) (28)
(Figure 1B).

B4 phase shimming was achieved through in-house developed MR methods and software
(IMAGO). The By magnetic field of the unshimmed brain was derived from five single-echo
gradient-echo images (field of view 220x220x60 mms3, matrix size 126x64x20, TE 3.8 ms,
TR 1.3 s) at additional TE delays of 0/0.2/0.5/1.5/3 ms. By shimming included zero- through
third-order spherical harmonic terms and was calculated with customized software
(BODETOX; (29)).

After shimming, a single-voxel version of the semi-localized by adiabatic selective
refocusing (semi-LASER) JDE sequence (26) was applied for GABA editing (voxel size
3x3x3 cm3, TR 35, TE 72 ms, 128 averages per JDE condition, acquisition time 13 min)
similar to Andreychenko et al (30). A multi-frequency pulse (Gaussian, 8 ms) was used for
simultaneous spectral editing at 1.89 ppm (J-coupled to the 2CH, GABA resonance at 3.01
ppm) and water suppression. The frequency position of the non-inverted condition was
mirrored around water (~7.51 ppm). A global inversion-preparation was applied to minimize
potential macromolecule (MM) contributions and to prevent MM co-editing due to its
coupling partner at 1.7 ppm. The optimal TI (300 ms) was determined experimentally and
applied for the minimization of signals from the 3.01 ppm MM resonance.

Subsequently, the same JDE semi-LASER sequence was also used for GSH editing (number
of averages 64 per JDE condition, acquisition time 7 min). The editing pulse was applied at
4.56 ppm to select the J-coupled CHj signal from the 2.95 ppm GSH cysteine moiety and far
away (5 kHz offset) for the non-edited condition. Here, inversion preparation was not
necessary due to the lack of potential MM co-editing. Water suppression was achieved with
CHESS in both the GSH and GABA editing experiments (31). Water references were
acquired with both GSH and GABA spectra for eddy current correction.

Lastly, the short echo-time stimulated echo acquisition mode (STEAM) sequence (32) was
used to detect GSH, GABA, glutamate, glutamine, choline, myo-inositol, NAA, N-
acetylaspartylglutamate (NAAG), creatine, phosphocreatine, ascorbate, aspartate, scyllo-
inositol, and taurine (voxel size 2x2x2 cm3, TR 3 s, TE 10 ms, mixing time 50 ms, 96
averages, acquisition time 5 min). MM resonances were suppressed by a non-selective
inversion pulse (TI 320 ms) optimized to minimize the majority of the MM signals. Water
suppression was based on CHESS and outer-volume suppression was used for improved
localization specificity (33). An 8-average water reference was acquired and used for both
eddy current correction and as internal reference for absolute metabolite quantification.

Spectra from individual acquisitions and all 8 receivers were stored separately. Spectral
processing was done in MATLAB with a customized software package (/NSPECTOR).
First, eddy current phase correction (34) and sensitivity-weighted summation of the receive
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channels were applied. Spectra were phase and frequency aligned individually using a least-
squares fit and a cross-correlation algorithm, respectively. Finally, the phase- and frequency-
aligned spectra from individual acquisitions were averaged. The achieved spectral quality
was assessed as full width at half maximum (FWHM) of the NAA resonance at 2.01 ppm in
the non-inverted JDE condition. With STEAM, FWHM of creatine at 3.03 ppm and NAA at
2.01 ppm were obtained.

Metabolite quantification was achieved with LCModel version 6.3-1K (35) and was done
relative to unsuppressed water. Basis spectra were calculated in SpinWizard (36) using
density matrix simulations based on the spectral characteristics summarized in Govindaraju
et al (37). The STEAM basis set included simulated spectra of ascorbate, aspartate, creatine,
GABA, glutamate, glutamine, GSH, myo-inositol, NAAG, NAA, phosphocholine,
phosphacreatine, scyllo-inositol, and taurine. Simulated spectra of GABA, glutamate,
glutamine, and NAA were needed for GABA JDE signal fitting. For the LCModel analysis
of GSH JDE signals, metabolite basis functions of only GSH and NAA were used because
except for GSH and co-edited NAA signals, all other peaks are subtracted out. The editing
efficiencies of GABA and GSH were determined theoretically for the applied JDE sequence
compared to a pulse-acquire experiment and were found to be 41.5% and 18.5% (at 10 Hz
linewidth), respectively. Metabolite concentrations were corrected for tissue water and CSF
contributions to the MRS voxel based on brain segmentation results. Tissue and CSF
fractions were confirmed by a spectroscopic 7, measurement in the volume of interest. To
this end, a series of fully relaxed MRS acquisitions at varying TE (10-250 ms) and long TR
(15 s) was acquired to disentangle tissue water from CSF based on differences in 7. The 7
relaxation time of CSF had been measured (190 ms, data not shown) and was included in
this calculation as prior knowledge. Water concentrations of 43300 mM for gray matter,
35880 mM for white matter, and 55556 mM for CSF were assumed (35). The water 7
relaxation time correction factor was set to 0.81, based on a TE of 10 ms and a 7, relaxation
time of 47 ms for water (35,38). In addition, every JDE experiment was accompanied with
an explicit efficiency measurement which was executed to correct the obtained GSH and
GABA concentrations. The water signal with and without the MEGA editing pulse applied
to the water position was used to confirm the performance of the editing RF pulse
comprising both frequency and power adjustments.

Statistical Analysis

Results

LCModel quantification accuracy was assessed through Cramer-Rao lower bounds (CRLB)
(39). Metabolites quantified with a CRLB above 50% were considered not detected (35).
Reproducibility of the metabolite measurements was evaluated based on coefficients of
variation (CoV) calculated in each subject for each individual metabolite by dividing the
standard deviation of the two measurements by their concentration mean.

The primary target substances GSH, GABA, and glutamate as well as glutamine, choline,
myo-inositol, NAA, NAAG, creatine, phosphocreatine, ascorbate, aspartate, scyllo-inositol,
and taurine were detectable in all 10 sessions of this reproducibility study.
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Neither baseline nor first order phase correction was necessary with any spectrum. Narrow
spectral lines with an average width of 12.2+1.2 Hz were found for the 2.01 ppm NAA
resonance of the non-inverted condition of the JDE measurement of GSH (Figure 2A) and
11.7+0.9 Hz for the non-inverted JDE condition of GABA (Figure 3A). JDE of GSH
allowed the isolation of the CH signal from the cysteine moiety at 2.95 ppm (Figure 2B).
With JDE of GABA, the metabolite content was accessible via its 3.01 ppm CH> resonance
(Figure 3B). With STEAM, average line widths of 11.8+1.5 Hz and 11.2+1.7 Hz were found
for the CHg protons of creatine at 3.03 ppm and NAA at 2.01 ppm, respectively (Figure 4A).
Glutamate could be clearly separated from glutamine and NAA (Figure 4B).

Metabolite quantification accuracy was high in both sessions of the 5 participants. LCModel
fits resulted in minimal residuals and small quantification errors (Table 1, mean CRLB (%)
per metabolite). More specifically, CRLB of 3% for GSH and <7% for GABA were obtained
based on JDE measurements. STEAM spectra resulted in CRLB of <7% for GSH, <14% for
GABA, <2% for glutamate, <4% for glutamine, and <10% for most additional metabolites
(<24% in all cases).

The mean GSH and GABA concentrations over all 10 measurements of this study were
respectively 2.15+0.16 mM and 1.33+0.23 mM obtained through STEAM, and 1.34+0.13
mM and 1.38+0.26 mM obtained through editing. The average glutamate concentration was
10.56+0.48 mM. GSH, GABA, and glutamate concentrations per subject and for both
sessions are presented in Table 1 and Figure 5 (GSH and GABA concentrations based on
editing measurements). The test and re-test STEAM spectra from the same subject were
highly reproducible (Figure 6, superposition) exhibited by the mean CoV of 3.2+1.7% for
glutamate (Figure 7). The mean CoVs of GSH and GABA based on STEAM were
11.6+5.1% and 10.9+6.0%, respectively. The difference amplitudes of the test/re-test
STEAM spectra were small and resembled the overall noise floor (Figure 6, difference),
thereby demonstrating the level of reproducibility. The same holds true for the JDE
measurements, as visible in the minimal difference between GSH and GABA difference
spectra acquired during different sessions in the same subject (Figure 8). The high
reproducibility of the JDE measurements is exhibited by mean CoVs of 7.8+3.2% and
9.5+7.0% for GSH and GABA, respectively (Figure 7). The average test/re-test
concentration differences at this measurement reproducibility and quantification accuracy
were smaller for GABA and glutamate than inter-subject variations in metabolite content
with CoV ratios of 0.6 and 0.8, respectively. The obtained concentrations of glutamine,
choline, myo-inositol, NAA, creatine, phosphocreatine, and ascorbate were highly
reproducible between the first and second measurements (Table 1, Figure 7) with mean
CoVs well below 10%. The average metabolite CoVs of NAAG, scyllo-inositol, and taurine
were between 10 and 20%, and aspartate had a mean CoV of 21%.

Note that Figures 5, 6, and 8 include the results of a sixth subject which have not been
considered in the CoV analysis above. The measurements and metabolite quantification
were also highly reproducible between the two sessions with CoVs of 5.4%, 0.1%, and 0.1%
for GSH (JDE), GABA (JDE), and glutamate, respectively, but the results were not included
in the overall CoV analysis as this subject was on a medication known to impact GABA
concentrations.
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As proof of principle, GSH, GABA, and glutamate were detected along with the overall
biochemical profile in the occipital cortex of an MS patient in a similar single, 1-hour
session (Figure 9).

Discussion

Comprehensive single-voxel 1H MRS methods at 7 Tesla have been presented for the non-
invasive, single-session measurement of GSH and other neurochemicals key to MS
pathology. Single-voxel MRS was used as By and B4 conditions can be highly optimized and
reasonably short individual acquisition times can be realized, allowing the execution of
multiple scans in a single session. GSH, GABA, and glutamate were quantified along with
the overall biochemical profile in the human brain with high accuracy and reproducibility in
a single 1-hour session.

Previous JDE of GSH was based on the point resolved spectroscopy (PRESS) sequence (25).
Here, a semi-LASER sequence was applied for GSH editing, which was not only
advantageous with respect to signal formation (40) but also enabled excellent spatial
definition of the MRS voxel. Note that the application of the editing scheme as proposed by
Andreychenko et al (30) allowed 100% editing efficiency over the entire echo time. The
functionality of the editing pulses themselves was confirmed experimentally in every subject
by application of the MEGA scheme for water suppression (instead of JDE).

In contrast to GSH editing, JDE of GABA is vulnerable to MM co-editing. One way to
handle potential MM contamination is by applying the editing pulse around the 1.7 ppm
MM resonance in the two steps of the editing scheme (1.89 and 1.51 ppm) introduced by
Henry et al. (41). This subtraction, however, results in complete elimination of the MM
signal only under the assumption that both pulses are perfectly positioned and the 1.7 ppm
MM resonance is fully symmetric. Potential system drifts therefore lead to suboptimal MM
subtraction and a systematic over- or underestimation of GABA levels. Field variations due
to the respiratory cycle pose a second stochastic challenge to the MM subtraction scheme.
One way to avoid the co-edited MM signal is by applying an inversion-recovery preparation
as used by Behar et al. (42). They demonstrated that MM signals can be fully suppressed by
an inversion-recovery preparation if the delay between the inversion pulse and the MRS
sequence itself is chosen to minimize (“null”) the specific MM at hand. Note that perfect
signal elimination can be achieved for a single MM resonance with inversion preparation
and that an experimentally determined optimal TI of 300 ms was applied here for the 3 ppm
MM resonance. The resultant additional 50% reduction in GABA signal is substantial but
has been accepted in this work to ensure reliable results.

MM signals are also a problem for short TE STEAM as they are known to cause a wavy
baseline and to thereby substantially complicate metabolite quantification (42,43). The
STEAM acquisition was therefore preceded by an inversion-recovery preparation to
minimize MM contributions. This technique is, however, limited by the MM-specific spread
of 7;relaxation times, precluding the perfect cancellation of all MM resonances. A TI of
320 ms optimized to minimize the majority of the MM signals was used here.
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Dedicated measurements using highly optimized MRS methods were performed for each of
the metabolites of primary interest in clinical MS research, namely, GSH, GABA, and
glutamate. High-quality spectra characterized by a flat baseline, narrow spectral lines,
excellent water suppression, and optimal MM suppression were obtained. With STEAM, a
clear separation of the glutamate and glutamine (plus NAA) resonances at 2.35 ppm and
2.45 ppm, respectively, was achieved. While not the focus of this research, the overall
spectral quality also supported the observation of down-field resonances (44).

CRLB were calculated to assess the quantification accuracy of the presented methods. The
mean CRLB was low for the target metabolites GSH (JDE), GABA (JDE), and glutamate,
indicating high quantification accuracy. Superposition of the spectra acquired in the same
subject in different sessions showed virtually perfect overlap, which is a direct measure of
high reproducibility. The reproducibility of the methods was confirmed by low mean CoV
values for GSH (JDE), GABA (JDE), and for glutamate. The consistently elevated GABA
levels obtained from the medicated subject underline the reproducibility of the
measurements and the sensitivity of the methods to detect abnormal metabolite levels. As
proof of principle, GSH, GABA, and glutamate were also detected in an MS patient. The
presented study design allowed the reliable quantification of the primary target metabolites,
other established biomarkers of MS including choline, myo-inositol, and NAA, and
additional metabolites of the biochemical profile including creatine, phosphocreatine, and
ascorbate were obtained in a single 1-hour session.

Comparison of GSH concentrations, quantification accuracy, and reproducibility between
STEAM and JDE measurements in the current study suggests the advantages of an editing
over a non-editing technique. STEAM spectra at short TE suffer from significant spectral
overlap with MM signals, which limits the achievable quantification analysis and accuracy.
In addition, the GSH signal can accidentally be confounded with other, overlapping
resonances like creatine or GABA, leading to an over- or underestimation of the GSH
concentration. JDE of GSH reduces the number of spectral components to GSH and NAA
only and simplifies the quantification due to the absence of spectral overlap. In the present
study the average GSH concentration obtained through STEAM was lower than that
obtained through JDE. The mean CRLB of GSH quantified based on editing was lower than
that based on STEAM; the mean CoV was also lower. Additionally, the mean CRLB and
CoV were lower for JDE of GABA than for GABA obtained through STEAM. These results
advocate for the measurement of GSH and GABA individually using JDE instead of as part
of, for example, a STEAM acquisition.

Reported GSH concentrations determined in the human occipital cortex at 7 Tesla range
from 0.5-2.3 mM (e.g. (38,45-47)). The GSH concentration obtained through JDE presented
in the current study falls into the upper end of this range. The reproducibility of GSH
quantification at 7 Tesla by means of CoV values has been reported previously in different
areas of the human brain (48-51). These studies reported mean CoVs ranging from 5 to
14.4%. The mean CoV for JDE of GSH in the present study was slightly higher than the 5%
reported by Deelchand et al., who used a short TE STEAM sequence in the posterior
cingulate cortex.

J Magn Reson Imaging. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prinsen et al.

Page 9

Multiple studies presented GABA concentrations measured in the human occipital cortex at
7 Tesla previously with a concentration range of 0.2 to ~2 mM (e.g. (30,46,50,52,53)). The
GABA concentration obtained through JDE reported in the present study is within this
range. The reproducibility of GABA quantification in different areas of the human brain at 7
Tesla by means of CoV values has been assessed previously (50,51,54,55). The
reproducibility of the GABA JDE measurement in the current study was better than in the
studies of Terpstra et al. (50), van de Bank et al. (51), and Stephenson et al. (54) (mean CoV
range of 16-22%), which used a STEAM or semi-LASER sequence. In the study by
Wijtenburg et al. (55), the reproducibility of GABA quantification was addressed in the
anterior cingulate (AC) and dorsolateral prefrontal cortex (DLPFC) for both short TE
STEAM and Mescher-Garwood PRESS (MEGA-PRESS) editing. In the editing experiment,
MM minimization was achieved by applying the editing pulse around the 1.7 ppm MM
resonance. The mean CoV for GABA was lower in the present study than that reported by
Wijtenburg et al. using the editing technique (13.6% in the AC and 13.4% in the DLPFC)
and using STEAM in the DLPFC (16.2%), but it was higher than the mean CoV using
STEAM in the AC (3.5%). The GABA quantification accuracy expressed as CRLB was,
however, better in the current study compared to that of the STEAM experiments in the
study by Wijtenburg et al. (CRLB 10.5-11.0% in the DLPFC and 8.3-9.3% in the AC).
Wijtenburg et al. quantified GABA by peak integration, and no quantification errors were
reported.

Different sequences, including STEAM, PRESS, (semi-)LASER and SPECIAL (56), have
been used to detect glutamate in the human occipital cortex at 7 Tesla. The concentration of
glutamate reported in the present study is within the concentration range as reported in these
studies (8.6-11.3 mM, e.g. (38,46,57,58)). The reproducibility of glutamate quantification at
7 Tesla by means of CoV values has been explored previously in different areas of the
human brain (49-51,54). The reproducibility of the glutamate measurement is better in the
present study than that of Stephenson et al. (mean CoV of 8% in both the anterior cingulate
cortex and the insula), who also used a STEAM sequence. The mean CoV for glutamate is
also lower in the current study than in the study of Lally et al. (6.5-8.0% in the prefrontal
cortex), who used a TE optimized PRESS sequence in combination with a J-suppression
pulse to attenuate NAA at 2.49 ppm. The study of van de Bank et al., which used a semi-
LASER sequence, and the present study show comparable reproducibility of glutamate
quantification (mean CoV 3.1% in the posterior cingulate cortex and 3.4% in the corona
radiata). The reproducibility of the glutamate in the study of Terpstra et al., also using a
semi-LASER sequence, is even better, with a mean CoV in the posterior cingulate of ~2.5%
(presented as bar graphs) and ~3% in the cerebellum.

CRLB describe the lowest possible standard deviation of the spectral decomposition; in
other words, it is a measure of maximum confidence in the numerical procedure at hand.
The CoV summarizes the reproducibility of metabolite concentrations irrespective of the
way they were derived. Both parameters provide means for the identification of limited data
quality if CRLB and CoV are large. They do not represent unique measures of data quality
and metabolite quantification, however, as they are lacking the sensitivity to detect
systematic but reproducible errors. Such errors do not only include extreme scenarios like
erroneous voxel location (e.g. left versus right coordinate inversion), but also more subtle

J Magn Reson Imaging. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prinsen et al.

Page 10

effects like co-edited MM signals in GABA JDE experiments or the misinterpretation of
spectral signals in the quantification process e.g. in case of short-TE STEAM, where GSH
and GABA are largely overlapping with much stronger signals from creatine and MM). MM
concentrations are potentially elevated in MS (59) and thus the risk of erroneous metabolite
quantification is further enhanced for GABA JDE and STEAM investigations of MS
pathology. There is arguably no ground truth available for in vivo MRS, and the positive
proof of accurate metabolite quantification remains inherently impossible. We therefore
applied the best available MRS methods to detect the key metabolites of MS pathology and
optimized them to minimize the risk of systematic errors. The use of inversion-recovery
preparation for the minimization of MM signals came at the cost of a substantial signal-to-
noise ratio reduction. This choice was considered justified in this study, however, to achieve
the most reliable metabolite quantification and to thereby set the stage for future clinical MS
research.

Next to GSH, GABA, and glutamate, the concentrations of glutamine, choline, myo-inositol,
NAA, NAAG, creatine, phosphocreatine, aspartate, scyllo-inositol, and taurine were within
previously reported ranges (22). The concentration of ascorbate was slightly higher in the
present study compared to literature values (0.5-1.5 mM (22)). Differences in metabolite
concentrations between the current study and previous reports could be the result of
variation of TE or the application of T2 correction schemes.

The study involved five healthy volunteers and one MS patient to demonstrate the feasibility
of neurochemical profiling in a 1-hour experiment and to assess the achievable
reproducibility. Neither did the study aim to compare metabolite concentrations between
healthy subjects and MS patients, nor were the group sizes suitable for such analysis. Voxel
repositioning between test/retest sessions was achieved at an estimated error of less than 1
mm in all three directions. While a minute impact on the apparent metabolite content cannot
be excluded, these imperfections are considered small. Another reason for potential test/
retest variation might have been subject movement, including both breathing and voluntary
movements, throughout either the test and/or the retest session. In addition, physiological
variations like circadian rhythm, exercise level, or food intake cannot be excluded. The high
level of reproducibility achieved in this study suggests, however, that the cumulative impact
of the above effects has been small.

In conclusion, this study shows that GSH, GABA, glutamate, and other MS-related
metabolites can be quantified at 7 Tesla with high accuracy and reproducibility in a single 1-
hour session. This brain metabolomics-type approach allows the comprehensive
characterization of specific metabolites /7 vivo, and metabolic partners, implicated in MS
pathogenesis. The methodology is expected to serve as a clinical research tool to target the
biochemistry of oxidative stress, tissue injury, and repair in neurodegenerative diseases such
as MS.
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Figure 1.
Anatomical image in the axial plane (A) used for both voxel positioning on the midline

occipital cortex and for brain segmentation (B).
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Figure2.
JDE of GSH consisting of an edited condition (A, red) and a non-inverted reference (A,

black) was performed using a semi-LASER sequence (voxel size 3x3x3 cm3, TR 3's, TE 72
ms, 64 averages per JDE condition, acquisition time 7 min). The difference spectrum (B,
scaling factor 3.3) exhibits expected co-edited NAA at 2.49 and 2.67 ppm and allows the
isolation of the GSH CH, signal of the cysteine moiety at 2.95 ppm (dotted vertical line).
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Figure 3.

Page 16

JDE of GABA consisting of an edited condition (A, red) and a non-inverted reference (A,
black) was performed using a semi-LASER sequence (voxel size 3x3x3 cm3, TR 3's, TE 72
ms, 128 averages per JDE condition, acquisition time 13 min). The difference spectrum (B,
scaling factor 1.1) exhibits expected co-edited glutamate and glutamine at 3.74 ppm and

allows the isolation of the GABA 2CHj, signal at 3.01 ppm (dotted vertical line).
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Figure 4.
1H MRS of target metabolites glutamate and glutamine along with additional metabolites

choline, myo-inositol, NAA, creatine, ascorbate, aspartate, scyllo-inositol, and taurine
measured with STEAM (A, voxel size 2x2x2 cm3, TR 3 s, TE 10 ms, mixing time 50 ms, 96
averages, acquisition time 5 min). The “CH, group of glutamate at 2.34/2.35 ppm could
clearly be separated from both the 4CH, group of glutamine at 2.43/2.46 ppm and the 3CH,
group of NAA at 2.49 ppm (B). The overall spectral quality supports the observation of
down-field resonances, for instance, the phenylalanine peak at 7.37 ppm (C).
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A Glu
¢ GSH
® GABA

GSH, GABA, and glutamate concentrations (mM) in the occipital cortex of 5 healthy
subjects studied twice in different sessions. Metabolite concentrations were also measured
twice in a subject on medication known to impact GABA concentrations. GSH and GABA
were measured using semi-LASER JDE, and STEAM was used to detect glutamate.
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Superposition of test-retest STEAM spectra (voxel size 2x2x2 cm3, TR 3 s, TE 10 ms,
mixing time 50 ms, 96 averages, acquisition time 5 min) acquired during the two study
sessions (#1 and #2, left) and their difference (right). Extra: Corresponding spectra of a
subject on medication known to impact GABA concentrations.
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Figure 7.
Mean CoV (%) of the target metabolites (GSH, GABA, glutamate and glutamine), the

established MS biomarkers (choline, myo-inositol, N-acetylaspartate/ N-
acetylaspartylglutamate), and additional metabolites (creatine, phosphocreatine, ascorbate,
aspartate, scyllo-inositol, and taurine) quantified twice during different sessions in 5 healthy
subjects. Error bars represent standard errors of the mean. GSH and GABA were measured
using semi-LASER JDE, and STEAM was used to detect glutamate, glutamine, the
established MS biomarkers, and additional metabolites.
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Figure8.
Superposition of test-retest difference spectra for JDE of GSH acquired using a semi-

LASER sequence (voxel size 3x3x3 cm3, TR 3 s, TE 72 ms, 64 averages per JDE condition,
acquisition time 7 min) during the two study sessions (#1 and #2, left) and their difference
(right). Extra: Superposition of test-retest difference spectra for JDE of GABA acquired
using a semi-LASER sequence (voxel size 3x3x3 cm3, TR 3's, TE 72 ms, 128 averages per
JDE condition, acquisition time 13 min) during the two study sessions (#1 and #2, left) and
their difference (right) of a subject on medication known to impact GABA concentrations.
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Figure9.

Proof of principle: GSH (A), GABA (B), and glutamate (C, Glu) detection in an MS patient.
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