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Background: The optimization of magnetic resonance spectroscopy (MRS) sequences allows improved diagnosis and
prognosis of neurological and psychological disorders. Thus, to assess the test–retest and intersequence reliability of such
MRS sequences in quantifying metabolite concentrations is of clinical relevance.
Purpose: To evaluate the test–retest and intersequence reliability of three MRS sequences to estimate GABA and
Glx = Glutamine+Glutamate concentrations in the human brain.
Study Type: Prospective.
Subjects: Eighteen healthy participants were scanned twice (range: 1 day to 1 week between the two sessions) with identi-
cal protocols.
Field Strength/Sequence: 3T using a 32-channel SENSE head coil in the PCC region; PRESS, JPRESS, and MEGA-PRESS
sequences.
Assessment: Metabolite concentrations were estimated using LCModel (for PRESS and MEGA-PRESS) and ProFit2 (for
JPRESS).
Statistical Tests: The test–retest reliability was evaluated by Wilcoxon signed-rank tests, Pearson’s r correlation coeffi-
cients, intraclass-correlation coefficients (ICC), coefficients of variation (CV), and by Bland–Altman (BA) plots. The inter-
sequence reliability was assessed with Wilcoxon signed-rank tests, Pearson’s r correlation coefficients, and BA plots.
Results: For GABA, only the MEGA-PRESS sequence showed a moderate test–retest correlation (r = 0.54, ICC = 0.5,
CV = 8.8%) and the BA plots indicated good agreement (P > 0.05) for all sequences. JPRESS provided less precise results
and PRESS was insensitive to GABA. For Glx, the r and ICC values for PRESS (r = 0.87, ICC = 0.9, CV = 2.9%) and MEGA-
PRESS (r = 0.70, ICC = 0.7, CV = 5.3%) reflect higher correlations, compared with JPRESS (r = 0.39, ICC = 0.4,
CV = 20.1%).
Data Conclusion: MEGA-PRESS and JPRESS are suitable for the reliable detection of GABA, the first being more precise.
The three sequences included in the study can measure Glx concentrations.
Level of Evidence: 2
Technical Efficacy: Stage 1
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MAGNETIC RESONANCE SPECTROSCOPY (MRS)
allows noninvasive quantification of the concentrations

of various brain metabolites in vivo, including γ-aminobutyric
acid (GABA), glutamine (Gln), glutamate (Glu), the sum of
Glu and Gln (Glx), N-acetyl aspartate (NAA), N-acetyl
aspartyl glutamate (NAAG), glutathione (GSH), creatine
(Cr), myo-inositol (mI), and choline-containing compounds
(Cho) at 3T.1–3

The link between altered metabolite concentrations and
pathologies is the central topic of an extensive number of clinical
investigations. Variations in metabolite concentrations provide
information complementary to anatomical magnetic resonance
imaging (MRI) and are used extensively as biomarkers to detect,
monitor, and predict the outcome of various central nervous sys-
tem diseases (eg, neurological, oncological, and psychiatric).4,5

MRS provides, noninvasively and in vivo, metabolic information
at the cellular level, thus allowing for the monitoring of disease-
related alterations before changes become apparent on morpho-
logical images.5 A precise and reproducible choice of the region
of interest (ROI; ie, voxel) is important, since the concentrations
of most metabolites vary significantly in different areas of the
brain. This is epitomized in the case of GABA, whose concen-
tration is higher in the gray matter (GM) as compared with the
white matter (WM), while being negligible in the cerebrospinal
fluid (CSF).2 From a methodological perspective, spectral over-
lap in MRS is a notable limiting factor, since it hinders the dis-
tinction of different metabolites located in the same frequency
range. Moreover, other challenging aspects include low signal
intensity, due to low concentration of certain metabolites, and
J-coupling and chemical shift displacement effects.6,7 For exam-
ple, GABA has a low concentration and its signal overlaps with
signals from, eg, Gln and NAA.

To overcome these challenges and distinguish the metab-
olites reliably within a ROI, besides the conventional and
widely available PRESS (Point RESolved Spectroscopy), cus-
tomized sequences have been developed, such as JPRESS
(J-resolved spectroscopy) and MEGA-PRESS (MEscher-
GArwood Point RESolved Spectroscopy). The choice of the
sequence depends on the type of investigation, the available
scanning time, and the local resources in terms of expertise,
hardware, and software. MEGA-PRESS is a sequence that uses
J-editing pulses and is designed specifically for the detection of
low-concentration J-coupled metabolites. Conversely, JPRESS
allows for the detection of more metabolites compared with
MEGA-PRESS and PRESS, since it has higher resolution due
to 2D acquisition. However, few studies have reported on the
test–retest reliability of these MRS acquisitions for the detection
of small and large brain metabolites.8,9

Most of the previously published studies investigating the
reliability of MRS methods have focused on characterizing the
test–retest reproducibility of GABA concentrations derived with
MEGA-PRESS.10–18 Almost all previous works reported coeffi-
cient of variation (CV) values only, and few studies compared

intraclass correlation coefficients (ICC),15,17–19 using mainly the
MEGA-PRESS sequence. Three papers15,17,19 discussed
Pearson’s correlations and only van Veenendaal et al10 reported
Bland–Altman (BA) plots. So far, two brain regions have been
extensively examined: the anterior cingulate cortex (ACC) and
the occipital lobe (OL). Few reliability studies investigated the
posterior cingulate cortex (PCC) region and, thus, they used
different sequences compared with those of the present
study.20,21 The PCC is an important hub region of the default
mode network, a major resting-state brain network.22 Its func-
tion is implicated in various disease processes including neu-
rodegeneration22,23 and pain,24 and thus, a highly relevant
target for detailed metabolic examination.

We focused the present investigations on GABA and
Glx due to their relevance in clinical applications. GABA is
the main inhibitory neurotransmitter in the brain, involved in
physiological processes, ie, visual light–dark adaptation, and
in several neurological and psychiatric disorders.3 Glu, a
major excitatory neurotransmitter and precursor of GABA, is
the most abundant amino acid in the brain and, along with
Gln, plays a crucial role in the Glu-Gln neurotransmitter
cycle and in ammonia detoxification3 and is involved in sev-
eral genetic and acquired neurodegenerative processes.

In the present work, we aimed to assess the reliability of
GABA and Glx measurements within the PCC in healthy
participants, using PRESS, JPRESS, and MEGA-PRESS
sequences applied at 3T.

Materials and Methods
Subjects
Eighteen healthy participants (median age = 29 years; range,
22–35 years; 6 males and 12 females) were recruited. The study was
approved by the local Ethics Committee (Cantonal Ethics Commit-
tees of Zurich) and registered under the BASEC number
2016-00710. All participants provided written informed consent
before participation in the study.

MRS Data Acquisition
All MRS measurements were performed with a 3T MR scanner
(Philips Ingenia, Philips Healthcare; Best, The Netherlands) with a
32-channel head coil. The scanning protocol included a 3D anatom-
ical T1-weighted image with turbo-fast echo-fast inversion-recovery
and gradient-echo acquisition (number of slices = 160, slice thick-
ness = 1 mm isotropic, repetition time [TR] = 4.9 msec, echo time
[TE] = 4.6 msec, field of view = 240 mm × 240 mm, flip angle = 8�,
reconstruction matrix = 240 × 131 × 160). The volumetric T1-
weighted images were used to place the voxel in the PCC and to cal-
culate the GM, WM, and CSF tissue contents within the voxel for
each subject. To assure the reproducibility of the voxel placement,
anatomical landmarks were used as a reference: the voxel was located
laterally to the border of the splenium of corpus callosum, and above
the straight sinus and tentorium cerebelli, following the shape of cor-
pus callosum and avoiding the lateral ventricles and was always per-
formed by the same user. The MRS data were acquired using
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PRESS, JPRESS, and MEGA-PRESS sequences (Table 1 and Sup-
plementary Table S1).

Two interleaved datasets were obtained in the MEGA-PRESS
scans: in the first one, referred to as MEGA-PRESS-On, 17 msec
editing pulses were applied at 1.9 ppm, whereas in the second one,
called MEGA-PRESS-Off, a pulse inverted the metabolites at 7.46
ppm, which had no visual effect on the spectrum of interest between
0 and 4.7 ppm. Each reported spectrum results from the subtraction
of the MEGA-PRESS-Off from the MEGA-PRESS-On data4,10,25

and will be referred to as MEGA-PRESS, for the sake of simplicity.
JPRESS uses an echo-time series with incrementally increased

echo times, providing the encoding of J coupling evolution in 2D,
called F1 and F2, respectively. F1 is called the indirect dimension and
includes the coupling information, whereas F2 contains additional cou-
pling and chemical shift information.26 This sequence allows for the
disentangling of the signal overlap between metabolites by resolving
the J-evolution of the signal, thereby enhancing the sensitivity.4,8,9

As mentioned above, chemical shift displacement effects are a
challenge in MRS investigations, causing variations of the modula-
tion patterns among the different subregions of the voxel. To reduce
the chemical shift displacement artifact, we added a multipulse satu-
ration train before each sequence, resulting in inner volume satura-
tion (IVS) and outer volume suppression (OVS).6,27

For the test–retest reliability, the MRS measurements were
repeated within a week (range: from 1 day to 1 week). The order of the
sequences was the same for both sessions and all subjects: 1) JPRESS, 2)

PRESS, and 3) MEGA-PRESS. A voxel size with extension to AP
(anterior–posterior) × LR (left–right) × CC (craniocaudal) directions of
the voxel of interest (VOI) = 20 × 20 × 25 mm (10 ml) for JPRESS
and PRESS sequences was chosen and VOI = 30 × 30 × 30 mm
(27 ml) for MEGA-PRESS. The voxel was placed in the PCC region
(see Fig. 1). In all, 320 spectral averages (40 blocks × 8 averages/block)
were acquired for each MEGA-PRESS sequence (TR = 1600 msec,
TE = 68 msec, acquisition time = 12 min). In total, 800 spectral averages
were measured for JPRESS with 100 incremented TE steps (TR = 1600
msec, initial TE = 32 msec, acquisition time = 24 min, step increment = 2
msec, and an additional water reference scan/TE step for frequency and
phase correction) and 128 for PRESS (TR = 1600 msec, TE = 32 msec,
acquisition time = 4 min). VAPOR (VAriable Power and Optimized
Relaxation delays) pulse trains28 were applied in all MRS sequences for
optimized water suppression (see Table 1).

All metabolite concentrations are reported relative to the inter-
nal water concentration. The tissue composition of the voxel was
determined as the composition of GM, WM, and CSF. In-house
written MatLab-based scripts (MathWorks, Natick, MA) incorporat-
ing the Statistical Parametric Mapping (SPM8; Wellcome Trust
Centre for Neuroimaging, London, UK) segmentation routines were
used to calculate the voxel’s tissue composition (WM, GM, and
CSF) based on the T1-weighted anatomical images.29

MRS Data Analysis
The MEGA-PRESS and PRESS data were analyzed with LCModel
(Linear Combination of Model spectra) software (v. 6.3-1L), by inter-
preting them as a linear combination of different simulated metabolite
spectra featuring a Voigt profile.30 In the case of PRESS, 128 signals
were averaged, fitted, and analyzed, whereas for MEGA-PRESS
40 blocks, ie, 320 averages, were selected. Each spectrum was fitted with
a basis set, which included 18 metabolites for JPRESS and PRESS and
nine metabolites for MEGA-PRESS (the subtracted spectra). In the case
of PRESS, a double inversion recovery spectrum was acquired to mea-
sure the macromolecular (MM) experimental baseline. The MM base-
line was included in the basis set for PRESS analyses, since there is
substantial contribution of macromolecules at the applied TE = 32
msec.31,32 The JPRESS spectroscopic data were analyzed by using
ProFit2 (Prior-knowledge Fitting) including 18 metabolites.9 The ana-
lyses of the spectra were carried out over a chemical shift range from 0.4
to 4 ppm in the case of LCModel and from 0.5 to 4 ppm in the first
dimension and from –0.4 to 0.4 in the second dimension for ProFit2.
Prior to data analysis, a Hankel singular value decomposition (HSVD)
water filter, eddy current, and phase correction were applied.

Statistical Analysis
All statistical evaluations were performed with SPSS v. 23 (Chicago,
IL). The descriptive statistics of the datasets (each with sample size
n and mean x) were expressed in terms of mean and standard relative
error (SRE), defined according to Eq. 1:

SRE %ð Þ = 100 �SD
x

ffiffiffi
n

p ð1Þ

The reliability was evaluated by calculating Wilcoxon signed
ranks, Pearson’s adjusted r, ICC, CV values, and producing BA
plots. The reported P-values were computed by assuming two-tailed

TABLE 1. Parameters and Analysis Pipelines for the
MRS Sequences Used in This Study

Sequence Sequence details
Analysis
tool

JPRESS TE/TR = 32/1600 msec,
800 averages, VAPOR
water suppression,
IVS; voxel
volume = 10 mL; total
scan time = 24 min

ProFit2

PRESS TE/TR = 32/1600 msec,
128 averages, VAPOR
water suppression, IVS

voxel volume = 10 mL;
total scan time = 4
min

LCModel

MEGA-PRESS TE/TR = 68/1600 msec,
320 averages, editing
pulses (spectral
bandwidth 2 kHz) at
1.9 ppm (ON) and
7.46 ppm (OFF),
VAPOR water
suppression, IVS; voxel
volume = 27 mL; total
scan time = 12 min

LCModel
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distribution. These methods aim to characterize the reliability,
intended as relative scaling of the measurement error and level of
agreement among paired data. The reported radj values represent the
adjusted correlation coefficients, in order to use an unbiased estima-
tor. This correction is directly applied to the r values computed by
SPSS software and consists of:

radj = r 1 +
1− r2

2n

� �
ð2Þ

The CV value is defined as the ratio between the standard
deviation and the means:

CV =
σ
μ
× 100 ð3Þ

The CV is the most common way to monitor this scaling, but
its main limitation is that it cannot assess the relative error, when
the observed values are close to zero or negative, even constraining
the rank order. Another method to assess reliability that does not
require a natural zero point is the evaluation of the ICC values. Like
Pearson’s coefficient r, ICC estimates the scaling of the measurement
error in terms of correlation between two datasets. On the one hand,
ICC assesses the correlation on groups, whereas r, being the ratio
between the covariance and the product of the two standard devia-
tions, focuses on the linear correlation between paired observations.

Assuming a 95% confidence interval, we estimated the reliability
from the obtained ICC values, according to the following conven-
tion: poor (ICC < 0.4), moderate (0.4 ≤ ICC < 0.59), good
(0.6 ≤ ICC < 0.74), and excellent (ICC ≥0.75). The coefficient con-
veniently assesses either the absolute agreement or the consistency of
the two measurements of the metabolite concentrations in the previ-
ously described test–retest (1st and 2nd measurements) or inter-
sequence protocol.33 In the case of absolute agreement, the raters’
variability is also included in the formula. Intrasubject reliability
ranges from zero (no reliability) to one (perfect reliability).

From a quantitative perspective, a two-way mixed model (on single
measurements) for consistency between two sessions of measurements
(or the two sequences) was employed to estimate the ICC values34:

ICC =
BMS −EMS

BMS + k−1ð ÞEMS
ð4Þ

where BMS = Between-measurements Mean Square variance;
EMS = Mean Square Error between the measurements; k = number
of repeated measurements; and n = number of subjects.

Within-subject reliability of the ROI-mean amplitudes was
also estimated graphically by BA plots,35 which track the metabo-
lite changes of each subject across the 1st and 2nd sessions, thus
enabling a visual assessment of the reliability within the subjects.
The BA plots are constructed by reporting the mean of the mea-
surements on the x-axis and the difference between the two

FIGURE 1: Illustration of the MRS voxel position. The MRS voxel was placed in the PCC. Shimming (green), water and lipid excited
volumes at their respective frequencies/shift (white and yellow). They differ as an effect of chemical-shift displacement.

4

Journal of Magnetic Resonance Imaging



sessions on the y-axis. They serve to determine visually whether
the magnitude of the differences is comparable throughout the
whole range of measurements and to detect outliers. The impor-
tance of BA plots is that they assess the agreement between the
datasets, since the horizontal line represents the mean of the

difference set and, hence, in case of good agreement, should be
simply at the zero level. A minimal error estimate of the MRS
data was assessed by Cramér–Rao Lower Bounds (CRLB) for the
analysis done with LCModel and by standard deviation (SD) for
those with ProFit2.
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FIGURE 2: MRS spectra from the two measurements (1st and 2nd) in the voxel shown in Fig. 1. The first (a) and second (b) run of the
PRESS sequence. (c) and (d) show the 1D projection of the 2D J-resolved MRS data measured with the JPRESS sequence. (e) and (f)
show the MEGA-PRESS spectra (ie, MEGA-PRESS subtracted), whereas (g) and (h) the spectra of the MEGA-PRESS-Off sequence.
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Results
From the T1-weighted images used to position the voxel,
64 � 8% of the voxel volume was occupied by GM for both
the 1st and 2nd measurement datasets.

Averaged spectra are depicted in Fig. 2 for the JPRESS,
PRESS, MEGA-PRESS, and MEGA-PRESS Off sequences.
The mean and SD of the samples of the 1st and 2nd measure-
ments are shown in Table 2. The mean and SD of the

combined datasets (1st and 2nd measurements together) are
shown in Supplementary Table S2. The first data were used to
assess the test–retest reliability, whereas the second ones served
for the intersequence reliability. These two assessments were
accomplished by combining several statistical tools: Wilcoxon
signed-rank tests (Supplementary Tables S3 and S4), Pearson’s
r correlation coefficients (Table 3, Fig. 3, Supplementary
Table S5, and Supplementary Fig. S1), ICC coefficients
(Table 4), and CV coefficients (Table 5) for the test–retest reli-
ability case. The agreement between paired datasets was evalu-
ated through BA plots (Fig. 4 for test–retest and Supplementary
Fig. S2 for intersequence reliability). An example boxplot to
show the test–retest reliability is presented in Fig. 5.

In the case of GABA, a moderate correlation was
observed only in the case of MEGA-PRESS (r = 0.54,
ICC = 0.5, CV = 8.8%). Lower correlation coefficients were
observed for JPRESS (r = 0.39, ICC = 0.3, CV = 49.7%)
and PRESS (r = 0.31, ICC = 0.3, CV = 63.3%), but the BA
plots show an acceptable agreement for all three sequences.
For the intersequence reliability results, the combined datasets
exhibit remarkably different mean values of GABA for
JPRESS (1.30 � 0.14, SRE = 11%), PRESS (0.60 � 0.07,
SRE = 12%), and MEGA-PRESS (3.32 � 0.08, SRE = 3%).
The Wilcoxon signed-rank test revealed highly significant
(P < 0.001) differences between GABA values derived with
all sequences. However, the low mean concentrations
observed with PRESS should be evaluated with caution, as
these values are affected by numerous zeros in the concentra-
tion values and high (>100%) relative CRLB in several
subjects.

Regarding Glx, comparable concentration values were
obtained with JPRESS (15.99 � 0.98, SRE = 6%), PRESS
(19.23 � 0.31, SRE = 2%), and MEGA-PRESS (17.46 � 0.31,
SRE = 2%). The good test–retest reliability for Glx in all
sequences is reflected by the absence of statistically signifi-
cant differences, as shown by Wilcoxon signed-rank tests and
by BA plots. Moderate to excellent correlations between ses-
sions were achieved with PRESS (r = 0.87, ICC = 0.9,
CV = 2.9%) and MEGA-PRESS (r = 0.70, ICC = 0.7,
CV = 5.3%), but a lower precision was observed for JPRESS
(r = 0.39, ICC = 0.4, CV = 20.1%). The intersequence
Wilcoxon signed-rank tests and BA plots indicate that there
are statistically significant differences between PRESS and
JPRESS [P(Wilcoxon) = 0.004], and PRESS and MEGA-
PRESS [P(Wilcoxon) < 0.001] and a trend towards a signifi-
cant difference in GABA levels measured with JPRESS and
MEGA-PRESS sequences [P(Wilcoxon) = 0.08]. Interest-
ingly, there is no intersequence correlation, except for the
moderate correlation in GABA values estimated with PRESS
and MEGA-PRESS (r = 0.59). Finally, the Wilcoxon signed-
rank test shows that the best test–retest agreement for dis-
tinguishing Glu from Gln is achieved with JPRESS (Supple-
mentary Table S3).

TABLE 2. Means, Standard Deviation (STD), Standard
Error Relative to the Mean (SEM), and Standard
Relative Error (SRE) for Each Sequence Employed in
the Detection of the GABA and Glx (ie, Glu + Gln)
Signals

GABA (n = 18) MEAN STD SEM
SRE
(%)

JPRESS (1st) 1.12 0.57 0.13 12

JPRESS (2nd) 1.48 1.01 0.24 16

PRESS (1st) 0.59 0.40 0.09 16

PRESS (2nd) 0.61 0.49 0.12 19

MEGA-PRESS
(1st)

3.43 0.50 0.12 3

MEGA-PRESS
(2nd)

3.21 0.50 0.12 4

MEGA-PRESS-Off
(1st)

0.03 0.09 0.02 74

MEGA-PRESS-Off
(2nd)

0.13 0.26 0.06 48

Glx (n = 18)

JPRESS (1st) 15.54 5.50 1.30 8

JPRESS (2nd) 16.44 6.41 1.51 9

PRESS (1st) 19.35 1.76 0.41 2

PRESS (2nd) 19.11 2.00 0.47 2

MEGA-PRESS
(1st)

17.41 1.91 0.45 3

MEGA-PRESS
(2nd)

17.51 1.84 0.43 2

MEGA-PRESS-Off
(1st)

11.00 0.93 0.22 2

MEGA-PRESS-Off
(2nd)

10.84 1.41 0.33 3

High (>20%) SRE values are highlighted in bold. The parame-
ters are estimated assuming a normally distributed population
and separately for the 1st and 2nd measurements. GABA:
γ-aminobutyric acid, Glu: glutamate, Gln: glutamine, Glx:
Glu + Gln.
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TABLE 3. Pearson’s r Correlation Adjusted Coefficients Relative to Two Scan Timepoints (1st and 2nd Measurements)
for JPRESS, PRESS, and MEGA-PRESS (n = 18)

JPRESS PRESS MEGA-PRESS MEGA-PRESS-Off

GABA r 0.39 0.31 0.54* 0.05

P (2-tailed) 0.11 0.23 0.02 0.85

Gln r 0.61** 0.48* 0.38 0.30

P (2-tailed) 0.009 0.05 0.13 0.24

Glu r 0.33 0.77** 0.58* 0.72**

P (2-tailed) 0.20 < 0.001 0.01 0.001

Glx r 0.39 0.87** 0.70** 0.73**

P (2-tailed) 0.12 < 0.001 0.002 0.001

**P < 0.01, *P < 0.05.
GABA: γ-aminobutyric acid, Glu: glutamate, Gln: glutamine, Glx: Glu + Gln.

FIGURE 3: Pearson’s r correlation plots for GABA (a,c,e) and Glx (b,d,f) for each of the three MRS sequences to compare the data acquired in
the two different scan timepoints (1st and 2nd measurement). From top to bottom: JPRESS, PRESS, andMEGA-PRESS. *P ≤ 0.05, **P ≤ 0.01.
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Discussion
Most previous studies evaluated the MEGA-PRESS
sequence for quantification of GABA, Glu, Gln, and Glx
or GABA only.10–18 Two studies quantified Glx by
JPRESS.36,37 CV evaluation for test–retest reliability has
been applied extensively to all sequences in several investi-
gations, as for MEGA-PRESS16 and JPRESS.36 Some ICC
analyses were already reported.15,17,18 Only two previous
studies15,17 applied the Pearson’s r correlation method to
measure the reliability of GABA detection by MEGA-
PRESS and one19 to measure the reliability of Glx detection by
PRESS. Moreover, only two investigations,20,21 one using semi-
LASER (Localized by Adiabatic SElective Refocusing) and
another using 2D L-COSY (Localized COrrelational Spectros-
copY) sequences at 3T and 7T, reported on the PCC region of
the brain, despite its important function in brain regulation and
homeostasis and its extensive implication in several neurodegen-
erative processes.

To minimize statistical overinterpretation due to the
limited size of the sample, we assessed our data by combining
mutually unbiased methods, such as Wilcoxon signed-rank
tests, BA plots, and calculations of Pearson’s r correlation,
ICC, and CV coefficients.

The advantage in terms of test–retest reliability of
edited sequences like MEGA-PRESS in the detection of
GABA is confirmed by the higher precision, as reported in
this study. Despite the absence of statistically significant dif-
ferences in the Wilcoxon signed-rank test for test–retest reli-
ability, PRESS seems to be unsuitable for GABA detection.
This is not only reflected by the lowest correlation r and ICC
but also by the high CRLB values (>100%) and frequent
presence of zeroes, indicating that PRESS data show low sen-
sitivity to the GABA peak, which overlaps with signals from
other metabolites. Using JPRESS, the GABA signal can be
clearly resolved. Despite the lower test–retest reliability in
comparison to MEGA-PRESS, JPRESS may still be the most
accurate among the employed sequences; however, it also
requires the longest acquisition time. In fact, MEGA-PRESS
data may overestimate GABA concentrations, due to the lim-
ited flexibility in the baseline definition and, hence, higher
risk to compute values affected by MM contamination.38

Alternatively, the overestimate of GABA from MEGA-PRESS
may arise from differences in scaling factors within the basis
set; an unequivocal solution would be to refer the observation
to a phantom that can be assumed as the gold standard, for
assessing the absolute accuracy in the concentration estimate,

TABLE 4. Intraclass Correlation Coefficients (ICC) Relative to Two Scan Timepoints (1st and 2nd Measurements) for
JPRESS, PRESS, and MEGA-PRESS (n = 18)

JPRESS PRESS MEGA-PRESS MEGA-PRESS-Off

GABA 0.3 0.3 0.5 < 0.1

Gln 0.6 0.5 0.4 0.3

Glu 0.3 0.8 0.6 0.7

Glx 0.4 0.9 0.7 0.7

GABA: γ-aminobutyric acid, Glu: glutamate, Gln: glutamine, Glx: Glu + Gln. ICC classification: poor (ICC < 0.4), fair
(0.4 ≤ ICC < 0.59), good (0.6 ≤ ICC < 0.74), and excellent (ICC ≥0.75). Fair and good correlation are written in bold, whereas excel-
lent correlations are underlined bold. Method of estimate: two-way mixed consistency on single measures ICC.

TABLE 5. CV Values Relative to Difference Between Two Scan Timepoints (1st and 2nd Measurements) for JPRESS,
PRESS, and MEGA-PRESS (n = 18)

JPRESS PRESS MEGA-PRESS MEGA-PRESS-Off

GABA 49.7% 63.3% 8.8% 110.3%

Gln 34.2% 9.8% 47.0% 97.2%

Glu 22.2% 4.5 % 6.1% 4.2%

Glx 20.1% 2.9% 5.3 % 5.1%

A lower CV value reflects a higher test-retest reliability. We assume that CV values below the threshold of 20% are reliable. GABA:
γ-aminobutyric acid, Glu: glutamate, Gln: glutamine, Glx: Glu + Gln.
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but this is beyond the scope of this study. Previous studies have
reported correlation coefficients in accordance with those
derived in the present study, ie, r = 0.54 for MEGA-PRESS.17

The CV value we obtained with MEGA-PRESS (8.8%) is also
comparable to the typical values reported in the literature,
which vary between 6% and 8%.11,12,16 Lower values were
reported by Near et al17 (4.3% in the OL) and Shungu et al,15

who obtained values for the dorsolateral prefrontal cortex
(DLPFC) of 4% (using a single-channel coil) and 2% (using an
eight-channel coil). In the case of MEGA-PRESS investigations
performed at 7T, similar values were reported in the ACC,
whereas different results at the same field strength were
obtained using STEAM (STimulated Echo Acquisition Mode)
and semi-LASER sequences, the latter exhibiting the best reli-
ability for Glu (3%). Compared with MEGA-PRESS, semi-
LASER proved to be less reliable in detecting GABA
(CV values between 13% to 22%).11,20 However, CV values in

FIGURE 4: Bland–Altman plots for GABA (a,c,e) and Glx (b,d,f) for the three MRS sequences showing the agreement between the
two different scan timepoints (1st and 2nd measurement). The central gray line indicates the mean value of the difference dataset (μ)
and the upper and lower ones are the limits μ + 1.96SD and μ-1.96SD, respectively. From top to bottom: JPRESS, PRESS, and
MEGA-PRESS.

FIGURE 5: Conventional boxplot showing the concentration
distribution of GABA acquired with MEGA-PRESS in the first
(left) and second measurements (right). The box indicates the
interquartile range (IQR, MEAN � 0.6745 × SD) and the upper
and lower whiskers denote the limit (MEAN � 2.698 × SD
interval). Outliers are marked with a single dot.
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the detection of GABA are often claimed to be dependent on
several factors (e.g., the ROI), and therefore limit the possibility
for meaningful comparisons.16,36

In general, Glx estimations are comparable for all three
sequences, with a minimal variation reported for JPRESS, followed
by MEGA-PRESS and PRESS. The Wilcoxon signed-rank tests
did not detect statistically significant differences between the 1st

and 2nd measurements, with the exception of Gln by MEGA-
PRESS. The highest precision is exhibited by PRESS for Glx, Glu,
and Gln. In addition, the r correlation coefficients confirm the
high precision achieved by PRESS for Glx (0.87) and Glu (0.77),
which are comparable to, or slightly better than, values reported in
the literature19 (0.64 and 0.79, respectively), although the latter
values were obtained with a smaller voxel size (3.4 mL). Indeed,
PRESS is a conventional and reliable sequence with a favorably
short acquisition time, as indicated by our results and previous
works. Its limitation becomes evident in the case of low concentra-
tion metabolites like GABA or when two metabolites with similar
overlapping spectra need to be detected separately, as, eg, in the
case of Glu and Gln. Moreover, with MEGA-PRESS we could
detect Glx with CV = 5.3% and confirm the good agreement, as
already reported in a previous work with a smaller sample size.10

MEGA-PRESS and JPRESS are less precise than PRESS (showing
higher CV values), but all Glx concentration values resulted in
fairly comparable results. MEGA-PRESS is generally more prone
to motion of the subject and hardware instabilities than JPRESS,
which increases the risk of subtraction artifacts,39 although the
acquisition of interleaved edit ON and OFF data, combined with
preprocessing methods like frequency and phase correction and
outlier rejection, can improve reproducibility and reduce the likeli-
hood of subtraction artifacts.12,40 The reliability of JPRESS is
dependent on using different acquisitions with incremented TE,
which allows for a more precise separation of the contributions
from Glu and Gln. TE series measurements allow for the dis-
entangling of the different modulations of the two metabolites,
clearly enhancing the reliability; however, at the price of longer
acquisition times.8 Our reliability parameters are in good agree-
ment with those reported in the literature. Particularly, the
reported CV values are comparable to those obtained with PRESS
and MEGA-PRESS.10 Regarding JPRESS, we obtained a slightly
higher CV = 20.1%, as compared with 10% and 16% from previ-
ous reports.36,37 There is no evident explanation for the lower pre-
cision of JPRESS in comparison to the other sequences.

A trend towards consistency in Glx concentrations was
obtained only between the JPRESS and MEGA-PRESS sequences
[P(Wilcoxon) = 0.08]. The significant differences in Glx derived
with the other intersequence tests are most likely due to the high
test–retest precision, which makes the intersequence reliability tests
extremely strict in terms of error tolerance. Furthermore, statistical
error in the hypothesis tests do not take into consideration system-
atic error due to other factors, which may play a major role, such
as the use of different postprocessing protocols for the spectral
fitting routines and of different metabolite basis sets.

A major limitation of the study was that, due to differences
in voxel volume and scan time between the sequences, the rela-
tive signal-to-noise ratio (SNR) was not identical, leading to dif-
ferences in variability between measurements, which may affect
the assessment of reproducibility. However, given the relatively
short scan time for the PRESS acquisition in comparison with
the other sequences, the apparently higher precision of PRESS
for Glx in particular is unlikely to be due to differences in SNR
between the sequences. Moreover, it appears to reflect a genuine
benefit in terms of precision. An advantage of the protocols used
in the present study is that, since each sequence was tested in its
standard protocol implementation, the variability values mea-
sured should reflect those associated with a typical protocol, as
used in many previous and ongoing studies. Furthermore, the
present study did not assess the precision of other MRS localiza-
tion and acquisition methods, used in the detection of GABA
and Glx, such as semi-LASER, STEAM, and 2D COSY.10,11,20

The absolute estimate of metabolite concentrations (assessed by
the accuracy) would require measurements from a phantom to
be taken as a gold standard. Some practical limitations have to be
taken into account, like the limited sample size (n = 18), the use
of a larger voxel size in the case of MEGA-PRESS to achieve a
sufficient SNR, and the different postprocessing tools used to
analyze the PRESS and MEGA-PRESS data with LCModel and
the JPRESS data with Profit2.

In conclusion, our study presents a somewhat rigorous
statistical evaluation of the test–retest and intersequence reli-
ability for the JPRESS, PRESS, and MEGA-PRESS
sequences, used for measuring the concentration of GABA
and Glx (Glu + Gln) metabolites in the PCC. We show that
edited-pulse sequences are suitable for the detection of GABA
with 30% precision. Nevertheless, MEGA-PRESS data tend
to overestimate the GABA concentration due to MM con-
tamination and JPRESS may be a more accurate alternative,
despite the lower test–retest reliability and longer scan time.

In the case of Glx (Glu + Gln), all three sequences
exhibited moderate to excellent levels of test–retest reliability in
terms of correlation and agreement. Some suggestions are also
provided to help choosing the most appropriate sequences,
according to the type of investigation, the metabolite of interest
(eg, GABA or Glx (Glu + Gln)), the clinical setup (eg, regarding
the availability of certain sequences), and time constraints.
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