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Original Article

Repeatability of proton magnetic resonance spectroscopy of the 
brain at 7 T: effect of scan time on semi-localized by adiabatic 
selective refocusing and short-echo time stimulated echo 
acquisition mode scans and their comparison

Tomohisa Okada1^, Hideto Kuribayashi2, Lana G. Kaiser3, Yuta Urushibata2, Nouha Salibi4,  
Ravi Teja Seethamraju4, Sinyeob Ahn4, Dinh Ha Duy Thuy1, Koji Fujimoto1, Tadashi Isa1

1Human Brain Research Center, Graduate School of Medicine, Kyoto University, Kyoto, Japan; 2Siemens Healthcare K.K., Tokyo, Japan; 3Henry 

H. Wheeler Brain Imaging Center, University of California, Berkeley, CA, USA; 4Siemens Medical Solutions USA, Inc., Malvern, PA/Boston,  

MA/Berkeley, CA, USA
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Sakyo, Kyoto 606-8507 Japan. Email: tomokada@kuhp.kyoto-u.ac.jp.

Background: Proton magnetic resonance spectroscopy (MRS) provides a unique opportunity for in vivo 
measurements of the brain’s metabolic profile. Two methods of mainstream data acquisition are compared at 
7 T, which provides certain advantages as well as challenges. The two representative methods have seldom 
been compared in terms of measured metabolite concentrations and different scan times. The current study 
investigated proton MRS of the posterior cingulate cortex using a semi-localized by adiabatic selective 
refocusing (sLASER) sequence and a short echo time (TE) stimulated echo acquisition mode (sSTEAM) 
sequence, and it compared their reliability and repeatability at 7 T using a 32-channel head coil. 
Methods: Sixteen healthy subjects were prospectively enrolled and scanned twice with an off-bed interval 
between scans. The scan parameters for sLASER were a TR/TE of 6.5 s/32 ms and 32 and 48 averages 
(sLASER×32 and sLASER×48, respectively). The scan parameters for sSTEAM were a TR/TE of 4 s/5 ms 
and 32, 48, and 64 averages (sSTEAM4×32, sSTEAM4×48, and sSTEAM4×64, respectively) in addition 
to that with a TR/TE of 8 s/5 ms and 32 averages (sSTEAM8×32). Data were analyzed using LCModel. 
Metabolites quantified with Cramér-Rao lower bounds (CRLBs) >50% were classified as not detected, and 
metabolites quantified with mean or median CRLBs ≤20% were included for further analysis. The SNR, 
CRLBs, coefficient of variation (CV), and metabolite concentrations were statistically compared using the 
Shapiro-Wilk test, one-way ANOVA, or the Friedman test. 
Results: The sLASER spectra for N-acetylaspartate + N-acetylaspartylglutamate (tNAA) and glutamate 
(Glu) had a comparable or higher SNR than sSTEAM spectra. Ten metabolites had lower CRLBs than 
prefixed thresholds: aspartate (Asp), γ-aminobutyric acid (GABA), glutamine (Gln), Glu, glutathione (GSH), 
myo-inositol (Ins), taurine (Tau), the total amount of phosphocholine + glycerophosphocholine (tCho), 
creatine + phosphocreatine (tCr), and tNAA. Performance of the two sequences was satisfactory except for 
GABA, for which sLASER yielded higher CRLBs (≥18%) than sSTEAM. Some significant differences in 
CRLBs were noted, but they were ≤2% except for GABA and Gln. Signal averaging significantly lowered 
CRLBs for some metabolites but only by a small amount. Measurement repeatability as indicated by median 
CVs was ≤10% for Gln, Glu, Ins, tCho, tCr, and tNAA in all scans, and that for Asp, GABA, GSH, and 
Tau was ≥10% under some scanning conditions. The CV for GABA according to sLASER was significantly 
higher than that according to sSTEAM, whereas the CV for Ins was higher according to sSTEAM. An 
increase in signal averaging contribute little to lower CVs except for Ins.
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Introduction

Proton magnetic resonance spectroscopy (MRS) using 
an ultra-high magnetic field (UHF) like 7 Tesla (7 T) is 
considered more advantageous over use of lower magnetic 
fields (1-4). An increased signal-to-noise ratio (SNR) and 
spectral separation in a UHF are highly advantageous 
in MRS because they enable a large reduction in signal 
averaging and provide better spectral analysis despite an 
increase in the time of repetition (TR) due to specific 
absorption rate (SAR) limitations (2).

By and large, MRS sequences may be classified into 
two categories depending on how the signal is acquired: 
point resolved spectroscopy (PRESS) (5) and stimulated 
echo acquisition mode (STEAM) (6) sequences. The 
disadvantages of a UHF include broader linewidths and 
stronger chemical shift displacement error, sometimes 
leading to the complete cancellation of the signal (e.g., 
lactate). From this viewpoint, PRESS that uses non-
adiabatic refocusing pulses is inferior to semi-localized by 
adiabatic selective refocusing (sLASER) and STEAM (7,8) 
spectroscopy. sLASER uses two pairs of adiabatic refocusing 
radiofrequency (RF) pulses to have a wider bandwidth and 
to be less sensitive to B1-inhomogeneity, and the technique 
can yield a large signal with relatively short echo time (TE) 
and small voxel displacement (9). Its use at 7 T improves the 
precision of quantification, as indicated by reduced Cramér-
Rao lower bounds (CRLBs) compared to those at 3 T (3).

However, a sequence using several RF pulse events and 
that involves refocusing increases SAR, particularly at 7 T, 
and leads to a longer TE. These factors will lead to a longer 
TR and a longer scan time. A STEAM sequence that uses 
three 90-degree pulses is often better suited to 7 T by virtue 
of the reduced SAR compared to sLASER. In addition, 
STEAM provides a shorter TE than sLASER due to its 
inherent method of acquisition. Moreover, asymmetric 
RF pulses can be used to implement short-TE STEAM 

(sSTEAM) that facilitates the investigation of metabolite 
peaks with short T2 values (2) and/or J-coupling (8) and 
to reduce chemical shift displacement error using a wider 
excitation bandwidth than that used in PRESS or its variant, 
sLASER. In STEAM, however, these advantages come at 
the expense of SNR, acquiring only half of the available 
signal that can be obtained using sLASER (10). 

The reliability of MRS has been investigated to evaluate 
its precision of quantification (4,11-14). A recent study on 
measurement repeatability compared sLASER to sSTEAM 
at 4 T (7) and 7 T (15). At 4 T, however, both the chemical 
shift size and SAR limitations were smaller than those at 
7 T, and observations at 7 T only involved glutamate. In 
addition, less signal averaging is required at 7 T than at  
4 T for both sSTEAM (2) and sLASER, but the effect of 
less signal averaging has seldom been investigated in terms 
of repeatability at 7 T.

The aims of the current study were (I) to examine effect 
of the scan time on the repeatability of brain metabolite 
concentrations quantified with both sLASER and sSTEAM, 
and (II) to compare the repeatability of the two sequences.

Methods

Subjects

Sixteen healthy volunteers (10 males and 6 females, 
mean age: 25 years, age range: 20–38 years) who had no 
known history of neuropsychiatric disorders or substance 
abuse were scanned using a 7-T whole-body scanner 
(MAGNETOM 7T, Siemens Healthineers, Erlangen, 
Germany) equipped with a whole-body gradient system  
(70 mT/m maximum amplitude, 200 mT/m/ms maximum 
slew rate). A single-channel transmit and 32-channel 
receiver head coil (Nova Medical, MA, USA) was used. This 
study was approved by the institutional review board and 
was conducted in accordance with the Helsinki Declaration. 

Conclusions: Both sequences quantified brain metabolites with a high degree of precision and 
repeatability. They are comparable except for GABA, for which sSTEAM would be a better choice.

Keywords: Magnetic resonance spectroscopy (MRS); 7 Tesla (7 T); repeatability; semi-localized by adiabatic 

selective refocusing (sLASER); short echo time (TE) stimulated echo acquisition mode (sSTEAM); Cramér-Rao 
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Written informed consent was obtained from all subjects.

MR acquisition

Subjects were scanned twice with an off-magnet interval 
between scans to investigate test-retest repeatability. All 
scanning was performed by the same operator. For scans, the 
ears and back of the head were covered with dielectric pads 
containing a CaTiO3 suspension in D2O (40% v/v) to mitigate 
B1

+ inhomogeneity (16,17). A three-dimensional (3D) gradient 
echo T1-weighted image (so-called “VIBE”) was acquired 
to position an MRS voxel using the following parameters:  
TR = 4.5 ms, TE = 2.05 ms, flip angle = 16o, 0.8-mm isotropic 
spatial resolution, and bandwidth = 490 Hz/pixel.

The MRS voxel of 20×20×20 mm3 was positioned at the 
posterior cingulate cortex (PCC) in the mid-sagittal plane 
on T1-weighted images. The anterior-inferior corner of 
the voxel was placed at the splenium of the corpus callosum 
as shown in Figure 1. Consistent voxel placement among 
brains was confirmed by the same neuroradiologist for all 

scans. B0 shimming of first- and second-order terms was 
achieved using a fast, automatic shimming technique by 
mapping along projections with an echo-planar imaging 
readout (FASTESTMAP, Siemens prototype sequence) (18). 
RF transmit amplitude was adjusted for the localized MRS 
voxel using the sSTEAM pulse sequence described below. 
The RF pulse transmit amplitude for water suppression was 
adjusted using the corresponding pulse sequence and TR. 

Proton MR spectra were acquired using sLASER (TE 
= 32 ms) and sSTEAM (TE = 5 ms and mixing time =  
45 ms) pulse sequences (Siemens prototype sequences) 
with water suppression using the variable pulse power and 
optimized relaxation delays (VAPOR) technique and outer 
volume suppressions (OVS) to improve localization (19). In 
sLASER, TR was 6.5 s due to SAR limitations, and 32 and 
48 averages (sLASER×32 and sLASER×48; scan time = 3 min 
40 s and 5 min 19 s, respectively) were used to calculate the 
SNR. In sSTEAM, TR was 4 s, and 32, 48, and 64 averages 
(sSTEAM4×32, sSTEAM4×48, and sSTEAM4×64; scan 
time = 2 min 24 s, 3 min 28 s, and 4 min 32 s, respectively) in 
addition to TR of 8 s for full T1 recovery with 32 averages 
(sSTEAM8×32; scan time = 4 min 48 s). The scan times listed 
above include preparation time. See Table 1 for an overview. 
Other parameters such as a spectral width of 6 kHz and  
2,048 data points remained the same for both sequences. 
Spectral raw data were averaged using scanner software 
without any corrections or filters. Water spectra were also 
acquired from the same MRS voxel without OVS to eliminate 
the magnetization transfer effect (20) with an average of 4 
scans after a single preparatory scan. The interval between 
replicate measurements was approximately 1 h, although the 
interval was around 5 h for one volunteer. 

Spectrum analysis

Analysis was performed with LCModel version 6.3-1L, 

Figure 1 Voxel position is shown as a white box on the T1-
weighted mid-sagittal image. 

Table 1 Pulse sequences and scan parameters

Semi-LASER (sLASER)

TR/TE = 6,500/32 ms; averaging = 32 and 48; scan time = 3 min 40 s and 5 min 19 s (sLASER×32 and sLASER×48)

Short-TE STEAM (sSTEAM)

TR/TM/TE = 4,000/45/5 ms; averaging = 32, 48 and 64; scan time =2 min 24 s, 3 min 28 s and 4 min 32 s (sSTEAM4×32, sSTEAM4×48 
and sSTEAM4×64)

TR/TM/TE = 8,000/45/5 ms; averaging = 32; scan time = 4 min 48 s (sSTEAM8×32)

sLASER, semi-localized by adiabatic selective refocusing; TR, time of repetition; TE, echo time; STEAM, short echo time stimulated echo 
acquisition mode; TM, time of mixing.
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which uses a priori knowledge of the spectral components 
to fit metabolite resonances (21). A basis-set for STEAM 
of TE = 0 (a standard option of LCModel) was used in 
sSTEAM as described in a previous study (8), and that for 
sLASER with TE = 32 ms was developed in-house with 
numerical simulations using density matrix theory. The 
same 16 metabolites were quantified with the two basis-sets: 
N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), 
alanine (Ala), γ-aminobutyric acid (GABA), aspartate (Asp), 
creatine (Cr), phosphocreatine (PCr), glutamine (Gln), 
glutamate (Glu), glutathione (GSH), myo-inositol (Ins), 
scyllo-inositol (sIns), lactate (Lac), phosphocholine (PCh), 
glycerophosphocholine (GPC), and taurine (Tau). For Cho, 
Cr, and NAA, the total amounts of tCho (= GPC + PCh), 
tCr (= Cr + PCr), and tNAA (= NAA + NAAG) were used 
because peaks for Cho, Cr, and NAA were poorly separated. 
The spectral width for analysis was 0.2–4.0 ppm. Eddy 
current correction and water-scaling for quantification were 
performed using the spectra for water (20,22).

The precision of quantification was evaluated using 
CRLBs. Metabolites quantified with CRLBs >50% were 
classified as not detected, and metabolites quantified with 
mean or median CRLBs ≤20% were included for further 
analysis (4).

The SNR for NAA (SNRNAA) and Glu (SNRGlu) peaks was 
measured as the height of the singlet methyl peak of NAA at 
2.01 ppm and that of the multiplet Glu peak at 2.35 ppm from 
the baseline (23) divided by the noise, which was calculated 
with a maximum peak-to-peak distance in the 0.2–0.6 ppm 
range in residuals from LCModel fitting divided by 2.5. SNR 
was analyzed in terms of the square root of the scan time.

Metabolite concentrations were scaled using the 
unsuppressed water peak as an internal reference. To correct 
the water content, tissue fractions in the MRS voxel were 
calculated (20). T1-weighted images were segmented into 
gray matter (GM), white matter (WM), and cerebrospinal 
fluid (CSF) using the FMRIB Software Library (FSL: 
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). The MRS voxel was 
registered on segmented T1-weighted images using the 
software Gannet (http://www.gabamrs.com) to extract the 
tissue fractions in the voxel. The water concentration in the 
MRS voxel was calculated assuming a water concentration 
of 43,300 millimole (mM) for GM, 35,880 mM for WM, 
and 55,556 mM for CSF (24). 

Statistical analysis

The mean or  median  o f  CRLBs  and  metabol i te 

concentrations were calculated using both repeated 
scans (i.e., n=32). The repeatability of measurement 
was evaluated using intrasubject coefficients of variation 
(CVs) derived from the standard deviation of the two 
measurements divided by their mean. The mean or median 
of CVs were calculated for all subjects (n=16). To identify 
significant differences in CRLBs, metabolite concentration, 
and repeatability, i.e., CVs, among scan sequences and 
parameters, one-way ANOVA or the Friedman test was used 
depending on the normality of data distribution (Shapiro-
Wilk test). A P value <0.05 was considered significant after 
a post-hoc test. The CVs for metabolite concentrations were 
evaluated in conjunction with values related to the precision 
of quantification: the SNR and CRLBs using mean values 
from a set of two scans. Metabolite concentrations were 
measured in mM without correcting for relaxation, and 
their statistical comparisons of different sequences or TR 
values were not conducted.

Results

LCModel fitting and residuals of representative MR spectra 
from sLASER and sSTEAM of the PCC in the same brain 
are shown in Figure 2. Compared to singlet peaks at 2.0 
(methyl groups in NAA and NAAG), 3.0 (methyl groups 
in Cr and PCr), 3.2 (methyl groups in GPC and PCh), and  
3.9 ppm (methylene groups in Cr and PCr), J-coupled peaks 
at 2.3–2.8 and 3.3–3.8 ppm according to sSTEAM were 
higher than those according to sLASER. J-coupled peaks 
at 2.35 (a methylene group in Glu) and 3.75 ppm (methine 
groups in Glu, Gln, and GSH) were more separated and 
lower in sLASER than in sSTEAM. Small fitting errors 
around J-coupled peak regions were noted in residuals with 
both sequences. 

An analysis of SNR indicated that both SNRNAA and 
SNRGlu increased by the square root of the scan time for 
most protocols. However, sSTEAM8×32 had a distinctively 
lower SNR than sSTEAM4×64, which was acquired in a 
similar scan time (Figure 3). Even when only 32 averages 
were used and scan time was nearly halved, sSTEAM4×32 
resulted in an SNR comparable to that of sSTEAM8×32, 
suggesting that a longer TR contributed little to improving 
SNR for both NAA and Glu. SNRNAA of sLASER×32 and 
sSTEAM4×48, both acquired in a similar scan time, were 
90.0 and 60.4, respectively, representing a SNR that nearly 
50% higher in sLASER×32 than in sSTEAM4×48, while 
SNRGlu was 22.3 and 21.4, respectively. Advantages of 
sLASER over sSTEAM were not noted. 
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sLASER

A

B

Figure 2 Representative MR spectra of (A) sLASER (TR/TE = 6,500/32 ms) and (B) sSTEAM (TR/TE = 4,000/5 ms) with 32 averages of 
the same subject. LCModel fits are drawn in red, and residuals are presented on the top of the spectra. sLASER, semi-localized by adiabatic 
selective refocusing; TR, time of repetition; TE, echo time.
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Figure 3 SNR of (A) NAA (SNRNAA) and (B) glutamate (SNRGlu). Pulse sequences are sLASER with TR = 6.5 s (∆) and sSTEAM with 
TR = 4 s (○) and 8 s (●) with different numbers of averaging. SNR increased according to square root of scan time measured in seconds. In 
NAA, SNR was higher in sLASER than sSTEAM with TR = 4 s, but it was similar for Glu between the two sequences. The sSTEAM with 
TR = 8 s was lower in both metabolites. SNR, signal-to-noise ratio; NAA, N-acetylaspartate; sLASER, semi-localized by adiabatic selective 
refocusing; TR, time of repetition; STEAM, short echo time stimulated echo acquisition mode.

The following metabolites had CRLBs larger than 50% 
(percentage in all measurements of sLASER and sSTEAM, 
respectively): Ala (76.6% and 29.7%), Cr (0% and 3.1%), 
GPC (3.1% and 0%), Lac (48.4% and 46.9%), NAAG 
(32.8% and 7.8%), PCh (93.8% and 11.7%), PCr (1.6% 
and 0%), and sIns (29.7% and 51.6%). These metabolites 
were excluded from further analysis. Median values for the 
remaining metabolites did not exceed 20%, but CRLBs 
failed to follow a normal distribution. Median CRLBs 
were ≤10%, except for Asp in both sequences and GABA 
in sLASER. Median CRLBs for tCr and tNAA were 
significantly lower in sLASER than in sSTEAM, whereas 
the opposite was true for GABA, Gln, Glu, Ins, and tCho; 
however, the difference was ≤2% except for GABA and 
Gln (Table 2). Significant differences in CRLBs for Asp, 
GSH, and Tau were noted in the two sequences only under 
some scanning conditions. Signal averaging significantly 
lowered CRLBs for Asp, Glu, GSH, Ins, and tCho in 
sLASER and for GABA, Gln, GSH, Ins, Tau, tCho, and 
tNAA in sSTEAM4 (at least between ×32 and ×64). Some 
metabolites had significantly lower CRLBs in sSTEAM4×64 
than in sSTEAM8×32, but the difference was ≤1%, whereas 
many metabolites had CRLBs in sSTEAM4×32 that were 
comparable to those in sSTEAM8×32. 

Tissue fractions of GM, WM, and CSF in the MRS 
voxels were 74.5%±2.7%, 18.2%±3.0% and 7.3%±2.1%, 
respectively. The water concentration in the MRS voxel 
was 46,260±1,438 mM (mean ± SD), and the individual 
water concentration was used to correct the metabolite 

concentration. Significant differences between sLASER×32 
and sLASER×48 in Gln, Glu, and tCr concentrations 
and between sSTEAM ×32 and sSTEAM ×64 in the tCr 
concentration were noted, but the differences were 3.8%, 
1.5%, 1.4%, and 2.2%, respectively (Table 3). 

Measurement repeatability was indicated by the CV 
in the metabolite concentration. CVs failed to follow a 
normal distribution. Median CVs for Gln, Glu, Ins, tCho, 
tCr, and tNAA were ≤10% for both scan sequences and 
under all conditions, and median CVs for Asp, GABA, 
GSH, and Tau were ≥10% only in some scans (Table 4). 
The CV for GABA was significantly higher in sLASER 
(21.8–24.2%) than in sSTEAM (5.0–8.0%), whereas the 
CV for Ins was significantly higher in sSTEAM (4.0–8.0%) 
than in sLASER (3.2%) under some conditions. There 
was no significant difference in the CV for any other 
metabolite, and repeatability was considered comparable. In 
addition, an increase in signal averaging did not contribute 
to significantly lower CVs except for Ins, and its median 
CV in sSTEAM4×64 (3.6%) was significantly lower than 
that in sSTEAM8×32 (5.6%). CVs for tNAA and Glu 
concentrations were not correlated with mean values 
of SNRNAA and SNRGlu, respectively, except for Glu in 
STEAM4×32 (r=0.71, P=0.002). 

Discussion

This study compared sLASER and sSTEAM sequences 
in order to evaluate the repeatability of MRS at 7 T to 
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Table 2 Cramér-Rao lower bounds (%): median (25–75 percentile)

Metabolites [1] sLASER×32 [2] sLASER×48 [3] sSTEAM4×32 [4] sSTEAM4×48 [5] sSTEAM4×64 [6] sSTEAM8×32

Aspartate 14.52,3,5,6 
(13.0–18.5)

13.01,3,4,5,6 
(12.0–15.5)

19.01,2 
(16.5–21.0)

17.02 
(15.5–19.0)

17.01,2 
(15.0–19.0)

17.51,2 
(16.0–20.0)

GABA 18.53,4,5,6 
(16.0–20.5)

18.03,4,5,6 
(15.0–20.0)

10.01,2,4,5,6 
(10.0–11.0)

9.01,2,3,5,6 
(8.0–11.0)

9.01,2,3,4,6 
(8.0–10.5)

10.01,2,3,4,5 
(9.0–11.0)

Glutamine 10.03,4,5,6 
(9.5–12.0)

10.03,4,5,6 
(9.0–11.0)

7.01,2,4,5,6 
(7.0–8.0)

6.01,2,3,5,6 
(5.0–7.0)

6.01,2,3,4,6 
(5.0–7.0)

7.01,2,3,4,5 
(7.0–8.0)

Glutamate 3.02,3,4,5,6 
(2.5–3.0)

2.51,3,4,5,6 
(2.0–3.0)

2.01,2 
(2.0–2.0)

2.01,2 
(2.0–2.0)

2.01,2 
(2.0–2.0)

2.01,2 
(2.0–3.0)

Glutathione 6.52,4,5,6 
(6.0–8.5)

6.01,4,5 
(5.5–7.0)

6.04,5 
(6.0–7.0)

6.01,2,3,6 
(5.0–6.0)

5.01,2,3,6 
(5.0–6.0)

6.01,4,5 
(5.5–7.0)

Myo-inositol 4.02,3,4,5,6 
(4.0–5.0)

4.01,3,4,5,6 
(3.0–4.0)

3.01,2,5 
(3.0–4.0)

3.01,2 
(3.0–4.0)

3.01,2,3,6 
(3.0–3.0)

3.01,2,5 
(3.0–4.0)

Taurine 12.05,6 
(10.0–15.0)

12.03 
(11.0–14.0)

13.02,5,6 
(10.5–16.0)

12.05 
(10.5–14.0)

11.01,3,4 
(9.0–13.0)

11.01,3 
(9.0–13.5)

tCho 3.02,3,4,5,6 
(3.0–4.0)

3.01,3,4,5,6 
(3.0–4.0)

3.01,2,4,5 
(2.0–3.0)

2.01,2,3,6 
(2.0–3.0)

2.01,2,3,6 
(2.0–3.0)

3.01,2,4,5 
(2.0–3.0)

tCr 1.03,4,5,6 
(1.0–1.0)

1.03,4,5,6 
(1.0–1.0)

2.01,2 
(2.0–2.0)

2.01,2 
(2.0–2.0)

2.01,2 
(2.0–2.0)

2.01,2 
(2.0–2.0)

tNAA 1.53,4,5,6 
(1.0–2.0)

1.03,4,5,6 
(1.0–2.0)

3.01,2,4,5,6 
(2.0–3.0)

2.01,2,3 
(2.0–2.5)

2.01,2,3 
(2.0–2.0)

2.01,2,3 
(2.0–3.0)

The values were not normally distributed in all metabolites, and median values are presented. Statistically significant difference (P<0.05) 
between different scan conditions are indicated with supersets of the numbers. sLASER = semi-LASER (TR =6.5 s); sSTEAM4/8 = 
short-TE STEAM (TR = 4/8 s); ×32, ×48 and ×64 = 32, 48 and 64 averages, respectively. sLASER, semi-localized by adiabatic selective 
refocusing; sSTEAM, short echo time stimulated echo acquisition mode; TR, time of repetition; GABA, γ-aminobutyric acid; tCho, total 
choline; tCr, total creatine; tNAA, total N-acetylaspartate.

quantify levels of numerous brain metabolites. sLASER 
resulted in a higher SNR for NAA compared to sSTEAM. 
However, sLASER did not necessarily result in lower 
CRLBs or metabolite CVs. Basically, the sequences resulted 
in similar levels of CRLBs and CVs. However, when results 
of using a similar scan time were compared, CRLBs were 
significantly lower in sSTEAM than in sLASER by ≥4% 
for GABA, Gln, and GSH, whereas the opposite was true 
for Asp; the CV for GABA was significantly lower (≥14%) 
in sSTEAM than in sLASER. A longer scan time resulted 
in significantly lower CRLBs for some metabolites, but the 
differences were mostly ≤1%, and there were no significant 
differences in its effect on CVs. 

A previous study compared the Glu concentration 
according to sLASER and sSTEAM at 7 T and found that 
sLASER resulted in better measurement reproducibility (15), 
but the current study found no significant differences in 
the CV for Glu. The previous study scanned a relatively 

small number of subjects (n=8) twice with different scan 
protocols: sLASER (TE = 28 ms, 16 averages, TR = 5 s) and 
sSTEAM (TE = 7.8 ms, 128 averages, TR = 2 s). The short 
TR of sSTEAM (2 s) might have impaired longitudinal 
relaxation and diminished measurement reproducibility. 

Handling of macromolecules in an analysis is an 
important issue, especially when TE is short. This study 
included default macromolecule basis sets in its analysis. 
In LCModel, constrained regularization (25), which is 
nearly model-free, can be useful since it shows that the 
regularized LCModel baseline can automatically account 
well for a strong MM signal in high-quality data, with no 
prior knowledge of (or biasing assumptions about) the MM 
signal (26). Several previous studies suggested that a short 
TE resulted in a precision of quantification equivalent to or 
better than that of MRS with a long TE when measuring 
Glu, Gln, GSH, and GABA (4,12,27,28). Based on such 
studies, Wijtenburg et al. (29) hypothesized that very 
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Table 4 Measurement coefficient of variations (CVs) of metabolite concentration (%): median (25–75 percentile)

Metabolites [1] sLASER×32 [2] sLASER×48 [3] sSTEAM4×32 [4] sSTEAM4×48 [5] sSTEAM4×64 [6] sSTEAM8×32

Aspartate 16.3 (9.0–25.0) 13.3 (4.6–19.8) 14.9 (9.1–20.5) 8.4 (5.2–12.7) 15.5 (3.5–21.6) 8.2 (4.0–19.4)

GABA 24.23,4,5,6 (13.1–30.5) 21.83,4,5,6 (15.4–45.9) 5.01,2 (2.1–12.6) 7.41,2 (5.0–10.1) 8.01,2 (4.2–12.2) 5.81,2 (3.6–12.1)

Glutamine 7.4 (3.3–8.9) 5.1 (2.8–9.8) 8.1 (6.6–11.0) 6.3 (3.8–8.7) 5.9 (1.6–8.3) 6.1 (3.5–8.0)

Glutamate 4.3 (3.3–6.5) 6.7 (3.5–8.8) 4.3 (1.7–8.9) 4.3 (1.6–8.0) 4.5 (2.1–9.5) 4.8 (2.4–9.5)

Glutathione 12.1 (4.8–27.0) 13.6 (7.2–27.6) 8.2 (3.1–21.7) 13.3 (5.2–20.0) 7.6 (4.6–17.7) 8.3 (5.3–21.8)

Myo-inositol 3.26 (1.2–7.7) 3.23,6 (1.8–7.3) 8.02 (2.4–10.1) 4.0 (2.6–9.4) 3.66 (2.3–6.9) 5.61,2,5 (3.6–10.0)

Taurine 12.6 (9.1–17.8) 7.4 (5.1–12.7) 8.7 (2.5–24.0) 3.5 (2.4–12.4) 6.3 (2.8–11.6) 7.2 (3.4–16.8)

tCho 3.4 (1.7–9.1) 6.2 (2.3–9.5) 2.3 (1.8–6.5) 4.1 (1.6–6.0) 3.1 (1.8–8.0) 6.2 (1.2–8.1)

tCr 3.2 (1.0–5.0) 2.5 (1.1–5.2) 2.5 (1.2–7.8) 3.3 (1.0–6.9) 3.0 (1.8–7.2) 3.8 (2.1–9.3)

tNAA 3.3 (1.5–8.0) 4.2 (3.1–6.7) 4.5 (2.1–11.0) 5.3 (2.1–10.8) 4.1 (2.0–13.0) 6.9 (3.3–12.7)

CVs were not normally distributed in all metabolites, and median values are presented. Statistically significant difference (P<0.05) between 
different scan conditions are indicated with supersets of the numbers. sLASER = semi-LASER (TR =6.5 s); sSTEAM4/8 = short-TE 
STEAM (TR = 4/8 s); ×32, ×48 and ×64 = 32, 48 and 64 averages, respectively. sLASER, semi-localized by adiabatic selective refocusing; 
sSTEAM, short echo time stimulated echo acquisition mode; TR, time of repetition; GABA, γ-aminobutyric acid; tCho, total choline; tCr, 
total creatine; tNAA, total N-acetylaspartate.

short echo time (TE) acquisitions would have comparable 
reproducibility to long TE acquisitions. Focusing on GSH, 
they found that short-TE STEAM had the lowest mean 
test-retest CV, followed closely by PRESS and SPECIAL 
while MEGA-PRESS was the worst. Spectral analysis 

was performed using LCModel; macromolecule signals 
in the short TE sequences were handled by automatically 
including a basis set of macromolecules and accounting 
for their presence within the spectrum. These findings are 
consistent with results of short-TE STEAM analyzed using 

Table 3 Metabolite concentration: mean or median (standard deviation or 25–75 percentile)

Metabolites [1] sLASER×32 [2] sLASER×48 [3] sSTEAM4×32 [4] sSTEAM4×48 [5] sSTEAM4×64 [6] sSTEAM8×32

Aspartate 2.98 (0.63) 2.95 (0.63) 1.45 (0.23) 1.43 (0.25) 1.30 (0.29) 1.40 (0.26)

GABA 1.84 (0.53) 1.76 (0.61) 1.05 (0.12) 1.03 (0.13) 0.99 (0.13) 0.99 (0.13)

Glutamine 2.712 (0.45) 2.611 (0.44) 1.69 (0.29) 1.71 (0.29) 1.74 (0.30) 1.65 (0.25)

Glutamate 8.112 (0.70) 7.991 (0.71) 6.52† (6.32–7.04) 6.56† (6.23–7.08) 6.43† (6.28–6.94) 6.31 (0.48)

Glutathione 1.50(0.34) 1.46 (0.39) 1.30† (1.11–1.40) 1.28† (1.11–1.39) 1.27† (1.13–1.40) 1.17† (1.02–1.25)

Myo-inositol 5.81(0.52) 5.80 (0.51) 5.03 (0.57) 5.16 (0.47) 5.24 (0.41) 4.58 (0.51)

Taurine 1.31(0.27) 1.29 (0.25) 1.07 (0.22) 1.06 (0.18) 1.05 (0.18) 1.10 (0.17)

tCho 1.34(0.14) 1.33 (0.14) 1.22† (1.13–1.26) 1.22† (1.12–1.26) 1.20† (1.11–1.26) 1.10† (1.02–1.13)

tCr 7.332 (0.43) 7.231 (0.44) 5.395 (5.25–5.61) 5.42 (5.26–5.68) 5.513 (5.31–5.69) 5.26 (0.37)

tNAA 10.77 (0.74) 10.77 (0.73) 7.67† (7.44–8.15) 7.64† (7.44–8.16) 7.59† (7.35–8.05) 7.23† (7.06–7.80)

Values are presented as the institutional unit, and comparisons between different sequences or TR values are not presented. †, obelisks 
indicate non-normal distribution, and median values are presented. Statistically significant difference (P<0.05) between different scan 
conditions are indicated with supersets of the numbers. sLASER, semi-LASER (TR = 6.5 s); sSTEAM4/8 = short-TE STEAM (TR = 4/8 s); 
×32, ×48 and ×64 = 32, 48 and 64 averages, respectively. sLASER, semi-localized by adiabatic selective refocusing; sSTEAM, short echo 
time stimulated echo acquisition mode; TR, time of repetition; GABA, γ-aminobutyric acid; tCho, total choline; tCr, total creatine; tNAA, 
total N-acetylaspartate.
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LCModel.
The SNR for NAA and Glu increased with the number 

of averages in both sLASER and sSTEAM4. The sLASER 
resulted in a higher SNR for NAA compared to sSTEAM, 
but the SNR for Glu was almost the same for the two. 
Compared to SNRNAA, SNRGlu is presumed to be lower 
due to a lower metabolite concentration, a shorter T2 
relaxation time, and J-coupling. A point also worth noting is 
that the peak height at 2.35 ppm contains macromolecules. 
However, the effect of the latter two of three factors is 
considered negligible in sSTEAM acquisition (7,8), and 
SNRGlu resulted in almost the same values under those 
conditions. sSTEAM4×64 resulted in a higher SNRGlu 
than sSTEAM8×32, although sSTEAM8×32 was acquired 
over a slightly longer time. This is because the number of 
averages has a larger effect on SNR than the difference in T1 
relaxation. The T1 value for Glu at 7 T was around 1.2 s (30).

CRLBs indicate the precision of quantification (the 
lower, the better). Median CRLBs were ≤10% except for 
Asp and GABA. Signal averaging significantly lowered 
CRLBs for Asp, Glu, GSH, Ins, and tCho in sLASER 
and CRLBs for GABA, Gln, GSH, Ins, Tau, tCho, and 
tNAA in sSTEAM4 (at least between ×32 and ×64), but the 
differences were ≤2%. The effect of averaging was limited, 
which is probably attributable to many metabolites that 
had relatively low CRLBs. This finding agrees with the 
results of a previous study which found that less averaging 
was required to lower CRLBs at 7 T than at 4 T (2)  
due to a larger chemical shift separation of metabolite 
peaks at UHF. There were small differences in median 
CRLBs between the two sequences (≤2%) except for Asp, 
GABA, and Gln. The median CRLB for Asp was higher in 
sSTEAM, whereas the median CRLBs for GABA and Gln 
were higher in sLASER. Despite such differences, the two 
sequences yielded comparable results for most metabolites. 

Metabolite concentrations were measured without 
correcting for relaxation, which was considered impractical 
for clinical scans, and differences between the two 
sequences in some metabolite concentrations were noted. 
In addition, a study comparing sLASER and sSTEAM 
at 4 T (7) noted such differences and attributed them to 
differences in TE, relaxation time, basis-set, and errors in 
chemical shift size. There were significant differences in 
Gln, Glu, and tCr concentrations measured by sLASER×32 
and sLASER×48, but the mean difference was 0.1, 0.12, 
and 0.1 mM or 3.8%, 1.5%, and 1.4%. The only difference 
between sSTEAM4×32 (5.39 mM) and sSTEAM4×64  
(5.51 mM) was the tCr concentration, which differed  

0.12 mM or 2.2%. Metabolite concentrations were 
consistent within each sequence. 

Measurement repeatability was evaluated using the CV 
in the metabolite concentration, and CVs were mostly 
lower than 5% for Glu, Ins, tCho, tCr, and tNAA, whereas 
CVs were higher for Asp, GABA, Gln, GPC, GSH, and 
Tau. Among J-coupled metabolites, Glu and Ins had lower 
CRLBs and CVs, presumably because they were present 
in higher concentrations. Another reason might be the 
detectability of dominant peaks at 2.34/2.36 and 3.53 ppm 
for Glu and Ins, respectively, at 7 T. The largest difference 
between the two sequences was noted for GABA, and 
its median CV was much smaller in sSTEAM. GABA 
has a much shorter T2 value (e.g., 63 ms) (31) than Glu 
(124 ms at the occipital lobe) (30) and other metabolites  
(121–170 ms) (32). This difference caused less signal 
decay during TE in sSTEAM than in sLASER and may 
be one reason for the higher CRLB for GABA than for 
Glu. However, sLASER×32 yielded comparable results to 
sSTEAM4×32 except for GABA, so the former can be an 
appropriate choice. 

The CV in the metabolite concentration provides 
insight into the effects of averaging. In sLASER, 32 and 48 
averages resulted in no significant differences. In sSTEAM, 
the only significant difference between sSTEAM4×64 and 
sSTEAM8×32 was in the Ins concentration, and the former 
was more precise. However, the concentration did not differ 
significantly among the 3 sSTEAM4 scans. This suggests 
that a larger number of averages with a longer scan time 
might be affected by field perturbations such as patient 
motion (33). In theory, a larger number of averages would be 
better, but this study suggests that 32 averages is acceptable 
in terms of repeatability for both sLASER and sSTEAM. 

A low SAR and short TR in sSTEAM are beneficial 
at 7 T, something sLASER cannot provide. A recent 
study at 7 T using a STEAM sequence reduced TR to  
3 s and noted a significant difference in patients with first-
episode psychosis in comparison to healthy controls (34). 
In nearly half the scan time, sSTEAM4×32 resulted in 
metabolite concentrations and CVs comparable to those 
in sSTEAM8×32 with no significant differences. Median 
CRLBs were significantly higher in sSTEAM4×32 than in 
sSTEAM8×32, but the difference was ≤1%. A short scan 
time of 2.5 minutes was considered sufficient for a reliable 
and repeatable MRS in the current study. A shorter scan 
time would be preferable to reduce motion artifacts, and 
especially when scanning patients. A point also worth 
noting is that a short TR causes possible T1-weighting of 
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the metabolite concentrations. At 7 T, T1 values for brain 
metabolites analyzed in this study ranged from 1.14 (GSH) 
to 2.15 (Tau) s in GM (35). A TR of 4 s is not sufficient for 
full longitudinal relaxation, but spectra acquired with TRs 
of 4 and 10 s at 7 T using PRESS indicated that differences 
between the two TRs in the signal intensity of NAA, Cr, 
and Cho were very small (32). A TR of 4 s is considered 
advantageous over a longer TR with fewer averages. 

This study has a limitation. Spectra were measured 
only at the PCC, where RF transmit efficiency is relatively 
high and water signal line width is narrow (36). The PCC 
is considered to be an ideal location, and measurement 
repeatability might decrease at other areas of the brain. 

Both sequences were found to quantify brain metabolite 
concentrations with a high level of repeatability, i.e., low 
CVs, and to provide highly precise quantification, i.e., low 
CRLBs, at 7 T. The two sequences resulted in significant 
differences (≥4%) in Asp, GABA, and Glu concentrations, 
but CVs were comparable except for GABA, for which 
sSTEAM was considered to be a better choice. 
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