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… this guide is rather incomplete:
• Many different ways to acquire and analyze MRS data
• Reproducibility and validation are areas of  concern
• Field is rapidly shifting towards open practices

Modern MRS data analysis workflow Software overview



2019-2021: Expert consensus efforts



MRSHub – one centralized resource



Modern MRS data 
analysis workflow



From scanner to publication

Report

Quality assessment

Quantification

Modeling

Preprocessing

Raw data export



Raw MRS data
Vendor File extension Coils combined? Averaged? Contains voxel geometry?

Philips .sdat /.spar Yes Depends Yes

.data /.list No No No

Siemens .rda Yes Depends Yes

.twix No No Yes

GE .7 Depends Depends Yes

DICOM .dcm (.ima) Yes Depends Yes

NIfTI .nii No No Yes

• ”Depends”… on sequence developer, software version, exam card settings
• Recommendation: Export a format that conserves individual transients!



Preprocessing

• Preprocessing: Preparing raw data into a signal that will be modeled
• Operations depend on the raw data format

Load raw data

Coil combination

Alignment of  transients

Averaging

Eddy-current correction

Residual water removal

Phase correction

metabolites water reference
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I have added a little bit of  eddy-current artefact here…



Preprocessing

• Preprocessing: Preparing raw data into a signal that will be modeled
• Operations depend on the raw data format

Load raw data

Coil combination

Alignment of  transients
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Eddy-current correction

Residual water removal

Phase correction

metabolites water reference

… which the eddy-current correction removes again.
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Preprocessing

• Preprocessing: Preparing raw data into a signal that will be modeled
• Operations depend on the raw data format

Load raw data

Coil combination

Alignment of  transients

Averaging

Eddy-current correction

Residual water removal

Phase correction

metabolites water reference

Some additional alignment of  frequency and phase 
happens at this point for spectral editing experiments.



Operations for visualization

• Linebroadening improves the apparent SNR
• Zero-filling improves the apparent spectral resolution
• Not recommended for use with linear-combination modeling

Linebroadening / 
apodization

Zero-filling
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Operations for visualization

• Linebroadening improves the apparent SNR
• Zero-filling improves the apparent spectral resolution
• Not recommended for use with linear-combination modeling

Linebroadening / 
apodization

Zero-filling

original
4x zero-fill



Modeling

• Modeling: Extract quantitative estimates of  
signal amplitudes from the spectrum

Linear-combination 
modeling

Peak fitting

Peak integration



Linear-combination modeling

Weighted sum of  (usually simulated) 
metabolite basis functions

• Model parameters account for…
• Lineshape (Gauss/Lorentz)
• frequency and phase shifts

… complicated by:
• Signal overlap
• Broad (short-T2) macromolecular 

and lipid signals

Recommended for most 1H-MRS 
brain applications

Linear-combination 
modeling

Peak fitting

Peak integration
LCModel

INSPECTOR
FSL-MRS

Osprey

QUEST
AQSES



Peak fitting

Linear-combination 
modeling

Peak fitting

Peak integration

Rather suited for sparse data, i.e. little spectral 
overlap (long TE, spectral editing, 31P, 13C)

SVD
AMARES

Weighted sum of  single peaks
• Prior knowledge (AMARES, VOIGT)

• Chemical shifts
• Relative amplitude
• Phase
• Lineshape (Gauss/Lorentz/Voigt)

• Baseline terms



Peak integration

Linear-combination 
modeling

Peak fitting

Peak integration

Only recommended for very sparse data, with 
little spectral overlap or background signal

Estimation of  area under the curve
• Directly by adding up data points
• Integration of  a model to the data



Macromolecules

• MM signals should be included in the model, ideally measured (or parametrized)

Acquired MM Modelled MM

• Parametrized 
components

• Defaults used in 
some software

• May be inadequate

• Should match 
sequence & TE

• Few MM spectra are 
publicly available

• Check MRSHub



Macromolecules

• MM signals should be included in the model, ideally measured (or parametrized)

Acquired MM Modelled MM

• Parametrized 
components

• Empirical defaults 
pre-defined in tools

• May be inadequate

• Needs to match 
sequence & TE

• Few MM spectra are 
publicly available

• Check MRSHub



Quantification

Parse geometry 
headers

Create voxel mask

GM
WM 
CSF

Segmentation

• Quantification: Converting model parameters into quantitative estimates

Metabolite & water amplitudes Tissue volume fractions



Quantification

Parse geometry 
headers

Create voxel mask

GM
WM 
CSF

Segmentation

• Quantification: Converting model parameters into quantitative estimates

Metabolite & water amplitudes Tissue volume fractions



Quantification

GM / WM / CSF

volume fractions

tCr ratios Raw water-
scaled

CSF-corrected
Tissue- and 
relaxation-
corrected

Literature values
Relaxation times
Water content 

• Report tCr ratios and tissue-relaxation-corrected metabolite estimates
• Strong effects on metabolite estimates should appear regardless of  reference



Quality assessment

Data quality Modeling quality

Visual inspection
Lipid contamination
“Ghosts”
Residual water

Quality metrics
Signal-to-noise ratio (SNR)
Linewidth (FWHM)

Kreis, NMR Biomed 17:361-381 (2004)

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of  fit
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Data quality Modeling quality

Visual inspection
Lipid contamination
“Ghosts”
Residual water

Quality metrics
Signal-to-noise ratio (SNR)
Linewidth (FWHM)

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of  fit

Cramér-Rao lower bounds (CRLB)

• Estimate of  minimal uncertainty in 
model parameter estimation

• Essentially, they are local derivatives of  
the model function

• Under ideal conditions, they are 
identical with the standard deviation

• … but usually, conditions are not 
identical:

Landheer & Juchem, NMR Biomed 2021



Quality assessment

Data quality Modeling quality

Visual inspection
Lipid contamination
“Ghosts”
Residual water

Quality metrics
Signal-to-noise ratio (SNR)
Linewidth (FWHM)

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of  fit

Cramér-Rao lower bounds (CRLB)
• Relative CRLB [%] often used to 

discard datasets, but that introduces 
bias against low levels:

• Better practice:
• Use absolute CRLB
• Use CRLB as a weighting factor in 

statistical analysis

Landheer & Juchem, Magn Reson Med 2016



Quality assessment

Data quality Modeling quality

Visual inspection
Lipid contamination
“Ghosts”
Residual water

Quality metrics
Signal-to-noise ratio (SNR)
Linewidth (FWHM)

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of  fit

Goodness of  fit
• Not all modeling tools return CRLB
• Other estimates of  modeling quality:

• SD of  residual
• Max/min residual amplitude
• SD(residual)/SD(noise)



Reporting

Hardware

Acquisition

Data analysis

Data quality
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Software overview



The MRS software landscape 2021

• Recent years have seen many new (overwhelmingly open-source) tools for data 
processing, modeling, and quantification

• Processing and modeling remains a core focus of  methodological research, and will 
be more consensus-oriented and collaborative

• Expect an increase in open-source methods and large-scale validation against 
synthetic data



LCModel

LCModel
• Widely used, widely regarded as field standard
• Commercial product ($13,300) prior to February 2021
• Now free & open-source, but discontinued development
• Linux binaries (compiled by users for Windows & MacOS)
• Automated analysis with many input parameters
• Presets for brain, tumor, muscle, liver, CSF spectra
• Core algorithm is fast & robust, but not well understood
• Limited preprocessing
• No tissue segmentation / correction

Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python



jMRUI
• Widely used
• Free license
• Uniquely focused on time-domain methods
• Many different spectral operations, interaction required
• Preprocessing somewhat limited
• Different fit algorithms (SVD, AMARES, QUEST, AQSES)
• Integrated basis set simulation (NMR-SCOPE-B)
• No tissue segmentation / correction

Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python



Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python

Tarquin
• Well-established free early LCModel alternative
• Automated preprocessing
• Internal calculation of  basis sets
• No tissue segmentation



Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python

Vespa
• Integrated open-source platform
• RF pulse design
• Full spectral simulations
• Creation of  synthetic datasets
• Interactive processing and modeling
• No tissue segmentation, but volume fractions can be put in

Vespa



Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python

FID-A
• Toolbox for processing and simulating MRS data
• Modular functions to construct processing pipelines
• Full spectral simulations and basis set generation
• Examples for processing and simulation pipelines
• No modeling or tissue segmentation functions

FID-A



Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python

Gannet
• Toolkit for analyzing spectral-edited MRS data
• Automated preprocessing, modeling, and tissue-corrected 

quantification
• Peak integration based on Gaussian models
• Disclaimer: This is software I contributed to.

Gannet



Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python

INSPECTOR
• Analysis software including flexible automated processing, 

linear-combination modeling, visualization, and tissue-corrected 
quantification

• Direct interface with basis set simulation software MARSS

INSPECTOR



Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python

Osprey
• Modular analysis software (using FID-A building blocks) 

including flexible automated processing, linear-combination 
modeling, visualization, and tissue-corrected quantification

• Disclaimer: This is software I develop and maintain.

Osprey



Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python

spant
• Modular set of  tools to build automated analysis pipelines
• Includes functions for preprocessing, linear-combination 

modeling, tissue correction, visualization, and simulations



Name Open 
source?

Pre-
processing Modeling Tissue 

segmentation OS Language

LCModel Yes Limited Yes No Linux FORTRAN77

jMRUI No Yes (limited) Yes No Win
Linux JAVA

Tarquin Yes Yes Yes No
Win

Linux
Mac

C++

Vespa Yes Yes Yes No All Python

FID-A Yes Yes No No All MATLAB

Gannet Yes Yes Yes Yes All MATLAB

INSPECTOR No Yes Yes Yes All MATLAB

Osprey Yes Yes Yes Yes All MATLAB

spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python

FSL-MRS
• Modular set of  tools to build automated analysis pipelines
• Includes functions for preprocessing, linear-combination 

modeling, tissue segmentation, visualization, and simulations
• Interfaces directly with other FSL tools

FSL-MRS



Where do I get a basis set?

Ask your sequence provider

Search the MRSHub

Ask in the MRSHub forum

Ask your analysis software developer

Simulate the basis set yourself

Do not try to acquire an experimental basis set on the scanner with phantoms.
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Where do I get a basis set?

Ask your sequence provider

Search the MRSHub

Ask in the MRSHub forum

Ask your analysis software developer

Simulate the basis set yourself

Do not try to acquire an experimental basis set on the scanner with phantoms.

Various free simulation tools
• GAMMA
• FID-A
• MARSS / INSPECTOR
• NMR-SCOPEB
• Vespa
• FSL-MRS

Requires expert knowledge
• Pulse sequence timing
• Pulse waveforms (often not public)



Benchmarking comparison with common tools

Zöllner et al., NMR Biomed 2021

• >270 PRESS spectra (TE = 35 ms) analyzed with Osprey, LCModel, Tarquin
• Substantial differences between tools even for major metabolites
• Choice of  tool may introduce substantial variance



Final words

Build relationships with 
sequence and analysis 
software developers. 

Be aware of  new 
acquisition and analysis 

methods. 

Different analyses will 
yield different results. 

Be transparent.

Ask for help.
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