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Abstract

Conventional proton MRS has been successfully utilized to non-invasively assess tissue 

biochemistry in conditions that result in large changes in metabolite levels. For more challenging 

applications, namely in conditions that result in subtle metabolite changes, the limitations of 

vendor-provided MRS protocols are increasingly recognized, especially when used at high fields 

(≥ 3 tesla) where chemical shift displacement errors, B0 and B1 inhomogeneities and limitations in 

transmit B1 field become prominent. To overcome the limitations of conventional MRS protocols 

at 3T and 7T, use of advanced MRS methodology, including pulse sequences and adjustment 

procedures, is recommended. Specifically, the semi-LASER sequence is recommended when TE 

values of 25–30ms are acceptable, and the semi-adiabatic SPECIAL sequence is suggested as an 

alternative when shorter TE values are critical. The magnetic field B0 homogeneity should be 

optimized and RF pulses should be calibrated for each voxel. Unsuppressed water signal should be 

acquired for eddy current correction and preferably also for metabolite quantification. Metabolite 

and water data should be saved in single shots to facilitate phase and frequency alignment and to 

exclude motion-corrupted shots. Final averaged spectra should be evaluated for SNR, linewidth, 

water suppression efficiency and presence of unwanted coherences. Spectra that do not fit 

predefined quality criteria should be excluded from further analysis. Commercially available tools 

to acquire all data in consistent anatomical locations are recommended for voxel prescriptions, in 

particular in longitudinal studies. To enable the larger MRS community to take advantage of these 

advanced methods, a list of resources for these advanced protocols on the major clinical platforms 
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is provided. Finally, a set of recommendations are provided for vendors to enable development of 

advanced MRS on standard platforms, including implementation of advanced localization 

sequences, tools for quality assurance on the scanner, and tools for prospective volume tracking 

and dynamic linear shim corrections.

Graphical Abstract

Vendor-provided MRS protocols suffer from multiple limitations at high and ultra-high field (≥ 

3T), including increased chemical shift displacement errors, increased B0 and B1 inhomogeneities 

and insufficient transmit B1 field. We provide an overview of two advanced MRS sequences, semi-

LASER and SPECIAL, that largely overcome the limitations of conventional MRS protocols. We 

provide guidelines for their use, quality assurance and quality control, and finally a set of 

recommendations for vendors to enable advanced MRS on standard platforms.
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1. Introduction

Proton magnetic resonance spectroscopy (1H MRS) provides a wealth of biochemical and 

metabolic information complementary to conventional structural MRI. An international 

consensus effort1 documented the impact of 1H MRS in the clinical evaluation of brain 

tumors, childhood neurological diseases, demyelinating disorders and brain infections, 

primarily based on work at 1.5 T. Metabolite abnormalities in these “clinic-ready” 

applications are detectable in individual patients with conventional, vendor-provided MRS 

packages. In addition, consensus was reached that conventional MRS protocols are severely 

limited for more challenging applications with subtler metabolite changes, especially when 

used at high (3 T) and ultra-high fields (7 T and above). The MRS community then followed 

up with a second, technical consensus statement that declared the localization error of the 

widely used PRESS sequence at 3 T unacceptable and recommended the use of the semi-

adiabatic localization by adiabatic selective refocusing (sLASER) sequence as a solution.2

To detail the benefits of such advanced MRS methodology at high and ultra-high fields and 

to facilitate wider access to these methods, the current manuscript was prepared by a group 

of experts who developed, implemented and optimized such advanced MRS protocols on 

clinical platforms. These authors provided recommendations on how to use the technology, 

which were then reviewed and endorsed by a larger group of investigators who have 

expertise in advanced single voxel spectroscopy (SVS) techniques (Members of the larger 

group are listed in the Supplementary Table 1).

We first summarize the demands brought by high fields that necessitate the use of advanced 

MRS protocols for human subject applications and demonstrate the improvements that 

advanced MRS protocols provide over conventional protocols. Note that an advanced SVS 

protocol not only includes a localization sequence that provides accurate localization within 

the B1 constraints of high fields, but also provides efficient water suppression, incorporates 

voxel based B0 and B1 adjustments, as well as measures taken to mitigate motion artifacts. 

For the localization aspect we focus on two pulse sequences that have been widely used in 

advanced MRS protocols at high and ultra-high fields: sLASER that has been recommended 

in the technical consensus statement,2 and the spin echo full intensity acquired localized 

(SPECIAL) spectroscopy sequence that has been used by a number of groups and provides 

advantages over sLASER in certain applications. For readers interested in using advanced 

SVS sequences we provide a list of available sources to access these sequences in the 

Supplementary Table 2. We provide recommendations to assist users select the field strength 

and pulse sequence for different applications and guidelines for quality assurance (QA, 

prospective measures taken to acquire high quality data) and quality control (QC, 

retrospective measures taken to identify and eliminate poor quality data). We further provide 

recommendations to MR scanner vendors to enable users to acquire high quality MRS data 

at high and ultra-high field. Note that edited MRS has been intentionally left out of this 

paper since it is covered in a separate contribution in the Special Issue.3
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2. Need for advanced SVS protocols at high field

High and ultra-high fields introduce technical challenges that can be overcome using 

advanced protocols for optimal SVS data quality, as described below. The first challenge, 

chemical shift displacement error, is addressed with sequence and RF pulse selection, while 

the challenges associated with B1 and B0 inhomogeneity are addressed by voxel-based 

calibrations, which are recommended for all localization sequences at high field.

2.1. Chemical shift displacement error (CSDE)

The chemical shift difference between different resonances causes a chemical shift 

displacement error (CSDE) when a magnetic field gradient is used in combination with a 

frequency-selective radiofrequency (RF) pulse to selectively excite, refocus or invert a slice. 

The combination of the bandwidth of the RF pulse, the chemical shift of the metabolite of 

interest, the transmitter frequency and the strength of the magnetic field gradient define the 

exact position of slice selection for each resonance (Figure 1). The CSDE between two 

resonances is expressed as a percentage of the voxel size, and is given by the ratio of the 

chemical shift difference (in Hz) between the two resonances of interest and the bandwidth 

of the frequency-selective pulse. The CSDE is present in each direction in which slice 

selection is used for excitation, refocusing or inversion. The CSDE often leads to 

unacceptably large differences in the localization of different resonances (over 30% for the 3 

ppm range of the spectrum in one dimension) with conventional MRS sequences that utilize 

RF refocusing pulses with small bandwidths, even at 3 T (Figure 1). Moreover, molecules 

with spin systems that have coupled resonances far apart in the ppm scale, such as lactate 

with an ‘internal’ chemical shift difference of 2.8 ppm, may experience intra-voxel shape 

distortions and signal loss because of small-bandwidth slice-selective refocusing.4 

Therefore, sequences that utilize RF pulses with sufficiently broad bandwidths to minimize 

CSDE are essential at 3 T and higher fields.2

2.2. B1 inhomogeneity

The RF pulses for excitation and refocusing of 1H spins use frequencies that in tissue have 

wavelengths on the order of the size of the human head at high magnetic fields, causing 

interference effects. Together with attenuation of these RF pulses by conductive tissue, the 

resulting magnetic field B1
+ of the pulses is inhomogeneous across the brain and body at 

high fields, despite the use of volume RF excitation coils.5,6 Depending on the size and 

location of a spectroscopic volume of interest (VOI), this inhomogeneity can cause intra-

voxel variation of flip angles (in large volume selections) or a bias in the intended flip angle 

for a particular voxel location. While intra-voxel RF inhomogeneity can usually be neglected 

for small voxel volumes (~few cm3) in SVS, inaccurate flip angles for the selected VOI are 

common in conventional MRS protocols that use flip angles obtained from slice-based 

calibrations.7 Inaccurate flip angles in turn lead to changes in the VOI shape, incomplete 

refocusing, loss of SNR and unwanted coherences due to excitation outside the intended 

VOI (Figure 2). The B1
+ inhomogeneity at high fields is primarily a concern when using 

non-adiabatic RF pulses, however it can degrade SNR and induce unwanted coherences even 

when adiabatic pulses are used because pulse sequences typically operate near the limit of 

adiabaticity at high and ultra-high fields. Therefore, voxel-based flip angle calibration is 

Öz et al. Page 4

NMR Biomed. Author manuscript; available in PMC 2021 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



necessary at 3 T and above for accurate localization, optimum SNR and efficient artifact 

suppression.

2.3. B0 inhomogeneity

Inhomogeneities in the static magnetic field B0 also increase with increasing magnetic field8 

and, if not compensated properly, result in broad linewidths and compromised SNR. Broader 

lines in turn increase spectral overlap preventing reliable separation of metabolites such as 

glutamate and glutamine in the brain, which are then reported as a sum Glx. Therefore, 

adjustment of both first- and second order shims in the selected VOI is particularly 

important at high and ultra-high fields. While vendor-provided advanced 3D shimming 

routines continually improve, they may not provide the narrowest linewidths achievable in 

all potential regions of interest.7 (Figure 3)

3. Technical overview of two widely used advanced SVS sequences

Here we focus on the sLASER and SPECIAL protocols as these are the most widely used 

and validated advanced sequences at high and ultra-high fields and their commonly used 

protocols (including pre-scan calibrations, optimized localization sequence and post-

acquisition processing) address the challenges brought by high fields. Their features are 

compared to the conventional MRS pulse sequences stimulated echo acquisition mode 

(STEAM)9 and point-resolved spectroscopy (PRESS)10,11 that are available in standard 

MRS packages on all clinical MR platforms (Table 1). Note that optimized versions of 

STEAM that provide ultra-short TE (< 10 ms) and better localization performance12 are 

available as research packages (Supplementary Table 2). Similarly, the CSDE of PRESS can 

be substantially improved in the OVERPRESS sequence with very selective saturation 

pulses, which was recommended in the technical consensus statement as an alternative at 3 T 

if sLASER is not available.2

3.1. The semi-LASER sequence

An important tool to overcome the challenges associated with CSDE is the use of adiabatic 

RF pulses. The initial idea of accurate volume localization in SVS with seven adiabatic 

pulses13 evolved into the full LASER (Localization by Adiabatic SElective Refocusing) 

pulse sequence,14 of which the first three pulses were later replaced by one conventional 

non-adiabatic slice-selective excitation pulse.15 This so-called semi-LASER (sLASER) 

sequence is a single-shot, full-intensity spectroscopic method that uses a slice-selective 

excitation pulse followed by two orthogonal pairs of slice-selective adiabatic full passage 

(AFP) pulses.16 Typically the shortest TE ranges from 25 to 30 ms at 3 T and 7 T.15–18 To 

improve localization, especially in the slice excitation direction, sLASER is usually 

combined with outer volume suppression (OVS) modules prior to the localization sequence.
15–17 Finally, the variable pulse power and optimized relaxation delays (VAPOR) scheme19 

is typically interleaved with the OVS modules.16,17 (Figure 4A) sLASER provides several 

advantages over STEAM9 and PRESS10,11 (Table 1): 1) it retains full intensity as opposed to 

STEAM that only retains half of the available signal; 2) the CSDE of the refocusing pulses 

is much smaller (<4% per ppm) than in PRESS due to the high bandwidth of the AFP pulses 

(typically >5 kHz); 3) it provides clean and sharp slice selection profiles for accurate 
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localization; 4) the pairs of AFP pulses act as a Carr-Purcell20 pulse train to suppress J-

modulation in J-coupled metabolites and also to lengthen the apparent transverse relaxation 

times of water and metabolites.21,22 In comparison with the full LASER sequence, sLASER 

allows shorter TE, which increases the SNR and reduces the sensitivity to metabolite T2 

relaxation times. In addition, the slice-selective excitation used in sLASER reduces the 

possibility of spurious echoes relative to the whole volume excitation used in LASER. 

Limitations of sLASER are the necessity to use refocusing pulses in pairs to remove the 

quadratic phase of the adiabatic pulse across a slice profile and the associated RF power 

deposition limiting the choice for short repetition times, especially at high field. Use of 

gradient-modulated RF pulses, such as FOCI or GOIA pulses,23,24 with lower B1
+(max) 

requirements than hyperbolic secant adiabatic pulses for a given bandwidth, recently enabled 

short TE sLASER implementations on 3T systems with a limit on maximum available B1
+

(max).25

3.2. The SPECIAL and semi-adiabatic SPECIAL sequences

The SPECIAL spectroscopy sequence26 was designed to acquire full intensity signal in a 

specified VOI at an ultra-short TE of about 5–9 ms on a clinical platform. This hybrid pulse 

sequence27 (Figure 4B) combines localization in one direction by the 1D image-selected in 

vivo spectroscopy (ISIS) technique26 with a slice-selective spin-echo sequence for 

localization in the other two directions, allowing for an ultra-short TE. ISIS localization is 

typically achieved with an adiabatic inversion pulse, and any unwanted transverse 

magnetization created by the inversion pulse is efficiently removed by a spoiling gradient in 

the time delay between the ISIS and spin echo modules. During this delay, magnetization is 

conserved along the static magnetic field. Thus, this delay does not contribute to the overall 

echo time of the sequence. Similar to the sLASER protocol, OVS bands are interleaved with 

the VAPOR water suppression scheme19 before the ISIS module to ensure the acquisition of 

artifact-free spectra.

Advantages of SPECIAL in comparison to conventional sequences for localized MRS are 

(Table 1): 1) the method preserves the full magnetization available in the selected volume, 2) 

the shortest echo time achievable with this pulse sequence is comparable to that of STEAM, 

3) the adiabatic inversion pulse used for localization in one direction reduces B1 dependence 

of the obtained signal and provides homogeneous inversion, which is especially important 

when a surface coil is used as a transmitter. A drawback of SPECIAL is the necessity to use 

at least two scans, because full localization is achieved by subtracting two subsequent FIDs. 

This makes the method sensitive to any motion of the subject or any change between 

acquisitions of the two FIDs (e.g. scanner drift). Thus, we recommend localized RF 

calibration, OVS and careful fixation of the subject when using SPECIAL.

The technique was implemented on a clinical platform at 3 T and 7 T28; pulse types and 

durations were optimized for different RF coils and to address limitations in RF peak power 

and specific absorption rate (SAR) regulations.29 Finally, the CSDE for the original version 

of the sequence was unacceptably high along the refocusing dimension at 3 T and, in 

particular, at 7 T relative to the recently recommended 4% per ppm level2. Therefore a semi-

adiabatic version of SPECIAL (sSPECIAL) was developed to reduce the CSDE in the 
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dimension selected by a conventional 180° pulse to acceptable levels, albeit at a somewhat 

longer TE (Table 1).30–32 If TEs below 10 ms are of high interest and a transmit RF coil that 

provides high B1
+ amplitude, e.g. a surface coil, is available, the original sequence may still 

be used at 3 T. However, for all other scenarios and for use at 7 T, the sSPECIAL31 sequence 

is preferred over the original SPECIAL sequence for human applications.

4. Recommendations for acquisition, analysis and reporting of advanced 

SVS

The recommendations provided below pertain to both brain and body applications. 

Obtaining high quality MR spectra from the body presents additional challenges relative to 

the brain, which stem from 1) presence of more fat in the body compared to brain tissue and 

multiple fat-water transitions close to or even inside the VOI; 2) inhomogeneous B1
+ fields 

in the body; 3) substantial organ movement due to respiratory and bowel motion; 4) 

orientation-dependent resonance splitting due to dipolar coupling in muscle. When 

necessary, alternative recommendations to address these additional challenges are noted in 

sections 4.1 – 4.3. The primary recommendations for data acquisition with advanced SVS 

protocols and for analysis of these data are summarized in Tables 2 and 3.

4.1. Choice of field strength and RF coil

When the study or clinical question primarily focuses on the most reliably quantifiable 

metabolites, such as tNAA, tCr, tCho, myo-inositol and glutamate in the brain, the 

sensitivity and resolution of 3 T will likely be sufficient for advanced SVS since the test-

retest reproducibility at 3 T is presently equivalent to that at 7 T (between-session CVs of 

≤5–6%)33–35 for VOI ≥ ~4mL with advanced protocols. Advantages of 3T scanners are that 

their hardware platforms are longer established and more stable and that they have fewer 

limitations on B1
+(max), B0 and B1 spatial homogeneity, CSDE and SAR than 7T scanners. 

On the other hand, if the focus is on weakly represented metabolites with J-coupled spin 

systems or severely overlapping resonances and small VOI (< ~4 mL), 7 T should be used 

when available and as long as the B0 and B1 spatial inhomogeneities, limitations on 

available B1
+(max), CSDE and SAR are successfully addressed (see guidelines below for 

addressing these challenges). For example, while glutamate and glutamine can be 

distinguished reliably with advanced protocols in many brain regions at 3 T, Glx may need 

to be reported in VOI at challenging locations in the brain with low SNR and/or broad 

linewidths, while acquisitions at 7 T may allow their reliable separation. Consistently, the 

test-retest reproducibility advantages at 7 T relative to the 3 T are observed primarily for J-

coupled metabolites such as glutamate, glutamine and glutathione.33

Whenever feasible, we recommend establishing test-retest reproducibility in the targeted 

VOI, with the chosen protocol, in a few healthy subjects prior to commencing a study. At a 

minimum, Cramér-Rao lower bounds (CRLB, see below) should be examined in sample 

spectra from the VOI chosen for the research question or the clinical examination. The 

absolute CRLB (as opposed to relative) are especially important when SVS is utilized in a 

clinical situation where in most cases decisions are based on a single measurement.36
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For 3 T, commercially available body transmit RF coils and multi-channel receive arrays are 

recommended. At 7 T, widely available single channel transmit and multi-channel receive 

arrays are recommended in conjunction with dielectric padding for the brain.37,38 If the 

region of interest is superficial and whole brain imaging is not needed, use of surface coils 

for transmission26,28,39 is recommended to maximize B1
+. If available, multi-channel 

transmit coils and local B1
+ shimming40–42 should be used for optimal RF delivery. For 

applications in the torso at 7 T, the latter is essential.

4.2. Choice of pulse sequence: How to minimize CSDE

An overview of widely used advanced SVS sequences and how they compare with 

conventional product sequences is provided in Table 1. The MRS Consensus Group 

recommended the use of sLASER instead of PRESS for substantially improved localization 

performance at 3 T and higher fields.2 We support this recommendation because sLASER 

provides spectra that allow reliable quantification of a large number of metabolites at short 

TE with minimal CSDE. In addition, as a single-shot method, sLASER allows correction of 

motion-related variations in frequency and phase. For applications where T2 relaxation 

during a TE of 25–30 ms may bias concentration estimates, e.g. in studies with cohort-

differences in metabolite T2 relaxation,43 the use of the SPECIAL or sSPECIAL sequence 

with TE < 20 ms is recommended. However, these populations may also be more prone to 

motion. Therefore, when TE < 20 ms is important and SPECIAL leads to unacceptable 

motion artefacts, the use of the single-shot STEAM sequence is recommended if the SNR of 

individual transients is sufficient for frequency and phase correction. In these cases, we 

recommend using a version of the STEAM sequence with ultra-short TE (< 10 ms) and an 

optimized water suppression and gradient scheme for efficient unwanted coherence removal;
12 product sequences on some platforms only allow a minimum TE of 20 ms (Table 1) and 

have not been optimized to provide artifact-free single shots. Also note that although short 

TE values, and typically 30 ms, are recommended for quantification of metabolite profiles, 

longer TEs may be preferred for select metabolites.2

The sLASER and sSPECIAL sequences reduce CSDE to below the recently recommended 

4% per ppm level2 at 3 T, in all 3 dimensions, while the original version of SPECIAL 

exceeds this value along the refocusing dimension (Table 1). At 7 T, very high B1
+(max) 

levels (~35–45 μT) are needed to achieve sufficiently broad bandwidths using conventional 

pulses (both for excitation and adiabatic refocusing, e.g. with hyperbolic secant pulses) to 

stay within a 4% ppm CSDE at short TE. Therefore, we recommend use of gradient 

modulated adiabatic RF pulses44 such as FOCI and GOIA to reduce B1
+ requirements25 and 

allow adiabatic refocusing at short TE within the 4% per ppm CSDE limit at 7 T with 

commercially available head RF coils that can deliver ~24–26 μT. Note however that in the 

localization direction of the excitation pulse the recommended 4% per ppm CSDE limit 

cannot be reached yet for short TE MRS with commercial volume coils at 7 T and current 

implementations remain at 7% per ppm CSDE in this dimension (Table 1).

Finally, to overcome the inhomogeneous B1
+ fields in applications in the torso, gradient 

modulated adiabatic RF pulses are recommended to generate sufficient bandwidth at low 

B1
+ while keeping the CSDE to acceptable levels at both 3 T and 7 T.44–47 Note however 
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that the off-resonance effects of these pulses need to be evaluated for optimum pulse 

selection since the effects can be high particularly in body applications.44

These sequences are available through research packages directly from the manufacturer 

(designated Work-in-progress (WIP) on Siemens and GE) or through customer-to-customer 

sequence exchange protocols for Siemens, GE and Philips platforms. A list of currently 

available sources for the localization sequences is provided in Supplementary Table 2.

4.3. Recommendations for data acquisition: Quality Assurance

4.3.1. VOI selection—Manual VOI prescription is an important source of variability in 

SVS protocols. We recommend use of commercially available tools to minimize this 

variability across subjects and scan sessions. For example, the AutoAlign tool on Siemens48 

(currently available for brain, spine, knee, shoulder, and hip acquisitions) and the 

SmartExam tool on Philips49 (currently available for brain, spine, knee and shoulder 

acquisitions) align scout images of a subject to predefined landmarks or an average atlas and 

facilitate the acquisition of subsequent images in a uniform space. These tools are 

particularly useful to ensure consistency of VOI selection in longitudinal scans of the same 

subject.50 In addition, atlas-based automatic voxel positioning to improve VOI consistency 

both between- and within-subjects has recently been implemented for SVS in the brain,51 

but is only available at select research sites.25 In muscle SVS, the interplay between dipolar 

coupling and orientation of the muscle with respect to the B0 direction needs to be 

considered when choosing VOI size and location.

4.3.2. B0 adjustment—Methods to adjust both first- and second-order shims for the 

targeted VOI using fully automated B0 field mapping techniques, either based on 3D B0 

mapping or mapping along projections, are recommended for use within advanced MRS 

protocols at high fields. For a detailed review of advanced methods for B0 shimming, as well 

as currently available B0 shimming tools (vendor provided and through customer-to-

customer exchange protocols), we refer the reader to another contribution in this Special 

Issue.52

Commercial B0 shimming protocols for first- and second-order shim adjustments are 

continually improving on 3T and 7T systems and provide acceptable linewidths (see Section 

4.3.4) for most VOIs in the brain. In addition, the FASTMAP53 technique based on mapping 

along projections was incorporated into the sLASER sequence for automatic VOI-based B0 

shimming and is available via customer-to-customer sequence exchange for one of the 

platforms (Supplementary Table 2).

Creating a sufficiently homogeneous B0 within the VOI is more challenging in the body. 

Especially when lipids are present (e.g. in a voxel in breast tissue or fatty infiltrated muscle), 

shimming needs to be done on the water signal only by either water selective excitation or 

lipid suppression in the B0 shimming algorithm. Following shimming, the correct carrier 

frequency (F0) needs to be determined for the VOI. Depending on the MR system software, 

this can be done by volume selective excitation and interactively choosing the correct 

resonance peak of water or by adding an inversion pulse to the automated F0 determination 
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with a delay that corresponds to fat nulling. In the presence of motion, a navigator is 

recommended to allow triggering of the volume selective F0 determination.

4.3.3. B1 adjustment—To prevent incorrect flip angle calibration for SVS acquisition, 

VOI-based flip angle calibration is strongly recommended at 3 T and above for accurate 

localization. The consequences of B1 mis-calibration on RF pulse profiles that result in 

excitation of unintended magnetization and ineffective refocusing are demonstrated in 

Figure 2. Importantly, the B1 levels in the VOI can be under- or over-estimated in close to 

half of the MRS data sets with slice-based RF power calibration typically used during the 

system pre-scan protocol compared to B1 levels calibrated in the VOI. VOI-based B1 

calibration is standard in advanced MRS techniques distributed via WIP or customer-to-

customer sequence exchange, but may require some user intervention, e.g. acquiring the 

water signal from the VOI with increasing RF power and choosing the power setting that 

produces the maximum signal. Similar to flip angle calibration in product sequences, 

automated VOI-based flip angle calibration is available for sLASER on some platforms 

(Supplementary Table 2). As mentioned earlier, for body applications at 7 T, a multi-channel 

transmit coil and local B1
+ shimming are essential for optimal RF delivery.

4.3.4. Selection of acquisition parameters & QA decisions during data 
acquisition—Once the pulse sequence and associated parameters are optimized, as in the 

advanced sequences available via WIP or customer-to-customer sequence exchange 

(Supplementary Table 2), the MR operator should not need to manually adjust any sequence 

parameters (timing, selection of OVS bands etc.) during each scanning session and can 

proceed with data acquisition following voxel based B0 and B1 adjustments. Furthermore, 

once a protocol is chosen for a research study or select clinical evaluation, any adjustment of 

parameters such as TR and TE should be strictly avoided to enable comparison of 

quantitative data between subjects, cohorts and sites.

Acquisition of unsuppressed water signal from the same VOI is strongly recommended, both 

for eddy current correction, quantification and RF coil combination purposes.54 The water 

signal should be acquired with the same gradients as the metabolite spectrum to enable eddy 

current correction based on this reference.55 When the water reference is used as a 

quantification reference, the OVS pulses should be turned off to prevent magnetization 

transfer (MT) effects from the OVS. While turning off the OVS pulses for the water signal 

acquisition may result in slight underestimation of concentrations, this effect is substantially 

smaller than the MT effects observed with the OVS pulses left on, which may result in up to 

~30% overestimation of concentrations depending on VOI location.16 The carrier frequency 

for the water acquisition should be set to the water resonance. Finally, the unsuppressed 

water signal should be acquired before the metabolite spectrum to ensure that a reference 

water from the correct VOI is available if the metabolite acquisition needs to be stopped due 

to a change in subject position and such that partially acquired metabolite data can be 

quantified using the correct reference water.

For both the water and metabolite acquisitions, individual shots, and not only the summed 

data, should be saved such that minor motion effects and frequency drifts can be corrected 

during preprocessing. The MR operator should evaluate water suppression efficiency, 

Öz et al. Page 10

NMR Biomed. Author manuscript; available in PMC 2021 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



spectral linewidth and SNR at the beginning and during the MRS acquisition to address any 

unexpected deterioration of data quality over time. A change in the subject position may be 

indicated by a change in linewidth, frequency, and/or spectral pattern, as well as worsening 

of water suppression. If there is indication of a change in subject position from the MRS 

acquisition, a scout image should be acquired after MRS to confirm the change in position.

Preferably, the residual water signal needs to be below or at the same height as the largest 

metabolite peak. Minimally, the tail of the residual water peak should not affect the spectral 

baseline. If very small VOIs are studied and single shots do not contain clear metabolite 

peaks, some residual water signal may be desirable to allow single-shot frequency and phase 

alignment. The spectral linewidth should be evaluated with an unsuppressed water 

acquisition from the same VOI prior to commencing with metabolite acquisition. At 3 T, a 

water linewidth of 5–7 Hz (FWHM determined in a phased spectrum) is considered 

excellent, 8–10 Hz is considered good and 11–13 Hz acceptable for brain applications. At 7 

T, these ranges are 9–12 Hz (excellent), 13–15 Hz (good) and 16–19 Hz (acceptable), but 

note that the best achievable linewidths depend on the VOI location.52 The reader is referred 

to another contribution in this Special Issue for recommendations on linewidths for all brain 

and body applications at field strengths from 1.5 T - 7 T.52 Also note that if the VOI contains 

a substantial amount of cerebrospinal fluid in brain acquisitions, the linewidth of the water 

signal will be smaller than that of pure tissue water and therefore will not accurately reflect 

the linewidth of the metabolite spectrum that originates from the tissue in the VOI. Finally, a 

minimum SNR, defined as the largest peak height divided by the standard deviation of noise 

measured in a metabolite-free region of the spectrum, of ~3 in single shots is recommended 

to allow for frequency and phase alignment during preprocessing.

4.3.5. Mitigation of motion artifacts—At a minimum, phase and frequency variations 

should be corrected retrospectively in single shots.56–58 In addition, prospective motion 

correction strategies are highly recommended. Prospectively gated acquisitions59 are 

relatively easy to implement and have the advantage of confining the volume of acquisition 

more precisely to the prescribed volume, but are constrained to use a relatively long TR. 

Whenever available, prospective volume tracking methods should be used,60–62 ideally in 

conjunction with dynamic linear shim corrections,63 because even when the VOI position is 

updated in real-time, the spectral quality can degrade substantially without dynamic shim 

updates.64

4.4. Recommendations for data analysis: Quality Control

An in depth discussion on MRS preprocessing and spectral analysis steps is presented in 

another contribution in this Special Issue.54 Here we emphasize the critical considerations 

for analysis of data acquired using advanced SVS methodology.

Spectral quality is often determined primarily by the localization performance of the pulse 

sequence and by the capability of the B0 shim system to remove a spatial B0 inhomogeneity 

within the selected VOI. However, the quality of the resulting averaged spectrum can be 

degraded by frequency and phase variations caused by physiological motion and scanner 

drift (e.g. subsequent to fast imaging acquisitions). These fluctuations should be corrected 
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by aligning the frequency and phase of single shots in preprocessing. If single shots do not 

have sufficient SNR to allow frequency and phase alignment, some averaging prior to 

alignment is acceptable. In addition, uncorrectable spectra due to substantial motion, e.g. 

those with very large residual water, unwanted coherences or substantially broader linewidth 

than other transients in the same acquisition, should be excluded from averaging. These 

outliers can either be identified by visual inspection or by unsupervised outlier detection.54 

Following averaging, residual eddy current effects should be eliminated using the 

unsuppressed water signal.55

The final spectra should be evaluated for spectral linewidths, SNR, efficiency of water 

suppression and presence of unwanted coherences. The criteria for acceptable linewidths and 

water suppression are the same as those listed in Section 4.3.4. In addition, residual water 

can be effectively removed54 using tools such as the Hankel Lanczos singular value 

decomposition method. A minimum metabolite SNR of 3 was previously recommended to 

visually confirm the presence of a particular singlet.2 When using advanced MRS protocols, 

we recommend a minimum SNR of 3 in individual transients to enable frequency and phase 

corrections in single shots, prior to averaging. Substantially higher SNR levels are necessary 

for reliable metabolite profile quantification and are readily achieved in summed spectra 

obtained from VOI of ≥ ~4 mL in the brain using advanced MRS protocols at 3 T and 7 T. 

The spectral pattern of macromolecules around 1.5 ppm for brain and lipid signals for body 

applications should be compared to the expected patterns of macromolecule and lipid signals 

to evaluate if there is contamination by signals of subcutaneous lipids originating outside the 

VOI. In addition, unwanted coherences should be evaluated in the entire ppm range of the 

spectrum that will be used for quantification. Unwanted coherences, also termed spurious 

echoes, typically appear as high frequency signals and/or signals that are out of phase with 

the rest of the spectrum. Examples are presented in a separate contribution in this Special 

Issue.54 Spectra that do not fit the linewidth and water suppression quality criteria and those 

with substantial unwanted coherence contamination65 should be excluded from analysis.

Software packages that allow single shot frequency/phase and eddy current corrections and 

evaluation of averaged spectra are available to the MRS community.57,66–68

Averaged spectra should be fitted using automated parametric fitting packages69,70 with a 

basis set generated for the parameters used for data acquisition. For brain spectra, 

macromolecules should be accounted for during parametric fitting,71 ideally by using an 

experimentally measured macromolecule basis spectrum since mathematically estimated 

macromolecules introduce biases in the quantification of J-coupled and low concentration 

metabolites.7,72 To acquire data for a macromolecular basis spectrum, typically an inversion 

pulse is added to the pulse sequence to null the signals from metabolites and the inversion 

time is field dependent. For more details on how to acquire the macromolecule basis 

spectrum, the reader is referred to the contribution in this Special Issue focusing on the 

contribution of macromolecules to spectra.71 In addition, advanced sequences that have 

macromolecule acquisition capability are indicated in the Supplementary Table 2.

Criteria for determining the reliability of concentration measurements should be based on 

quantitative error estimates such as CRLB. When selecting the CRLB criteria for evaluating 
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the reliability of metabolite concentrations, potential biases in the estimated mean 

concentrations of cohort data should be considered when CRLB thresholds are used to filter 

metabolite concentrations.36 For instance, relative CRLB greater than 50% indicate that the 

metabolite concentration may be anywhere from zero to twice the estimated concentration. 

Therefore, in some studies all concentrations that have CRLB higher than 50% or another 

chosen threshold are excluded. However, this approach will not yield the mean concentration 

of the larger cohort, rather it will yield the mean value of the subset of data that agree with 

each other within the cohort.36 On the other hand, a high relative CRLB may indicate that a 

metabolite is not detectable in an individual spectrum, which may be biologically significant 

when a diagnostic decision needs to be made with a single spectrum. To define which 

metabolites can be evaluated reliably under the conditions of the study, a CRLB threshold 

can be selected to exclude metabolites with average CRLB above the threshold (with the 

mean CRLB calculated without filtering) or to exclude metabolites with CRLB above the 

threshold in the majority of cases. In cohort comparison studies this process should be 

undertaken in both groups separately (e.g. patient, control) to keep the metabolites that pass 

the reliability threshold in either cohort, and not to miss metabolites that may be 

substantially lower in one group than the other, with important biological meaning. Finally, 

for low metabolite concentrations, an absolute, rather than relative, CRLB threshold can be 

chosen to avoid the bias of removing smaller concentration values.

4.5. Recommendations for reporting of advanced SVS data

Reporting guidelines for MRS studies are detailed in a different contribution in this Special 

Issue.73 Here we would like to reiterate the importance of always providing information on 

the field strength and RF coil, acquisition parameters (sequence used, TR, TE, number of 

transients, total acquisition time, number of points, bandwidth of the RF pulses and CSDE, 

VOI location and size), average SNR and linewidth (of associated water reference and/or 

metabolites), fitting parameters (fitting software and version, metabolites included in the 

basis set, handling of macromolecules and baseline, tissue water content used for 

referencing) and outcomes (CRLB of fitted metabolites, reliability criteria used) to enable 

proper comparison of findings between studies. Sample MR spectra should always be 

included, ideally together with images that show the VOI position. For these sample spectra, 

authors should consider reporting their spectral quality parameters (SNR, linewidth, CRLB 

if quantification results are reported) to place them in the context of all spectra acquired in 

the project. Alternatively, mean and standard deviation of spectra from each studied cohort 

can be reported for a more complete representation of spectral quality in the study. Spectra 

can be supplied in the appendix or supplementary materials if space for figures is limited. 

Finally, cohort comparison studies should evaluate spectral quality differences between 

cohorts and address potential biases if differences are found.

5. Recommendations for MR scanner vendors

5.1. Hardware

Even though the latest high-field scanners from all major MRI vendors meet the basic 

hardware requirements for 1H MRS, spectroscopy acquisitions have high demands on the 

RF transmit system (RF amplifiers, RF coils) and the 2nd-order shim system for adjustment 
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of the B0 field homogeneity.32 The maximum available transmit B1
+ field is a key variable 

affecting the localization performance of MRS techniques (CSDE, minimum TE). The B1
+

(max) of 13–25 μT provided by built-in body transmit RF coils of 3T scanners is sufficient 

for a TE of 30 ms or less in SPECIAL and sLASER for brain acquisitions (Table 1).25 The 

B1 demands are substantially higher at 7 T, both for brain and body applications. We 

encourage vendors to provide commercial multi-element transmit/receive arrays and B1
+ 

shimming capability to 7 T users,40 similar to those that were used in the research setting to 

achieve B1
+ levels of ~35 μT.41

Second-order shim systems currently available on 3T scanners are sufficient to obtain high 

quality SVS data in most regions. For regions with large B0 inhomogeneities, such as the 

hippocampus, prefrontal cortex or the brainstem, and for body applications stronger 2nd-

order shim coils are desirable. The strength of the 2nd-order shims on human 7T scanners 

should be at least 30 Hz/cm2 (0.7 mT/cm2) for XZ, YZ and Z2 and 15 Hz/cm2 (0.3 mT/cm2) 

for XY and X2Y2 shims.12,32

5.2. Scanner software

First and foremost we urge vendors to provide advanced, optimized MRS acquisition 

protocols as part of the commercial MRS packages that are approved by the US Food and 

Drug Administration (FDA) or the European Medicines Agency (EMA). While these 

protocols are available to the community via WIP or customer-to-customer sequence 

exchange, support for these packages at the level of a commercial package by any research 

laboratory is challenging and not optimally sustainable, especially with frequent software 

updates implemented by vendors. In these advanced protocols, user intervention should be 

minimized by automating voxel based B0 and B1 adjustments and VOI selection for 

applications where a predefined VOI has to be used in the same location across subjects. We 

further encourage vendors to enable users to evaluate sequence performance, e.g. by 

visualizing VOI profiles, and to implement tools to measure linewidth and SNR on the 

scanner. Importantly, FDA/EMA approved tools for in-line quantification for MR spectra, 

including quantitative error estimates, are strongly recommended.1 As multi-element receive 

array coils have become standard for 3T and 7T scanners, we recommend automatic 

collection of a water reference in the same acquisition as the metabolites for effective RF 

coil combination based on the water signal. Finally, implementation of methods that enable 

prospective volume tracking and dynamic linear shim corrections are strongly recommended 

to improve both MRS and MRI data quality and to prevent substantial loss of scanner time 

due to repeated acquisitions.

An important challenge for multi-site trials is to ensure harmonization of advanced SVS 

methods if metabolite levels are to be used as outcome measures. The feasibility of pooling 

neurochemical profiles obtained on different 3T scanners from the same vendor was 

demonstrated,74 as well as the feasibility of replicating an sLASER protocol across vendors.
25,42 To enable pooling MRS data obtained in multi-site clinical trials we encourage vendors 

to implement comparable acquisition sequences, shimming hard- and software, data format 

and storage protocols, and options to display CSDE and to adjust gradient and chemical shift 

directions in MRS sequences. Ideally, at least one advanced SVS sequence that maintains 
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cross-vendor equivalence of sequence RF and gradients should be maintained as already 

established within the MRS community.

6. Successful applications of advanced SVS and conclusions

Advanced MRS methods allow reproducible quantification of a neurochemical profile at 3 T 

even in challenging VOIs that have not been feasible to study with conventional SVS 

methods, but are of high interest for neuroscience and clinical applications, such as the 

hippocampus34 and amygdala29 (Figure 5). Furthermore, the sLASER pre-localization 

technique for MRSI can provide high quality data in the body leading to reproducible 

biomarkers in oncology, such as the (tCho+PA+Cr)/Cit in prostate cancer.75 In addition, 

sLASER enabled 2-hydroxyglutarate detection in the brain, which is a biomarker for IDH-1 

mutations in glial brain tumors, as well as differentiation of tumors with IDH1 from those 

with IDH2 mutations.76 In neurologic diseases, advanced MRS protocols at high field have 

allowed the detection of subtle metabolite differences between patient and control groups,77 

including at very early and premanifest stages,78 and helped monitor treatment response.79 

Advanced MRS has also been used in drug discovery applications in psychiatric disorders.80 

In metabolic diseases, advanced SVS methods have allowed dynamic measurements of 

glucose and its catabolic products.81,82 Finally, advanced MRS protocols have enabled 

reliable detection of subtle brain metabolite responses to visual,83 cognitive84 and motor85 

stimuli. Taken together, these examples show that advanced MRS sequences with optimized 

acquisition and data analysis protocols, as those recommended in this paper, have added 

value in clinical diagnostics and research. With their increasing availability, especially if 

implemented as product sequences, they are expected to substantially increase the data 

quality achievable by MRS in the clinical setting and thereby contribute to the wider utility 

and use of the technology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
1H MRS proton MR spectroscopy

2HG 2-hydroxyglutarate

AFP adiabatic full passage

B1
+ transmit B1

Cho choline
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Cit citrate

Cr creatine

CRLB Cramér-Rao lower bound

CSDE chemical shift displacement error

CV coefficient of variance

ECC eddy current correction

FASTMAP fast automatic shimming technique by mapping along projections

FID free induction decay

FOCI frequency offset corrected inversion

FOV field of view

GABA γ–aminobutyric acid

Glx glutamate + glutamine

GOIA gradient offset independent adiabatic

IDH isocitrate dehydrogenase

ISIS image-selected in vivo spectroscopy

tCho total choline (glycerophosphocholine + phosphocholine + choline)

tCr total creatine (creatine + phosphocreatine)

tNAA total N-acetylaspartate (N-acetylaspartate + N-

acetylaspartylglutamate)

OVS outer volume suppression

PA polyamines

PRESS point-resolved spectroscopy

QA quality assurance

QC quality control

RF radiofrequency

SAR specific absorption rate

LASER localization by adiabatic selective refocusing

sLASER semi-adiabatic LASER

SNR signal-to-noise ratio
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SPECIAL spin echo full intensity acquired localized spectroscopy

sSPECIAL semi-adiabatic SPECIAL

STEAM stimulated echo acquisition mode

SVS single voxel spectroscopy

VAPOR variable pulse power and optimized relaxation delays

VOI volume of interest

WIP work-in-progress
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1. 
Comparison of the chemical shift displacement error (CSDE) between PRESS and sLASER 

pulse sequences at 3 T. Only the displacement along the slice experiencing 180° refocusing 

pulse is shown (y axis was chosen for this CSDE illustration). Plots in panels A and B 
demonstrate the spatial dependences of resonance frequencies for two resonances separated 

by 3 ppm (370 Hz at 3 T) for PRESS and sLASER, respectively. The vertical axis represents 

the field strength; the scale is expressed in frequency units (kHz) and shows the difference 

from the resonance frequency ν0 = (γ/2π) B0. A typical narrow bandwidth of PRESS 180° 

pulse (1.06 kHz) translates into 35% CSDE (per 3 ppm) in one direction. Substantially 

increased bandwidth of AFP 180° pulse in sLASER (6.3 kHz) reduces the CSDE to 6% (per 

3 ppm). The displacement of slices is shown on sagittal MRI of human brain zoomed at 

occipital lobe.
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2. 
Effect of inaccurate B1 calibration. A) The difference in B1 level measured using system 

slice-based pre-scan calibration and voxel-based calibration. Data were acquired from 30 

subjects at 3 T. The B1 was miscalibrated in more than 40% of the subjects with the slice-

based pre-scan and the difference from the voxel-based calibration ranged from −183 to 

+105 Hz. B) The effect of under- and over-estimated B1 relative to optimal B1 on the RF 

profiles are illustrated for an excitation pulse (2.6 ms Hamming sinc pulse) and a refocusing 

pulse (5.4 ms Mao pulse) typically used in PRESS. A difference of 100 Hz from optimal 
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γB1/2π (846 Hz for the excitation pulse and 1010 Hz for refocusing pulse), which was 

typical for the data in shown in A, was chosen for this simulation.
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3. 
B0 shim performance using a vendor-provided shimming routine (3D gradient echo) and a 

work-in-progress advanced shimming tool (FASTMAP) on a Siemens Verio 3T scanner. A) 
Individual water linewidths measured from 30 subjects using both B0 shim techniques are 

illustrated. Narrower linewidths were achieved using FASTMAP (5 ± 2 Hz) compared to 

system shim (10 ± 4 Hz). B) PRESS spectra (VOI = 20 × 20 × 20 mm3, TR/TE=5000/30 ms, 

number of transients (NT) = 64, Tacq = 819 ms and number of points = 2048) acquired from 

posterior cingulate cortex in the same subject using the two shimming techniques at 3 T. 

Data processing consisted of zero-filling up to 8-k data points, Gaussian multiplication of 

the FID (σ = 0.12 /s), Fourier transformation, and phase correction. Inset shows the location 

of the MRS voxel on the T1-weighted image. This example illustrates the effect of the 

shimming performance on spectral quality. In this case the advanced shimming tool 

outperformed the system shim due to the coarse resolution of the field map obtained with the 

system shim.
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4. 
A) Schematic diagram of the sLASER pulse sequence. In this variant of the sequence, the 

slice selective 180° adiabatic full passage (AFP) pulses for selecting two dimensions are 

interleaved to minimize TE. Three pairs of outer volume suppression (OVS) pulses are 

applied in the X-dimension selected by the slice selective excitation pulse while single pairs 

of OVS pulses are applied in the Y- and Z-dimensions. The OVS modules are interleaved 

with VAPOR water suppression. Reproduced from16 with permission from John Wiley and 

Sons. B) Schematic diagram of the sSPECIAL pulse sequence. The adiabatic inversion pulse 

is applied in alternate scans, together with alternating phase of the receiver. The slice 

selective 90° pulse is asymmetric. Slice selective 180°AFP pulses are used to select the third 

dimension. Water suppression (VAPOR) is interleaved with OVS, and an additional water 

suppression pulse (WS) is applied between the inversion pulse and the spin echo part of the 

sequence.
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5. 
A) 1H MR spectrum acquired from the amygdala of a healthy volunteer at 3 T with the 

SPECIAL sequence: VOI = 15 × 15 × 15 mm3, TR/ TE = 3000/6 ms, number of transients 

(NT) = 256, Tacq = 1024 ms, and number of points = 2048. B) 1H MR spectrum acquired 

from the hippocampus of a healthy volunteer at 3 T with the semi-LASER sequence: VOI = 

13 × 26 × 12 mm3, TR/TE=5000/28 ms, NT = 128, Tacq = 341 ms and number of points = 

2048. Data processing consisted of zero-filling up to 8-k data points, Gaussian multiplication 
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of the FID (σ = 0.28 /s), Fourier transformation, and phase correction. Insets: sagittal T1-

weighted images with the location of the VOI.
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Table 1.

Comparison of features of product vs. advanced MRS pulse sequences

Vendor product sequences
a

Advanced MRS sequences
a

Sequence characteristics STEAM
b

PRESS
c

sLASER
d

SPECIAL
e

sSPECIAL
f

Fraction of available signal 50% 100% 100% 100% 100%

Localization performance
g ++ + ++++ +++ ++++

Profiles of RF pulses
g ++ + ++++ +++ ++++

Sensitivity to B1 inhomogeneity
h - - - - - - - - - -

Single shot method yes yes yes no no

Sensitivity to motion
h - - - - - - - - -

Performance at 7T with standard hardware
g
, 
i + poor +++ poor ++

3 tesla (for brain applications):

Minimum TE (body transmit coil) 9–20 ms 30 ms 30 ms
j 23 ms 8.5 ms 16 ms

Required B1
+(max) 14–20 μT 24 μT 15 μT

j 25 μT 24 μT 24 μT

CSDE/ppm – slice#1
k 4–5% 4% 5%

j 3% 4% 2%

CSDE/ppm – slice#2
k 4–5% 12% 1%

j 1% 3% 3%

CSDE/ppm – slice#3 4–5% 12% 1%
j 1% 12% 2%

7 tesla (for brain applications):

Minimum TE (head transmit volume coil) 14–20 ms 30 ms 26 ms 8.5 ms 16 ms

Required B1
+(max) 14–20 μT 24 μT 26 μT

l 24 μT 24 μT

CSDE/ppm – slice#1
k 9–12% 9% 7% 11% 6%

CSDE/ppm – slice#2
k 9–12% 28% 3% 7% 7%

CSDE/ppm – slice#3 9–12% 28% 3% 28% 6%

a
Features and values provided for STEAM and PRESS are typical for vendor MRS packages. In-house implementations of these sequences 

typically have improved features, such as shorter TE for STEAM. Features and values provided for advanced MRS sequences are for current 
implementations available to the MRS community via work-in-progress packages or customer-to-customer sequence sharing. Further 
improvements in utilized RF pulses are possible and encouraged in future implementations.

b
using Hamming sinc pulses

c
using Hamming sinc pulses for excitation and Mao pulses for refocusing

d
using asymmetric sinc pulse for excitation and GOIA-WURST pulses for refocusing

e
using asymmetric sinc pulse for excitation, hyperbolic secant adiabatic pulse (HS1) for inversion and Mao pulse for refocusing

f
Semi-adiabatic SPECIAL, using asymmetric sinc pulse for excitation and hyperbolic secant adiabatic pulses (HS4) for inversion and refocusing

g
Larger number of + signs indicate positive attributes, e.g. better localization performance. The evaluation of the localization performance 

considers the sequences as currently implemented, including OVS modules

h
Larger number of - signs indicate negative attributes, e.g. higher sensitivity to B1 inhomogeneities and motion
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i
Standard 7T hardware refers to widely used commercial coils, such as transmit volume coils for brain applications. Performance with respect to 

shortest attainable TE and chemical shift displacement error (CSDE) improves with use of surface or half-volume coils that can deliver higher B1+

(max). The poor performance evaluation is primarily based on high CSDE and poor excitation profiles of RF pulses used in the pulse sequences.

j
While most clinical 3T scanners provide ~25 μT B1+(max) using standard body coil transmit, some 3T platforms impose a software constraint on 

the maximum available B1+. Therefore a harmonized sLASER sequence was recently implemented within a B1+(max) of 15 μT at 3T.26 The TE 

and CSDE values of that sequence are provided in this column.

k
Slice #1 is excitation direction for STEAM, PRESS and sLASER, while slice #2 is excitation direction for SPECIAL and sSPECIAL.

l
This B1+ level is achieved with a single channel transmit volume RF coil in the center of the head, similar B1+ values are achieved in the 

periphery with the use of dielectric padding.
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Table 2.

Summary recommendations for data acquisition with advanced MRS protocols

Aspect Recommendation

Field strength • Sensitivity of 3 T sufficient for the most reliably quantified metabolites, e.g. tNAA, tCr, tCho and myo-inositol in the 
brain in VOI ≥ 4 mL
• 7 T preferred for weakly represented metabolites and small VOI, but the B0 and B1 spatial inhomogeneity, limitations 
on available B1

+(max), CSDE and SAR should be addressed mL
• In both cases, establish test-retest reproducibility (preferred) or minimally quantitative error estimates in spectra 
obtained from the targeted VOI prior to study commencement

RF coil • 3 T: body transmit RF coils and multi-channel receive arrays mL
• 7 T: use commercial single channel transmit and multi-channel receive arrays, with dielectric padding for peripheral 
VOI; for superficial VOI and if whole brain structural images are not needed, half-volume or surface coil transmitter can 
be used; when available, multi-channel transmit coils should be used with B1

+ shimming

Localization 
sequence (for 
standard hardware, 
e.g. for body coil 
transmit at 3T)

•  sLASER if TE = 25–30 ms acceptable
• sSPECIAL if TE < 25 ms is critical
• Ultra-short TE STEAM, if cohort is prone to motion and if the SNR of individual transients > 3

VOI selection • Use commercially available tools, e.g. AutoAlign, SmartExam, to acquire images in the same reference frame in all 
subjects/sessions to improve consistency of manual VOI prescriptions and to save & retrieve VOI information in 
longitudinal scans of the same subject

B0 adjustment • Adjust first- and second-order shims for the targeted VOI using fully automated B0 field mapping techniques, based 
on 3D B0 mapping or mapping along projections
• For body applications, shim on the water signal (not lipid) and correct carrier frequency after shimming

B1 adjustment • Calibrate flip angle for the targeted VOI

Water reference • Acquire unsuppressed water signal from the same VOI, with carrier frequency on water, with the same gradients as 
the metabolite acquisition (for eddy current correction) and without OVS (for quantification, to prevent MT effects), 
before metabolite acquisition

Metabolite 
acquisition

• Evaluate water linewidth before starting metabolite acquisition, repeat B0 adjustment if linewidth is poor (> 13 Hz at 
3 T and >19 Hz at 7 T for brain)
• Save single shots
• Evaluate water suppression efficiency, spectral linewidth and SNR during acquisition, repeat acquisition if substantial 
motion is detected
• Consider prospectively gated acquisitions for spine and body applications
• Use prospective volume tracking methods whenever available
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Table 3.

Summary recommendations for analysis of data acquired with advanced MRS protocols

Aspect Recommendation

Preprocessing 
steps

• Align phase and frequency of single shot spectra
• Exclude transients corrupted by motion, average the remaining transients
• Eliminate residual eddy current effects using the unsuppressed water signal

Quality control • Evaluate spectra for linewidth; for brain applications exclude those with associated water linewidth > 13 Hz at 3T and 
>19 Hz at 7T; for exclusion criteria in different organs, see ref. 52
• Evaluate water suppression efficiency; exclude spectra where residual water distorts the spectral baseline or remove 
residual water peak in preprocessing
• Evaluate SNR; exclude those spectra with a SNR lower by a predefined factor compared to the average SNR of spectra 
in a study
• Evaluate spectra for presence of unwanted coherences and distorted lipid signals, exclude spectra with substantial 
unwanted coherences or lipid signal contamination in the range of spectral fitting (typically ~4.2–0.5 ppm)

Quantification • Fit averaged, non-apodized spectra using automated packages for linear combination model fitting
• Use a basis set generated with the data acquisition parameters (RF pulse shapes and timing), the basis set should also 
include an experimentally acquired macromolecule basis spectrum
• Use quantitative error estimates, e.g. CRLB, when deciding on which metabolites are quantified reliably; avoid 
excluding individual concentrations based on relative CRLB; instead use CRLB thresholds (either mean CRLB or CRLB 
achieved in majority of spectra) to select metabolites that are most reliably quantified or consider using absolute CRLBs
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