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ARTICLE INFO ABSTRACT

Keywords: Background: Proton magnetic resonance spectroscopy (MRS) can be used to quantify multiple neurometabolites.
Magnetic resonance spectroscopy However, due to the difficulty of separating overlapping signals at the commonly used field strength of 3 T, the
7 T . quantified values are often composites of metabolically related chemicals. This can complicate interpretation and
?;%}X&Eld mask effects of interest. Therefore, it is important to determine the ability to accurately separate these signals at
Semi-laser 3 T. Data acquired at 7 T can provide a benchmark, as higher field strength facilitates spectral resolution and
PRESS reduces the signal overlap.

New Methods: This study assessed the ability of multiple 3 T MRS sequences to separate the commonly acquired
neurochemicals (Glutamate (Glu) and Glutamine (GIn); N-Acetyl aspartate (NAA) and N-acetylaspartylglutamate
(NAAG); Creatine (Cr) and Phosphocreatine (PCr); Choline (Cho), Phosphocholine (PC) and Glycer-
ophosphocholine (GPC)). We compared metabolites quantified at 3 T from 6 acquisitions (PRESS, TE= 20, 30,
40, 80 ms, semi-LASER, TE=28 ms and STEAM TE=6 ms) with those quantified at 7 T using STEAM (TE=8 ms).
Results: Sequences with short echo times (STEAM-6, PRESS-20) generally performed better at separating most
metabolites when using correlative and difference analyses with 7 T reference data. The exceptions were NAAG,
which was best quantified with PRESS-80, and Cr and PCr, which were not well separated by any sequence.
Comparison with existing methods and conclusion: When wanting to specifically separate composite metabolite
signals using single voxel MRS, shorter echo times generally perform better. Researchers should be mindful of the
effects of acquisition parameters on the metabolite measures.

1. Introduction

Proton magnetic resonance spectroscopy (MRS) is used to measure
neurometabolite levels non-invasively in vivo. The main metabolites of
interest that can be measured with MRS are Glutamate (Glu), N-acetyl
aspartate (NAA), creatine (Cr), and choline (Cho). However, interpre-
tation of these measures is complicated due to overlapping signals. At
3 T, signal from each of these metabolites is overlapped by signal of a
metabolite with similar functional groups. Subsequently, these metab-
olites are often reported as a “sum” of multiple metabolites (e.g. Glx =
Glu + glutamine (GIn), tNAA = NAA + N-acetylaspartylglutamate
(NAAG), tCr = Cr + phosphocreatine (PCr), tCho = Cho

+ phosphocholine (PC) + glycerophosphocholine (GPC)).

Some studies do not report the composite signal, as there is often a
desire to be specific to one metabolite (e.g. Duncan et al., 2013; Rey-
ngoudt et al., 2011; Sarchielli et al., 2005; Siniatchkin et al., 2012). This
may result in inaccurate quantification, for example reporting NAA
without consideration that some NAA signal may be quantified as
NAAG, or vice versa. A more comprehensive approach could be to report
both the individual signals and the composite signal, which has been
seen for Glu and Glx (e.g. Joyce et al., 2022) but is not common for other
metabolites. A related challenge is attempting to interpret changes in the
composite signal as changes in one metabolite only, without considering
changes in the other, for example changes in Glx interpreted as changes
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in Glu only. These assumptions can result in inaccurate interpretations,
for example changes in Glu are generally interpreted as changes in
glutamatergic processing, however changes in Gln have been associated
with increased GABAergic activity (Rae, 2014). Additionally, reporting
the metabolites as a single sum could mask changes in one metabolite
due to altered levels of the other. Indeed, several functional studies have
shown that reporting the composite signal masks changes in individual
metabolites (e.g. tCho (Bell et al., 2018), tNAA (Castellano et al., 2012)).

Previous work has attempted to identify a preferred approach to
separate signals at 3 T by comparing Cramer-Rao Lower Bounds (CRLBs)
and the intra-subject coefficient of variation (CVs) of data acquired
using various sequences. CRLBs are a measure of the minimum error
associated with a measurement and are generally reported as a per-
centage of the quantified value (Kreis, 2016). In the context of
comparing MRS sequences, measures with lower CRLBs are interpreted
to be more accurate. Intra-subject CVs measure the variation in data
dispersion between two measures and are used as a measure of reli-
ability or consistency between two repeated scans, sequences with lower
CVs are interpreted to be more reliable/consistent. For example, Wij-
tenburg and Knight-Scott (2011) compared CRLBs and CVs for four se-
quences: (1) phase-rotated short echo time STEAM (TE=6.5 ms), (2)
PRESS (TE=40 ms), (3) STEAM (TE=72 ms) and (4) TE-averaging. They
found short echo STEAM (TE=6.5 ms) to have the lowest CRLB (5.3) and
the lowest CV (7.1 %) for Glu. Deelchand et al. (2018) showed that
semi-LASER (sLASER, TE=28 ms) produced data with lower CRLBs and
better repeatability for most metabolites compared to data acquired
using PRESS (TE=30 ms).

CRLBs reported as a percentage have been critisized as a measure of
error as they heavily depend on the estimated metabolite level, larger
metabolite levels will inherently have smaller CRLBs (Kreis, 2016). The
CV suffers from similar limitations, smaller measures will produce larger
CVs than larger measures. Therefore interpreting these measures as
measures of accuracy is misleading. To determine accuracy, a measure
of ground truth is neeeded, which is absent in in vivo data. Instead,
simulated data can be used to provide a known value for comparison.
For example, Hancu (2009) used simulated data to compare the ability
of multiple sequences to separate Glu & GIn (PRESS, 4 different echo
times, STEAM, 2 different echo times, JPRESS, 2 different echo times
and Carr Purcell echo train, 2 different echo times). They concluded
JPRESS (TE=35-190 ms) to be the most accurate (had the lowest dif-
ference between measured value and simulated value), however this
sequence had lower repeatability. PRESS (TE=15 ms) showed high ac-
curacy and strong repeatability for Glu measures, however was unable
to be tested in vivo due to RF peak power limitations, highlighting a
limitation of using simulated data. Additionally, there are numerous
variables affecting in vivo data that are often unaccounted for in simu-
lations, creating a gap between simulated and in vivo data. For example,
although Hancu found a lower CV for PRESS (TE=30 ms) compared to
PRESS (TE=45 ms) using simulated data, using in vivo data Mullins et al.
(2008) found PRESS (TE=40 ms) to have a lower CV for Glu than PRESS
(TE=30 ms), though this discrepancy may in part be due to the slightly
longer echo time in Hancu’s study. Mullins et al. chose TE= 40 ms over
TE= 45 ms as this echo time minimizes contribution from overlapping
Gln signal, whilst still maintaining signal intensity on a similar level to
that of shorter echo time sequences, a critique of using a TE of 80 ms,
which suppresses the Gln signal. Both Mullins et al. and Hancu were in
agreement that PRESS (TE=30 ms) produced lower CRLBs, however
Hancu was able to show that PRESS (TE=30 ms) overestimates Glu
levels, highlighting the limitations of using CRLBs as a measure of
accuracy.

An approach to bridge the gap between simulated and in vivo data is
to use data acquired at a higher field strength, i.e. 7 T, as a reference for
comparison. 7 T has a higher spectral resolution, meaning overlapping
signals are more easily resolved at 7 T than at 3 T (Pradhan et al., 2015).
This manuscript assesses the agreement between multiple sequences
acquired at 3 T and 7 T data acquired using STEAM (TE=8 ms) as a
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reference comparison. 3 T sequences that show strong agreement will be
assumed to be better at separating metabolite signals. 7 T STEAM (TE=8
ms) was chosen based on Bell et al. (2025), who showed this sequence to
be optimal for the separation of metabolites at 7 T. Data acquired at 7 T
using sSLASER (TE=34 ms) will also be included to check if the choice of
7 T sequence for reference biased findings.

2. Methods
2.1. Participants

14 healthy participants (18-40 y) were recruited and written
informed consent was obtained from all participants. Data were
collected with approval from the Conjoint Health Research Ethics Board,
University of Calgary (REB19-1461), the Research Ethics Board at The
Douglas Research Centre (IUSMD-19-12), the McGill Faculty of Medi-
cine Institutional Review Board (A06-M49-22B) and the Montreal
Neurological Institute Institutional Review Board (2020-6510).

2.2. Data acquisition

Participants underwent two imaging sessions, one at 3 T (Siemens
Prisma) and one at 7 T (Siemens Terra). The sessions took place within 3
days at approximately the same time of day and the session order was
counterbalanced so that equal numbers of participants underwent the
3 T scan vs the 7 T scan first. A 32-channel head coil was used for each
scanner. Each session began with a T1-weighted image for voxel
placement and segmentation (3 T: MPRAGE, TE/TR= 2.01/2300 ms,
isotropic resolution=1 mm3; 7 T: MPRAGE, TE/TR= 1.84/4300 ms,
isotropic resolution=1 mm?). 2.5 x 2.5 x 2.5 cm voxels were placed in
the parietal cortex centred on the midline (Fig. 1).

At 3 T, the following acquisitions were performed:

. PRESS-20 (TE=20 ms)

. PRESS-30 (TE=30 ms)

. PRESS-40 (TE=40 ms)

. PRESS-80 (TE=80 ms)

. STEAM-6 (TE/TM=6/32 ms)
. SLASER-28 (TE=28.24 ms)

Ul A WN -

All 3T acquisitions had the following parameters: TR= 2000 ms,
number of points= 4128, spectral width= 4000 Hz, 128 water-
suppressed averages, VAPOR water suppression, and 8 water unsup-
pressed averages. Sequence order was counterbalanced across subjects.
At 7 T, a phase-rotated STEAM acquisition was performed (TE/TR/
TM=8/6000/40 ms, 64 water-suppressed averages using VAPOR, 8
water unsuppressed averages) which was originally developed to
improve glutamate sensitivity (Wijtenburg and Knight-Scott, 2011). Asa
supplemental reference data set, SLASER data was also acquired at 7 T
(TE/TR=34/5000 ms, 64 water-suppressed averages using VAPOR, 8
water unsuppressed averages).

2.3. Data processing and quantification

MRS data were preprocessed using FID-A (Simpson et al., 2017) with
the following steps: coil combination, removal of motion corrupted av-
erages, frequency drift correction, and zero order phase correction.
LCModel (Provencher, 2001) was used to apply eddy current correction
and for quantification relative to water. The ATTyy0 parameter was set
to 1 to allow for correction of Ty decay of water at each echo time
external to LCModel.

Basis sets for quantification were simulated using FID-A based on
exact timings and RF pulses for each sequence. Basis sets included the
following metabolites: Alanine, Aspartate, Choline (Cho), Glycer-
ophosphocholine (GPC), Phosphocholine (PC), Creatine (Cr), Phospho-
creatine (PCr), GABA, Glu, Gln, Lactate, Myo-Inisitol, NAA, N-
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Fig. 1. Mean (black) and standard deviation (shaded grey) of spectra acquired for each sequence, and location of voxel in parietal cortex.

acetylaspartylglutamate (NAAG), Scyllo-Inositol, Glutathione (GSH),
Glucose, Taurine, Glycine and PE (basis sets, including simulated mac-
romolecules, are available at https://github.com/HarrisBrainLab/Basi
sSets).

Macromolecules for the basis sets were simulated using information
obtained by parameterizing metabolite suppressed data. Metabolite
suppressed data were acquired from five participants at 3 T from a re-
gion of interest in the parietal cortex using an inversion recovery SPE-
CIAL sequence with TE =8.5ms and TI =800 ms in five healthy
volunteers. The five metabolite nulled spectra were then aligned and
combined into a single “average” macromolecule spectrum. Nine
macromolecule resonances were then identified in the average macro-
molecule spectrum, and each resonance was fit to a Lorentzian lineshape
using in house custom MATLAB scripts to estimate the frequency, line-
width, and relative amplitude of each component. For 7 T macromole-
cule basis sets, freely available 7 T metabolite suppressed data from six
healthy individuals (Povazan et al, 2015, https://zenodo.
org/records/3906754#.XvOWVvJ7n7e) was used to identify nine
macromolecule resonances, and each macromolecule resonance was fit
to a Gaussian lineshape using in house custom MATLAB scripts.

As described in Bell et al. (2025), a single-proton FID-A spin system
was created for each identified macromolecule resonance, with the
“scaleFactor” parameter adjusted to account for the number of protons
associated with each macromolecule resonance (see Table 1 below,
FID-A spin systems are available at https://githib.com/HarrisBrain

Table 1

Values used for simulation of macromolecules.
Macromolecule  Frequency No. Simulated LCModel

(ppm) Protons® Linewidth Constraint”
(Hz)

Mo.go 0.89 3 17.3 n/a
Mi .10 1.19 3 13.9 0.41 £ 0.16
M 37 1.37 3 18.5 0.98 + 0.67
M 62 1.62 2 35.6 1.185 + 1.10
Mz.00 2.00 2 29.8 2.53 £ 0.81
Mz.os 2.25 2 45.0 2.00 £0.17
Ma.o7 2.97 2 37.1 1.30 + 0.32
Ms 19 3.19 2 4.0 0.10 + 0.22
Ms.79 3.79 2 55.9 2.33+£0.72

2 Values obtained from Cudalbu et al., (2021)
b Concentration relative to Mo.89

Lab/MMSim). Macromolecules were then simulated with the appro-
priate simulation function in FID-A based on the parameters in Table 1,
using exact timings and RF pulses. The simulated macromolecule line-
width was 6 Hz smaller than their corresponding linewidths in the
parameterized spectra to account for the line broadening typically
applied by LCModel to match the narrow-simulated metabolite basis
functions to the typically broader linewidths observed in in vivo data. A
soft constraint on the relative concentration of each macromolecule
relative to MM g9 was applied in LCModel as specified in Table 1 (Bell
et al., 2025).

T1 weighted images were segmented using the CoRegStandAlone
function (Harris et al., 2015) from the Gannet toolbox (Edden et al.,
2014). Tissue correction was performed using the Gasparovic method,
including correcting for echo time, repetition time and T; and T» decay
using field specific values (Gasparovic et al., 2006). The op_getLW
function in FID-A was used to estimate the linewidth of the NAA peak
(1.8-2.2 ppm) and the water peak (4.4-4.8 ppm). SNR was estimated
using the op_getSNR function in FID-A, which measures the height of the
NAA resonance between 1.8 and 2.2 ppm and normalizes this to the
standard deviation of the signal in a peak free region.

2.4. Statistical analyses

Statistical analyses were performed using R (version 4.1.2, R Core
Team 2020 https://www.R-project.org/). Data acquired at 7 T were
considered the reference standard. To determine the consistency of
voxel placement, the dice coefficient of the overlap between the 3 T and
7 T voxels was calculated. Pearson’s correlation analyses was used to
assess the relationship between data acquired at 3 T and 7 T. Absolute
magnitudes between 0 and 0.3 are considered weak correlations, abso-
lute magnitudes between 0.4 and 0.6 are considered moderate correla-
tions and absolute magnitudes between 0.7 and 1 are considered strong
correlations (Akoglu, 2018). A mixed effects intraclass correlation co-
efficient (ICC) model with 95 % confidence intervals was calculated
using the irr package (v 0.84.1) (Gamer et al., 2019) to test the level of
agreement. Values below 0.5 are considered poor agreement, values
between 0.5 and 0.7 are considered moderate agreement and values
above 0.7 are considered good agreement (Koo and Li, 2016). As a
secondary analysis, the pairwise correlation coefficient from LCModel
was used to assess the relationship between overlapping metabolites (for
example, the correlation between NAA and NAAG). A correlation closer
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to zero implies better separation of overlapping signal, whereas positive
or negative correlations with a larger magnitude indicate poor separa-
tion (Dou et al., 2015), and it is recommended in the LCModel manual
that signal has not been adequately separated if the correlation between
a pair is consistently less than —0.3.

2.5. Sample size calculations

Calculations were performed for each individual metabolite to esti-
mate the number of participants per group that would be needed to
detect a 10 % change between two groups, based on the formula
described by Wong et al. (2018)

(2 x o?)

et o S

Where u =1.28 % for 90 % power, v = 1.96 % for 95 % confidence
level, A = 0.1 for a 10 % change, ¢ = the standard deviation of each
metabolite across all subjects and y = the mean of each metabolite
across all subjects.

3. Results
3.1. Quality metrics

Table 2 shows the linewidth and SNR for each sequence. The mean of
the CRLBs for each metabolite for each sequence can be found in sup-
plementary table 1. CRLBs were relatively consistent across methods.
The mean CRLBs for Glu and Glx were all below 5, and typically the
mean CRLBs for Gln were between 13 and 18, with the exception of
SsLASER-28, the only method that was substantially higher (CRLB = 27).
Similarly for NAA and tNAA, mean CRLBs were below 2 for all se-
quences. For NAAG, the PRESS sequences had mean CRLBs between 8
and 12, whereas STEAM-6 and sLASER-28 had mean CRLBs of 15 and
14, respectively. Mean CRLBs for Cr metabolites were all around 5 or
below, except for STEAM-6 PCr values, which had a mean of 7.

The mean dice coefficient was 0.68 (standard deviation = 0.12).

3.2. 7 T STEAM comparisons

3.2.1. Glutamate

GLU: All correlations between 3 T and 7 T data were significant. The
7 T data correlated most strongly with Glu values acquired using
SLASER-28, followed by STEAM-6 and PRESS-20, which performed
similarly (Fig. 3A). The smallest difference between 7 T and 3 T values
was obtained using STEAM-6, followed by PRESS-40 and PRESS-20
(Fig. 2, Fig. 3B). All sequences resulted in ICC values above 0.5.
sLASER-28 produced the largest ICC value, followed by STEAM-6 and
PRESS-20 (Fig. 3C). The number of participants required to detect a
10 % difference ranged from 6 to 12, with STEAM-6 and PRESS-20
requiring equally low numbers (Table 3).

GLN: All correlations between 3 T and 7 T data were significant. The
7 T data correlated most strongly with Gln values acquired using PRESS-
20, followed by PRESS-30 and sLASER-28, which performed equally
well (Fig. 3A). The smallest difference between 7 T and 3 T values was
obtained using PRESS-40, followed by STEAM-6 and PRESS-80. Gln was
consistently underestimated by all 3 T sequences (Fig. 2A, Fig. 3B). All
sequences resulted in ICC values above 0.5. PRESS-20 and PRESS-30
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produced the largest ICC values, followed by sLASER-28 (Fig. 3C). The
number of participants required to detect a 10 % difference ranged from
44 to 393, with PRESS-40 requiring the lowest number (Table 3).

GLX: All correlations between 3 T and 7 T data were significant. The
7 T data correlated most strongly with Glx values acquired using PRESS-
20, followed by sLASER-28 (Fig. 3A). The smallest difference between
7 T and 3 T values was obtained using PRESS-30 and PRESS-40 (Fig. 2,
Fig. 3B). All sequences resulted in ICC values above 0.5. PRESS-20 and
SLASER-28 produced the largest ICC value (Fig. 3C). The number of
participants required to detect a 10 % difference ranged from 8 to 14,
with PRESS-20 and STEAM-6 requiring equally low numbers (Table 3).

The magnitude of the LCModel pairwise correlation coefficients was
lower than 0.3 for all sequences (Table 4).

3.2.2. N-acetyl aspartate

NAA: The 7 T data correlated most strongly with NAA values ac-
quired using STEAM-6, followed by PRESS-80. The only other significant
correlation was with PRESS-40 (Fig. 3A). Generally, the 3 T sequences
overestimated NAA. The smallest difference between 7 T and 3 T values
was obtained using sSLASER-28, followed by PRESS-20. (Fig. 2B, Fig. 3B).
STEAM-6 produced the largest ICC value. PRESS-80 and PRESS-40 were
the only other sequences with ICC values above 0.5 (Fig. 3C). The
number of participants required to detect a 10 % difference ranged from
2 to 12, with STEAM-6 and sLASER-28 requiring equally low numbers
(Table 3).

NAAG: The 7 T data correlated most strongly with NAAG values
acquired using PRESS-80, with the only other significant correlation
being STEAM-8 (Fig. 3A). The smallest difference between 7 T and 3 T
values was obtained using PRESS-80, followed by PRESS-40 (Fig. 2,
Fig. 3B). STEAM-6 produced the largest ICC value, followed by PRESS-
80. No other sequences produced ICC values above 0.5 (Fig. 3C). The
number of participants required to detect a 10 % difference ranged from
12 to 72, with PRESS-30 requiring the lowest number (Table 3).

tNAA: All correlations between 3 T and 7 T data were significant
except for PRESS-30 data. The 7 T data correlated most strongly with
NAA values acquired using STEAM-6, followed by PRESS-80 (Fig. 3A).
Generally, the 3 T sequences overestimated tNAA. The smallest differ-
ence between 7 T and 3 T values was obtained using sLASER-28, fol-
lowed by PRESS-20 (Fig. 2, Fig. 3B). All ICC values were above 0.5
except for PRESS-30 data. STEAM-6 produced the largest ICC value
(Fig. 3C). The number of participants required to detect a 10 % differ-
ence ranged from 1 to 11, with STEAM-6 requiring the lowest number
(Table 3).

The magnitude of the LCModel pairwise correlation coefficients was
higher than 0.3 for all sequences, in contrast to 7 T STEAM, which had a
pairwise correlation coefficient of —0.04 (Table 4).

3.2.3. Creatine

Cr: There were no significant correlations between 7 T Cr values and
3T Cr values from any sequence. The highest correlation was with
PRESS-20, but this did not reach statistical significance (r = 0.24,
p = 0.44) (Fig. 3A). The smallest difference between 7 T and 3 T values
was obtained using PRESS-20 followed by sLASER-28 (Fig. 2C, Fig. 3B).
None of the ICC values were above 0.5. SLASER-28 and PRESS-20 pro-
duced the highest ICC values, but this did not meet the threshold of
agreement (Fig. 3C). The number of participants required to detect a
10 % difference ranged from 7 to 26, with SLASER-28 requiring the
lowest number (Table 3).

Table 2
Mean and standard deviation of quality metrics for each sequence.
PRESS-20 PRESS-30 PRESS-40 PRESS-80 sLASER-28 STEAM-6 7 T STEAM
NAA LW (Hz) 6.22 + 2.52 4.74 + 0.64 4.34 + 0.49 5.30 £ 5.11 5.04 £+ 0.69 7.35 + 3.75 13.18 £ 1.65
H,0 LW (Hz) 7.28 +£3.17 6.24 +1.03 6.45 + 1.80 7.27 £4.73 5.61 +£0.84 20.10 £ 5.17 12.26 + 2.79
SNR 76.58 + 41.60 73.37 +39.28 60.53 + 32.27 45.48 + 28.56 71.75 + 39.71 43.12 + 23.16 235.38 +£76.93
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Fig. 2. Spread of data for each metabolite quantified by each sequence. Dashed line represents mean of 7 T data. Cho and PC were not well quantified and therefore

were not included for analyses.

Table 3

Number of subjects needed to detect a 10 % difference between groups.
Met PRESS-20 PRESS-30 PRESS-40 PRESS-80 STEAM-6 sLASER-28 7 T STEAM
Glu 6 9 8 12 6 8 6
Gln 266 173 44 131 114 393 47
Glx 8 12 10 12 8 14 6
NAA 6 12 8 9 2 2 6
NAAG 28 12 42 72 72 65 21
tNAA 5 10 7 11 1 2 6
Cr 25 26 13 15 20 7 6
PCr 17 14 10 26 44 7 15
tCr 4 2 3 3 3 1 1
GPC 31 8 34 562 48 40 7
tCho 9 7 4 7 80 17 7

PCr: Only PCr data acquired using PRESS-20 significantly correlated
with 7 T data. (Fig. 3A). Generally, the 3 T sequences overestimated PCr.
The smallest difference between 7 T and 3 T values was obtained using

STEAM-6 followed by sLASER-28 (Fig. 2C, Fig. 3B). Only PCr data ac-
quired using PRESS-20 produced an ICC above 0.5 (Fig. 3C). The
number of participants required to detect a 10 % difference ranged from
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Fig. 3. Heatmaps showing (A) correlation coefficient of data from each 3 T sequence compared to 7 T (higher correlations shown in red), (B) mean difference
between metabolite values from each 3 T sequence compared to 7 T (i.e. 7 T measure — 3 T measure, smaller differences shown in white), (C) intraclass correlation
coefficient for each metabolite from each 3 T sequence compared to 7 T (higher coefficients shown in red). *p < 0.05, **p < 0.01, ***p < 0.001.

Table 4
Mean and standard deviation of the LCModel pairwise correlation coefficients.
Glx tNAA tCr

PRESS—20 0.16 £+ 0.04 —0.47 £ 0.06 —0.81 £ 0.30
PRESS—30 —0.03 £+ 0.03 —0.55 + 0.04 —0.90 + 0.01
PRESS—40 —0.11 £+ 0.02 —0.59 £+ 0.09 —0.89 £ 0.01
PRESS—80 0.26 £ 0.03 —0.74 + 0.08 —0.92 £ 0.01
SLASER—28 0.16 + 0.02 —0.46 + 0.08 —0.87 + 0.003
STEAM-6 0.07 £ 0.03 —0.35 + 0.06 —0.83 £ 0.01
7 T STEAM 0.02 £ 0.02 —0.04 £+ 0.07 —0.68 £+ 0.02

7 to 44, with sLASER-28 requiring the lowest number (Table 3). Inter-
estingly, PRESS-30, PRESS-40 and sLASER-28 required lower numbers
than 7 T STEAM data.

tCr: Only tCr data acquired using PRESS-40 and sLASER-28 signifi-
cantly correlated with 7 T data. (Fig. 3A). Generally, the 3 T sequences
overestimated tCr. The smallest difference between 7 T and 3 T values
was obtained using SLASER-28 (Fig. 2C, Fig. 3B). Only tCr data acquired
using sLASER-28 produced an ICC above 0.5 (Fig. 3C). The number of
participants required to detect a 10 % difference ranged from 1 to 4 with
SLASER-28 requiring the lowest number (Table 3).

The magnitude of the LCModel pairwise correlation coefficients was
higher than 0.3 for all sequences. This was also the case for 7 T STEAM
data (Table 4).

3.2.4. Choline

Cho: Cho was not well quantified at 3 T and therefore was not
compared.

PC: PC was not well quantified at 7 T and therefore 3 T data was not
compared.

GPC: Only GPC data acquired using STEAM-6 significantly corre-
lated with 7 T data (Fig. 3A). The smallest difference between 7 T and
3 T values was obtained using PRESS-20, followed by STEAM-6 (Fig. 2D,
Fig. 3B). Only GPC data acquired using STEAM-6 produced an ICC above
0.5 (Fig. 3C). The number of participants required to detect a 10 %
difference ranged from 8 to 562, with PRESS-30 requiring the lowest
number (Table 3).

tCho: Only tCho data acquired using STEAM-6 significantly corre-
lated with 7 T data. (Fig. 3A). The smallest difference between 7 T and
3T values was obtained using PRESS-20, followed by STEAM-6 and
sLASER-28 (Fig. 2D, Fig. 3B). Only tCho data acquired using PRESS-40
and sLASER-28 produced an ICC above 0.5 (Fig. 3C). The number of
participants required to detect a 10 % difference ranged from 4 to 80,
with PRESS-40 requiring the lowest number (Table 3).

As Cho and PC were not well quantified, the magnitude of the
LCModel pairwise coefficients was not compared.

3.2.5. 7 T sSLASER comparisons

To determine the effect of using a 7 T STEAM sequence for com-
parison, we also repeated the above comparisons with a sLASER
sequence (TE=34 ms) acquired at 7 T. Results from these comparisons
can be found in the supplementary material.

Glu acquired using PRESS-20, sSLASER-28 and STEAM-6 at 3 T agreed
equally well with 7 T sLASER (TE=34 ms) data. For Gln data, PRESS-20
showed the strongest agreement followed by sLASER-28. For Glx data,
sLASER-28 showed the strongest agreement, followed by PRESS-20.
NAA and tNAA data from any sequence did not agree with 7 T sLASER
data. NAAG data acquired using PRESS-20 showed the strongest
agreement. Cr data also showed poor agreement. PCr data acquired from
PRESS-20 and tCr data acquired from sLASER-28 showed the strongest
agreement. 3 T GPC data did not agree with 7 T sLASER data. tCho data
from STEAM-6 showed the strongest agreement with 7 T sLASER data.

4. Discussion

A consensus of a preferred approach to separate signals at 3 T has not
been reached, partially due to the gap between simulated and in vivo
data. To bridge this gap, this manuscript used in vivo data acquired at
7 T as a reference point for comparison. Higher field strength data
provides higher SNR and improved spectral resolution, and thus better
separation of overlapping signals. Data acquired at 3 T using multiple
sequences and echo times were compared to data acquired at 7 T. 3 T
sequences that show strong agreement will be assumed to be better at
separating metabolite signals.
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Data acquired using PRESS-40 had the lowest mean NAA linewidth,
and data acquired using sLASER-28 had the lowest water linewidth,
however generally linewidth was similarly low across sequences. As
linewidth increases with field strength (Pradhan et al., 2015; Tkac et al.,
2009), data acquired at 7 T generally had a higher linewidth than 3 T
data, apart from data acquired using STEAM-6, which had the highest
water linewidth. This may be due to the increased susceptibility of
STEAM to motion effects due to the separation of crushers by the TM
time period, though this effect is usually minimal (Barker and Lin,
2006). Additionally, the slice profile of STEAM pulses generally results
in a larger effective voxel size than PRESS. Therefore there is likely
better homogeneity in the “smaller” PRESS voxel (Moonen et al., 1989).
As expected, 7 T had a substantially higher SNR than 3 T data. At 3 T,
SNR decreased with increasing echo time, likely due to increased signal
decay, and STEAM-6 had the lowest SNR, which is due to the nature of
the STEAM acquisition.

Although Glu acquired with sSLASER-28 at 3 T showed the strongest
correlation (0.8) and the highest ICC value (0.8), it also had the highest
mean difference (3.42). STEAM-6 and PRESS-20 also showed strong
correlations (0.75 and 0.74, respectively) and high ICC values (0.75 and
0.73, respectively) and a lower mean difference (1.63 and 1.76,
respectively). While these coefficients are slightly lower than sLASER,
the difference is marginal, therefore, based on the lower mean differ-
ence, we conclude STEAM-6 to show the strongest agreement with 7 T
data followed by PRESS-20 and sLASER-28. However, it is unclear if
there is substantial benefit of one over the other for Glu. Based on the
three metrics, Gln acquired with PRESS-20 showed the strongest
agreement with 7 T data. Though it should be noted that Gln acquired
with PRESS-20 also required one of the largest number of subjects to
detect a 10 % difference. This number is a function of the variability of
the metabolite and it’s concentration level, therefore metabolites with
low concentration and low standard deviations (such as GIn quantified
using PRESS-20) will require a larger number of subjects to detect a
difference. Whether the inter-subject variability is truly this low or
whether the sequence cannot accurately quantify variability in con-
centrations this low is unknown.

Overall, we interpret shorter echo times to be more successful in the
quantification of Glu and Gln. Although previous work has shown longer
echo times can quantify glutamate well due to suppression of the Gln
signal (Schubert et al., 2004; Wong et al., 2018), longer echo times were
not directly compared to ultra-short echo times as in this study. Here we
show that ultra-short echo times out-perform TEs specifically chosen to
suppress the Gln signal (PRESS-40, Mullins et al. 2008 and PRESS-80,
Schubert et al. 2004). This is in line with previous work by Shanbhag
et al. (2006), who used simulations of both STEAM and PRESS with TEs
10-35 ms to show that the overlap between Glu and Gln signal increases
with increasing TE (Shanbhag et al., 2006). Additionally, Wijtenburg
and Knight-Scott (2011) showed that Glu could be well quantified at 3 T
using STEAM with TE= 6.5 ms (Wijtenburg and Knight-Scott, 2011).

Hancu (2009) used simulations to compare Glu quantification from
several sequences similar to the ones used in the present study (PRESS
TE=15 ms, 35 ms, 45 ms, 80 ms, STEAM TE=5 ms, CV = 2.9, 4.0, 5.9,
5.1 and 4.1, respectively). They found PRESS (TE=15 ms) to produce the
smallest CV, CRLB and absolute error, followed by PRESS (TE=35 ms)
and STEAM (TE=5 ms), which performed similarly (Hancu, 2009).
Based on our in vivo comparisons, we found STEAM-6 and PRESS-20 to
perform similarly, and PRESS-30 ranked much lower for quantification
of Glu. This difference may in part be due to the slight difference in echo
times but is also likely influenced by the inherent differences between
simulated and in vivo data. Thus, the in vivo study presented here builds
on previous work using simulations to show the benefit of low echo
times for metabolite quantification whilst providing support for the use
of these sequences in vivo.

NAA data acquired using STEAM-6 showed the strongest agreement
with 7 T data. NAAG data acquired using PRESS-80 showed the stron-
gest agreement with 7 T data, followed by STEAM-6. With the stronger
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ICC, we therefore conclude STEAM-6 performed the best at separation of
NAA metabolites at 3 T, though PRESS-80 may be better if NAAG is of
specific interest. This is surprising, as simulations have shown that the
2.67 ppm aspartyl moiety of NAA is nulled/inverted at TE= 70-100 ms
(Chan et al., 2017; Wilman and Allen, 1996), therefore it is likely that
this is the case for NAAG as well. Further, caution should be taken when
interpreting separated values, as LCModel pairwise correlation co-
efficients were above the cutoff for all sequences (though STEAM-6 was
close to the cut-off value at —0.35). NAA levels were generally higher at
3 T compared to 7 T, in line with previous work from Pradhan et al.
(2015). This could be due to Glu signal being inappropriately assigned as
NAA, however if this was the case it would be expected that Glu values
would then be lower at 3 T compared to 7 T. Alternatively, the shorter
metabolite Ty values seen at 7 T have been estimated to cause 2-8 %
more signal loss than at 3 T (Pradhan et al., 2015), and therefore NAA
levels may have been underestimated at 7 T. Though we have attempted
to account for field specific Ty values in our quantification, it may still be
a factor. NAA was also generally higher at longer echo times, which may
be aresult of a less complicated baseline as macromolecular signals have
decayed. For quantification, we included a simulated macromolecule
baseline, but when macromolecules are present, NAA signal may be
inappropriately assigned as macromolecules or vice versa. A measured
macromolecule baseline may be able to better account for this, and in-
clusion of this may alter the findings.

Of note, NAA and tNAA from all 3 T sequences showed poor agree-
ment with 7 T sLASER data. Bell et al. (2025) previously showed 7 T
SsLASER (TE=34 ms) produced significantly lower values for NAA and
tNAA and significantly higher CVs for these metabolites compared to 7 T
STEAM (TE=8 ms). We suggest this is a function of the ultra-short echo
time reducing To decay. This is consistent with the results of Wijtenburg
and Knight-Scott (2011) who similarly found STEAM with TE= 8 ms
produced more reliable NAA and tNAA measurements (evidenced by
lower CVs) compared to PRESS with TE= 40 ms. Therefore this lack of
agreement may be due to reduced reliability of the 7 T comparison
sequence. This provides support for the choice of STEAM (TE=8 ms) as
our primary comparison sequence, whilst highlighting the impact of the
comparison sequence on potential conclusions.

Only PCr measured using PRESS-20 and tCr acquired using sLASER-
28 or PRESS-40 correlated with 7 T data, there were no other correla-
tions between Cr, PCr and tCr acquired at 3 T and 7 T. We therefore
conclude that Cr and PCr cannot be accurately seperated at 3 T. This is
supported by the LCModel pairwise correlation coefficients, which were
all well above the cut-off value. It should also be noted that, based on the
findings of Bell et al. (2025), Cr and PCr were also not well separated at
7 T (Bell et al., 2025). If PCr is the sole metabolite of interest, PRESS-20
may be used, however researchers should be cautious that Cr is not well
quantified with this sequence. There is evidence from phantom studies
that the T, of PCr is shorter than that of Cr, and the difference between
the two in different environements is not linear. Subsequenctly, Cr and
PCr signal will change in different ways as a function of TE (Ke et al.,
2002), which may explain why there was little agreement between 3 T
and 7 T values. Indeed, these differences have been exploited to separate
Cr and PCr at 1.5 T (Ke et al., 2003). Additionally, levels of Cr and PCr
are related to metabolic demand, and have been shown to be altered in
the visual cortex with photic stimulation (Dorst et al., 2022; Ke et al.,
2002). Though our measures were from the parietal cortex, it is possible
that there were slight alterations in metabolic requirements between the
scans. Indeed, a limitation of this study is that the scans were acquired
on different days, contributing to variation between the sessions.

For choline-containing metabolites, only GPC and tCho measured
using STEAM-6 at 3 T significantly correlated with 7 T measures. At7 T,
Cho and GPC were able to be quantified separately, however PC was not
quantified at 7 T. This is likely due to the strong overlap between the PC
(3.23 ppm) and GPC (3.22 ppm) resonances. At 3T, Cho was not
quantified. This is suprising due to the the slight separation of the Cho
(3.19 ppm) peak compared to the close overlap of the GPC (3.23 ppm)
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and the PC (3.22 ppm) peaks, though this may be due to the much lower
concentration of Cho compared to GPC and PC. Lindner et al. (2017)
used a combination of simulations and in vivo data to show that Cho
could be accurately separated from GPC+PC at 3T (Lindner et al.,
2017), however they used the analysis software jMRUI, which operates
in the time domain, as opposed to the frequency domain as with
LCModel. This difference may be the source of these discrepancies. Both
GPC and tCho levels acquired using PRESS-30 showed the strongest
agreement with 7 T data. This may be due to the relatively long Ty
values of GPC/tCho, particularly compared with Cr (Cianfoni et al.,
2011), resulting in a strong GPC/tCho signal at at 3.9 ppm when using
TE= 30 ms, with less contamination by Cr signal.

To determine the effect of the 7 T STEAM sequence as the reference
for comparison, we repeated the above comparisons with 7 T sLASER
(TE=34 ms) data. In this case, data acquired using PRESS-20 and
SsLASER-28 showed the strongest agreement with the 7 T data. This
could imply that the conclusion of the use of STEAM-6 at 3 T is driven by
the comparison data. However, it should be noted that for many me-
tabolites the agreement between 3 T and 7 T data was stronger when
using 7 T STEAM data than 7 T sLASER data. Additionally, PRESS-20
agreed well with 7 T data in both cases, highlighting the utility of
short echo times in signal separation. It could also be hypothesized that
7 T STEAM and sLASER showed higher correlations with the low echo
time data due to the similarities in echo time, and perhaps long echo
time 7 T data would correlate better with long echo time 3 T data. To
assess this, we also looked at the relationship between 3 T dataand 7 T
sLASER (TE=105 ms) and found poor agreement with all sequences
(results not shown). This may be a function of the longer echo time
resulting in more extensive T2 decay (the longest echo time assessed at
3 T was 80 ms).

In this manuscript, we interpret 3 T sequences that show strong
agreement with 7 T data to be better at separating metabolite signals.
However, there are other factors that will contribute to agreement be-
tween sequences, therefore this interpretation should be considered
with caution and combined with other literature sources to choose an
appropriate sequence. For example, macromolecule content will vary
based on echo time. We attempted to account for this by creating a
parameterized macromolecule baseline, but it is possible that longer
echo time 3 T sequences showed poor agreement with the short TE 7 T
sequences due to lower contribution of the macromolecular baseline.
However, longer echo times result in lower SNR and dephasing of
multiplets, reducing quantitation accuracy of lower concentration or
multiplet metabolites. For example, Birch et al. (2017) found TE= 80 ms
generated the lowest CVs for high SNR and low complexity metabolites
such as tNAA, but TE=35 ms generated the lowest CVs for Glu,
regardless of the method for measuring the macromolecule baseline. The
fact that agreement was similar using both 7 T sequences (STEAM TE=8
ms and sSLASER TE=34 ms) despite the difference in echo times supports
our conclusions of using short echo times to separate overlapping signal.

Variability in voxel placement will also contribute to metabolite
concentration agreement. To assess the overlap between 3T and 7 T
voxel position, we calculated the dice coefficient. The average overlap
was 68 %, which equates to a 10 % (or 2.5 mm displacement) along the
three axes. In addition to the differences in the imaging field-of-view (ie
orientation and location of the T1-weighted image) and voxel place-
ment, some of this displacement error also originates from imperfections
in registration.

As is the nature of in vivo MRS, a limitation of this study is a lack of
ground truth. Though simulations can be used to create a known value
for comparison, there are numerous factors affecting in vivo data which
are often unaccounted for, which motivated this study. To bridge the gap
between simulated and in vivo data, we used data acquired at 7 T as an
estimation of the ground truth, due to it’s increased SNR and spectral
resolution which allows for better separation of overlapping signals.
However, the accuracy of the 7 T data is still unknown, and there will
likely still be some spectral overlap. Additionally, though we attempted
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to keep conditions as similar as possible for both scans, including time of
day, natural fluctuations in metabolite levels between the scans and
voxel repositioning effects likely reduce the agreement seen between the
two measures.

In summary we show that 3 T sequences with short echo times
(STEAM-6, PRESS-20) generally showed stronger agreement with 7 T
data. We interpret this to mean they performed better at separating most
metabolites. The exceptions were NAAG, which showed the strongest
agreement when using PRESS-80, and Cr and PCr, which did not show
agreement when using any sequence. When wanting to specifically
separate composite metabolite signals, researchers should be mindful of
the effects of acquisition parameters on the metabolite measures and can
choose sequences to best target metabolites of interest.
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