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Modern MRS data analysis workflow Software overview

. this guide 1s 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



2019-2021: Expert consensus efforts

Advanced single voxel "H magnetic resonance spectroscopy
techniques in humans: Experts' consensus recommendations

Glin Oz, Dinesh K. Deelchand, Jannie P. Wijnen, Vladimir Mlynérik, Lijing Xin, Ralf Mekle, Ralph
Noeske, Tom W.J. Scheenen, Ivan Tkég, the Experts' Working Group on Advanced Single Voxel TH MRS

Bo shimming for in vivo magnetic resonance spectroscopy:
Experts' consensus recommendations

Christoph Juchem i, Cristina Cudalbu, Robin A. de Graaf, Rolf Gruetter, Anke Henning, Hoby P.
Hetherington, Vincent O. Boer

Motion correction methods for MRS: experts' consensus
recommendations

Ovidiu C. Andronesi%, Pallab K. Bhattacharyya, Wolfgang Bogner, In-Young Choi, Aaron T. Hess, Phil
Lee, Ernesta M. Meintjes, M. Dylan Tisdall, Maxim Zaitzev, André van der Kouwe

31P magnetic resonance spectroscopy in skeletal muscle:
Experts' consensus recommendations

Martin Meyerspeer i, Chris Boesch, Donnie Cameron, Monika Dezortova, Sean C. Forbes, Arend
Heerschap, Jeroen A.L. Jeneson, Hermien E. Kan, Jane Kent, Gwenaél Layec, Jeanine J. Prompers,
Harmen Reyngoudt, Alison Sleigh, Ladislav Valkovi¢, Graham J. Kemp, Experts' Working Group on 31P
MR Spectroscopy of Skeletal Muscle ... See fewer authors A

Proton magnetic resonance spectroscopy in skeletal muscle:
Experts' consensus recommendations

Martin Kr§8adk =, Lucas Lindeboom, Vera Schrauwen-Hinderling, Lidia S. Szczepaniak, Wim Derave,
Jesper Lundbom, Douglas Befroy, Fritz Schick, Jirgen Machann, Roland Kreis, Chris Boesch

Advanced magnetic resonance spectroscopic neuroimaging:
Experts' consensus recommendations

Andrew A. Maudsley i, Ovidiu C. Andronesi, Peter B. Barker, Alberto Bizzi, Wolfgang Bogner, Anke
Henning, Sarah J. Nelson, Stefan Posse, Dikoma C. Shungu, Brian ). Soher

Magnetic resonance spectroscopy in the rodent brain: Experts'
consensus recommendations

Bernard Lanzi%, Alireza Abaei, Olivier Braissant, In-Young Choi, Cristina Cudalbu, Pierre-Gilles Henry,
Rolf Gruetter, Firat Kara, Kejal Kantarci, Phil Lee, Norbert W. Lutz, Matgorzata Marjariska, Vladimir
Mlynarik, Volker Rasche, Lijing Xin, Julien Valette, the Experts' Working Group on Magnetic resonance
spectroscopy in the rodent brain ... See fewer authors A

Spectral editing in "H magnetic resonance spectroscopy: Experts'
consensus recommendations

In-Young Choi)x, Ovidiu C. Andronesi, Peter Barker, Wolfgang Bogner, Richard A. E. Edden, Lana G.
Kaiser, Phil Lee, Malgorzata Marjariska, Melissa Terpstra, Robin A. de Graaf

Terminology and concepts for the characterization of in vivo MR
spectroscopy methods and MR spectra: Background and experts'
consensus recommendations

Roland Kreis &, Vincent Boer, In-Young Choi, Cristina Cudalbu, Robin A. de Graaf, Charles Gasparovic,
Arend Heerschap, Martin Kr§84k, Bernard Lanz, Andrew A. Maudsley, Martin Meyerspeer, Jamie Near,
Giilin Oz, Stefan Posse, Johannes Slotboom, Melissa Terpstra, Ivan Tkag, Martin Wilson, Wolfgang
Bogner ... See fewer authors ~

Preprocessing, analysis and quantification in single-voxel
magnetic resonance spectroscopy: experts' consensus
recommendations

Jamie Near i, Ashley D. Harris, Christoph Juchem, Roland Kreis, Matgorzata Marjariska, Giilin Oz,
Johannes Slotboom, Martin Wilson, Charles Gasparovic

Minimum Reporting Standards for in vivo Magnetic Resonance
Spectroscopy (MRSinMRS): Experts' consensus recommendations

Alexander Lin, Ovidiu Andronesi, Wolfgang Bogner, In-Young Choi, Eduardo Coello, Cristina Cudalbu,
Christoph Juchem, Graham J. Kemp, Roland Kreis, Martin Kr§84k, Phil Lee, Andrew A. Maudsley, Martin
Meyerspeer, Vladamir Mlynarik, Jamie Near, Gilin Oz, Aimie L. Peek, Nicolaas A. Puts, Eva-Maria Ratai,
Ivan Tka¢, Paul G. Mullins ... See fewer authors A



MRSHub — one centralized resource

@ MRSHUb Home Software & Code Forum Data Links News About Q

Welcome to the MRSHub!

The MRSHub is a curated collection of resources for the analysis of magnetic resonance spectroscopy data. It is maintained by the Committee for MRS Code and
Data Sharing of the MR Spectroscopy Study Group of the International Society for Magnetic Resonance in Medicine (ISMRM).

We are actively seeking contributions! If you are interested in advancing open science in MRS, please see our MRSHub User Guide!

CR

Software & Code Forum Data
The MRSHub code repository collects software The MRSHub forum is a place for the MRS The MRSHub data repository collects MRS
packages and functions to process, community to seek support, exchange ideas, datasets for demonstration and testing of new

manipulate, analyse, and display MRS data. ask questions, and collaborate. methods.

To the MRSHub code listing To the MRSHub data listing



Modern MRS data
analysis workflow



From scanner to publication

Raw data export

Preprocessing

Quality assessment

Terminology and concepts for the characterization of in vivo MR
spectroscopy methods and MR spectra: Background and experts'
consensus recommendations

Roland Kreis &, Vincent Boer, In-Young Choi, Cristina Cudalbu, Robin A. de Graaf, Charles Gasparovic,
Arend Heerschap, Martin Kr§34k, Bernard Lanz, Andrew A. Maudsley, Martin Meyerspeer, Jamie Near,
Giilin Oz, Stefan Posse, Johannes Slotboom, Melissa Terpstra, Ivan Tkag, Martin Wilson, Wolfgang
Bogner ... See fewer authors ~

Methodological consensus on clinical proton MRS of the brain:
Review and recommendations

Martin Wilson &%, Ovidiu Andronesi, Peter B. Barker, Robert Bartha, Alberto Bizzi, Patrick ). Bolan, Kevin
M. Brindle, In-Young Choi, Cristina Cudalbu, Ulrike Dydak, Uzay E. Emir, Ramon G. Gonzalez, Stephan
Gruber, Rolf Gruetter, Rakesh K. Gupta, Arend Heerschap, Anke Henning, Hoby P. Hetherington, Petra
S. Huppi. Ralph E. Hurd, Kejal Kantarci, Risto A Kauppinen, Dennis W. ). Klemp. Roland Kreis, Marijn .
Kruiskamp. Martin O. Leach, Alexander P.Lin, Peter R. Luijten, Malgorzata Marjanska. Andrew A.
Maudsley, Dieter |. Meyerhoff, Carolyn E. Mountford, Paul G. Mullins, James B. Murdoch, Sarah J.
Nelson, Ralph Noeske, Giilin Oz, Julie W. Pan, Andrew C. Peet, Harish Poptani, Stefan Posse, Eva-Maria
Ratai, Nouha Salibi, Tom W. ]. Scheenen, lan C. P. Smith, Brian J. Soher, Ivan Tkaé, Daniel B. Vigneron,
Franklyn A. Howe ... See fewer authors ~

Preprocessing, analysis and quantification in single-voxel
magnetic resonance spectroscopy: experts' consensus
recommendations

Jamie Near i, Ashley D. Harris, Christoph Juchem, Roland Kreis, Matgorzata Marjariska, Giilin Oz,
Johannes Slotboom, Martin Wilson, Charles Gasparovic

Minimum Reporting Standards for in vivo Magnetic Resonance
Spectroscopy (MRSinMRS): Experts' consensus recommendations

Alexander Lin, Ovidiu Andronesi, Wolfgang Bogner, In-Young Choi, Eduardo Coello, Cristina Cudalbu,
Christoph Juchem, Graham J. Kemp, Roland Kreis, Martin Kr§84k, Phil Lee, Andrew A. Maudsley, Martin
Meyerspeer, Vladamir Mlynarik, Jamie Near, Gilin Oz, Aimie L. Peek, Nicolaas A. Puts, Eva-Maria Ratai,
Ivan Tkaé¢, Paul G. Mullins ... See fewer authors ~



Raw MRS data

Vendor File extension Coils combined? Averaged? Contains voxel geometry?
Philips .sdat /.spat Yes Depends Yes
.data /.list No No No
Siemens rda Yes Depends Yes
Wi No No Yes
GE 7 Depends Depends Yes
DICOM .dem (ima) Yes Depends Yes
NIfT1 nil 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

3
' Load raw data
W Name Date modified fype Size

\

sub-01_| 0 9 AM DAT File
sub-01_PRE

5 4 5 2 1 s 4 s s
Frequency (ppm) Frequency (ppm)



Preprocessing

* Preprocessing: Preparing raw data into a signal that will be modeled

* Operations depend on the raw data format

. ‘ Coil combination
metabolites water reference

. s A 1 5 4 3 2 1
Frequency (ppm) Frequency (ppm)



Preprocessing

* Preprocessing: Preparing raw data into a signal that will be modeled

* Operations depend on the raw data format

metabolites water reference

.ﬂ (/*AA_JJ\-“ ‘ Alignment of transients

5 4 3 2 1 s 4 3 2 1
Frequency (ppm) Frequency (ppm)



Preprocessing

* Preprocessing: Preparing raw data into a signal that will be modeled

* Operations depend on the raw data format

metabolites water reference
5 4 3 2 : s 4 3 2 1
Frequency (ppm) Frequency (ppm)

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

metabolites water reference
s 4 3 2 1 5 4 s 2 1
Frequency (ppm) Frequency (ppm)

... which the eddy-current correction removes again.



Preprocessing

* Preprocessing: Preparing raw data into a signal that will be modeled

* Operations depend on the raw data format

metabolites water reference

5 4 3 2 1 5 4 3 2 1
Frequency (ppm) Frequency (ppm)



Preprocessing

* Preprocessing: Preparing raw data into a signal that will be modeled

* Operations depend on the raw data format

metabolites water reference

s 4 3 2 1 s 4 3 2 1
Frequency (ppm) Frequency (ppm)
Vi
Some additional alignment of frequency and phase
happens at this point for spectral editing experiments. 2



Operations for visualization

* Linebroadening improves the apparent SNR
* Zero-filling improves the apparent spectral resolution

* Not recommended for use with linear-combination modeling

x108 %10

Linebroadening /

apodization

sl o sy i
Rl wl At oD b e (e )

FID Amplitude (arb units)
S v LA o a4 ow o~ oo oo N
FID Amplitude (arb units)
w N - o - N w H [4)] (2] ~

0.2 0.4 0.6 0.8 1
Time (sec)

o
o

0.2

0.4 0.6
Time (sec)

0.8



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

SNR =16 SNR =49

4 3.5 3 2.5 2 15 1 0.5 0 4 3.5 3 2.5 2 15 1 0.5 0
Frequency (ppm) Frequency (ppm)



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

SNR =73

4 35 3 25 2 15 1 05 0 4 35 3 25 2 1.5 1 0.5 0
Frequency (ppm) Frequency (ppm)



Operations for visualization

* Linebroadening improves the apparent SNR
* Zero-filling improves the apparent spectral resolution

* Not recommended for use with linear-combination modeling

-5 -4
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s & 4x zero-fill
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o
g 0 g 0
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3 . . . . . 15 ‘ ‘ ‘ ‘ ‘ . ‘
0 0.2 0.4 0.6 0.8 1 0 05 1 15 2 25 3 35 4

Time (sec) Time (sec)



Operations for visualization

* Linebroadening improves the apparent SNR
* Zero-filling improves the apparent spectral resolution

* Not recommended for use with linear-combination modeling

original
4x zero-fill

5 4 3 2 1‘ 27 26
Frequency (ppm)

25

24 23 22
Frequency (ppm)

21



Modeling

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

Linear-combination
modeling

Peak fitting

Peak integration




Linear-combination modeling

1
1‘ H H Weighted sum of (usually simulated)
W |

f‘ |

rU‘U nw | J

Hm f\ metabolite basis functions M«?«;ﬁw;i}'w;p;;;‘w;;w =
\WM . L\,.\A.\j\m * Model parameters account for... ‘ |
* Lineshape (Gauss/Lorentz) (L,

Linear-combination

b modeling

* frequency and phase shifts

.. complicated by:
* Signal overlap

* Broad (short-T,) macromolecular

and lipid signals

40 30 20 1.0

Chemical shift (ppm)

jMRUI
LCModel ‘ TARQUIN @ . FSL-MRS auest

INSPECTOR Osprey

Recommended for most 'H-MRS
brain applications




Peak fitting

e Weighted sum of single peaks
* Prior knowledge (AMARES, VOIGT)
W * Chemical shifts
A JLV\A * Relative amplitude
* Phase

estimate

F\k\kk/\ * Lineshape (Gauss/Lorentz/Voigt)

w&w * Baseline terms Peak fitting
jMRUI 1-—-({
SVD
AMARES

Rather suited for sparse data, i.e. little spectral
ovetlap (long TE, spectral editing, 3'P, 13C)




Peak integration

Edited Spectrum and Mode! Fit

i
i

IV I

|
[
Glx | GABA | dala
[ a

ry W

\f‘_"\_‘r,fl \-I,/'L‘”/“’H' g ‘model

e S W

residual

x

42 4 38 3.6 34 32 3 28
ppm

Reference Signals

|

N A | craatine
I‘ 1
A

f
[l ==
I W

Estimation of area under the cutve
* Directly by adding up data points
* Integration of a model to the data

©

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




Macromolecules

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

Acquired MM

* Should match
sequence & TE

s?)r;?:?rJrE * Few MM spectra are
publicly available
Acquired MM M
spectrum
Modelled MM A * Check MRSHub

spectrum e /\
Individual — — S

components

4 35 3 25 2 15 1 05
Chemical shift (ppm)



Macromolecules

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

Modelled MM

* Parametrized
components

Short TE ..
spe(():trum > Emplrlcal defaults
pre-defined in tools
Acquired MM /M
spectrum
Modelled MM _ A * May be inadequate

spectrum &

Individual == — S /\
components =

4 35 3 25 2 15 1 05
Chemical shift (ppm)



Quantification

* Quantification: Converting model parameters into quantitative estimates

Metabolite & water amplitudes

'l Asc
N A
- yA— 5
— rCH,
N — GABA
| R o GPC
) . 5 I e
TR il "o
it G
A NN— S— NAA
p— i, S VTS
7 h
= PE
N Scyllo
—_— Tau
T MM09
v




Quantification

* Quantification: Converting model parameters into quantitative estimates

Tissue volume fractions

Parse geometry Create voxel mask Segmentation

headers




Quantification

Literature values
GM / WM / CSF
Relaxation times
volume fractions Watet content

R Tissue- and
tCr ratios AW Vlvactier_ ............... » CSF-corrected e, » relaxation-
scale

corrected

* Report tCr ratios and tissue-relaxation-corrected metabolite estimates

* Strong effects on metabolite estimates should appear regardless of reference



Quality assessment

Data quality

Visual inspection
Lipid contamination

“Ghosts”

Residual water

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

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



Quality assessment

Data quality

spurious echo

Visual inspection
Lipid contamination

T

0 0.5 time [s] “Ghosts”
Residual water

“ghost”

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

N7

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



Quality assessment

residual water Data quality

! I | ! |
5 ( 4 3 2 1 ppm

Visual inspection
Lipid contamination
“Ghosts”

Residual water

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

Wilson et al, Magn Reson Med 82:527-550 (2019)



Quality assessment

Data quality

SNR=6, FWHM=0.1 ppm SNR=12, FWHM=0.1 ppm SNR=inf, FWHM=0.1 ppm

i' “WM W’\NJ\’W W\Mj\,w Visual inspection

40 35 30 25 20 15 10 05 40 35 30 25 20 15 10 05 40 35 30 25 20 15 10 05 Llpld contamination
Chemical shift (ppm) Chemical shift (ppm) Chemical shift (ppm)
(14 2
SNR=6, FWHM=0.05 ppm  SNR=12, FWHM=0.05ppm  SNR=inf, FWHM=0.05 ppm Ghosts

Residual water
Quality metrics
Signal-to-noise ratio (SNR)

11 T T 1T T 1 11 1 T 1T 1T 1 [T T 1T 1T T T 1
40 35 30 25 20 15 1.0 05 40 35 3.0 25 20 15 10 05 4.0 35 30 25 20 15 1.0 05

Chemical shift (ppm) Chemical shift (ppm) Chemical shift (pm) Linewidth (FWHM)

Wilson et al, Magn Reson Med 82:527-550 (2019)



Quality assessment

Modeling quality

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of fit

L.CModel manual



Quality assessment

Modeling quality

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of fit

L.CModel manual



Quality assessment

Modeling quality

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of fit

L.CModel manual



Quality assessment

Modeling quality

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of fit

L.CModel manual



Quality assessment

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:

between estimated CRLBs, true CRLBs and standard deviations. Here we demon-
strate that, although the CRLBs are theoretically truly a lower bound on the standard
deviation (not an equality) for the problem typically encountered in quantification,
they are still an adequate approximation to standard deviation as long as the model
perfectly characterizes the data. In the case when the macromolecule basis deviates
from the measured macromolecules it was shown that the CRLBs can deviate from
standard deviations by approximately 50% for N-acetylaspartic acid, creatine and glu-
tamate and of the order of 100% or more for myo-inositol and y-aminobutyric acid.
In the case when the model perfectly reflects the data the CRLBs are within approxi-
mately 10% of standard deviations for all metabolites. The result of the CRLB being

Landheer & Juchem, NMR Biomed 2021

Modeling quality

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of fit



Quality assessment

Cramér-Rao lower bounds (CRLB)

* Relative CRLB [%)] often used to Modeling quality
discard datasets, but that introduces
bias against low levels:

Healthy, all data Healthy, CRB < 30%
10 3.41+0.96 MM
4
1

4.1+0.57 mM

10

©

Visual inspection
Model looks like data
Noise-like residual

Frequency
Frequency

O AN WM OO N®

Oﬂﬂ!lﬂ\zu e Quality metrics
[cin) Cramér-Rao lower bounds
* Better practice: Goodness of fit

* Use absolute CRLB

* Use CRLB as a weighting factor in
statistical analysis

Landheer & Juchem, Magn Reson Med 2016



Quality assessment

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)

Modeling quality

Visual inspection
Model looks like data
Noise-like residual

Quality metrics
Cramér-Rao lower bounds
Goodness of fit



Reporting

Minimum Reporting Standards for in vivo Magnetic Resonance
Spectroscopy (MRSinMRS): Experts' consensus recommendations

Alexander Lin, Ovidiu Andronesi, Wolfgang Bogner, In-Young Choi, Eduardo Coello, Cristina Cudalbu,
Christoph Juchem, Graham J. Kemp, Roland Kreis, Martin Kr§84k, Phil Lee, Andrew A. Maudsley, Martin
Meyerspeer, Vladamir Mlynarik, Jamie Near, Gulin Oz, Aimie L. Peek, Nicolaas A. Puts, Eva-Maria Ratai,
Ivan Tkag¢, Paul G. Mullins ... See fewer authors ~

1. Hardware

a. Field strength [T] 3T

b. Manufacturer Siemens

c. Model (software version if available) Verio (VB17)

d. RF coils: nuclei (transmit/receive), number of channels, type, body part 32 channel head coil

e. Additional hardware N/A

Hardware



Reporting

Minimum Reporting Standards for in vivo Magnetic Resonance
Spectroscopy (MRSinMRS): Experts' consensus recommendations

Alexander Lin, Ovidiu Andronesi, Wolfgang Bogner, In-Young Choi, Eduardo Coello, Cristina Cudalbu,
Christoph Juchem, Graham J. Kemp, Roland Kreis, Martin Kr§84k, Phil Lee, Andrew A. Maudsley, Martin
Meyerspeer, Vladamir Mlynarik, Jamie Near, Gulin Oz, Aimie L. Peek, Nicolaas A. Puts, Eva-Maria Ratai,
Ivan Tkag¢, Paul G. Mullins ... See fewer authors ~

2. Acquisition

a. Pulse sequence

b. Volume of interest (VOI) locations

c. Nominal VOI size [cm®, mm?]

d. Repetition time (Tg), echo time (Tg) [ms, s]

e. Total number of excitations or acquisitions per spectrum
In time series for kinetic studies

i. Number of averaged spectra (NA) per time point

ii. Averaging method (eg block-wise or moving average)

iii. Total number of spectra (acquired/in time series)

f. Additional sequence parameters (spectral width in Hz, number of spectral points,
frequency offsets)

If STEAM: mixing time (T)

If MRSI: 2D or 3D, FOV in all directions, matrix size, acceleration factors, sampling
method

g. Water suppression method

h. Shimming method, reference peak, and thresholds for “acceptance of shim” chosen

i. Triggering or motion correction method (respiratory, peripheral, cardiac triggering,
incl. device used and delays)

3D localized correlated spectroscopy
Posterior cingulate gyrus

3x3x3cm®

Tr 1500 ms, initial Tz 30 ms, 0.8 ms increments

64 increments with 8 averages per increment

F1/F2: 2000 Hz/1250 Hz, 1024 points

WET

Automated B, field mapping followed by manual shimming
of water to <14 Hz

N/A

Acquisition




Reporting

Minimum Reporting Standards for in vivo Magnetic Resonance
Spectroscopy (MRSinMRS): Experts' consensus recommendations

Alexander Lin, Ovidiu Andronesi, Wolfgang Bogner, In-Young Choi, Eduardo Coello, Cristina Cudalbu,
Christoph Juchem, Graham J. Kemp, Roland Kreis, Martin Kr§$ak, Phil Lee, Andrew A. Maudsley, Martin
Meyerspeer, Vladamir Mlynarik, Jamie Near, Gilin Oz, Aimie L. Peek, Nicolaas A. Puts, Eva-Maria Ratai,
Ivan Tkag¢, Paul G. Mullins ... See fewer authors ~

3. Data analysis methods and outputs

a. Analysis software

b. Processing steps deviating from quoted
reference or product

c. Output measure

(eg absolute concentration, institutional units,
ratio)

d. Quantification references and assumptions,
fitting model assumptions

Felix-2007
F2 domain (skewed sine-squared window, 2048 points, magnitude mode), F1 domain (sine-squared
window, linear prediction to 96 points, zero-filling to 512 points, magnitude mode)

Ratio to creatine I

Each spectrum was calibrated by setting the lysine cross peak (at 3.00-1.67 ppm) and specifying a
constant ‘number of contour levels’ (set to 28), as well as a constant ‘level multiplier’ (defined as
the difference between values of consecutive contour, set to 1.05).

Vi



Reporting

4. Data quality

Minimum Reporting Standards for in vivo Magnetic Resonance
Spectroscopy (MRSinMRS): Experts' consensus recommendations

Alexander Lin, Ovidiu Andronesi, Wolfgang Bogner, In-Young Choi, Eduardo Coello, Cristina Cudalbu,
Christoph Juchem, Graham J. Kemp, Roland Kreis, Martin Kr§$ak, Phil Lee, Andrew A. Maudsley, Martin
Meyerspeer, Vladamir Mlynarik, Jamie Near, Gilin Oz, Aimie L. Peek, Nicolaas A. Puts, Eva-Maria Ratai,
Ivan Tkag¢, Paul G. Mullins ... See fewer authors ~

a. Reported variables (SNR, linewidth (with reference peaks)) SNR and linewidth not described

b. Data exclusion criteria

No subjects excluded

c. Quality measures of postprocessing model fitting (eg CRLB, goodness of fit, SD of residual) No QA measures described

d. Sample spectrum

Figure 1



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

Lol (ersin 6.2.16)Coprit SW. Provrcher Rt Mo Reso, Hed 30672673 (1990

G L Modelin LS Language
source? processing 8 segmentation BUaE!

P o
LCModel Yes Limited Yes No Linux FORTRANT77
JMRUI No Yes (limited) Yes No ]jzl Sx JAVA
Ny Win
Tarquin Yes Yes Yes No Linux ChFr
Mac
Vespa Yes Yes Yes No All Python
LCModel
* Widely used, widely regarded as field standard FID-A Yes Yes No No Al MATLAB
¢ Commercial product ($13,300) prior to February 2021
. . G: Yo Yo Yo Yo All MATLAB
* Now free & open-source, but discontinued development e ° ° ° °
* Linux binaries (compiled by users for Windows & MacOS)
. . . INSPECTOR No Yes Yes Yes All MATLAB
* Automated analysis with many input parameters
* Presets for brain, tumor, muscle, liver, CSF spectra Oupry v e e e \ MATIAB
* Core algorithm is fast & robust, but not well understood
® lelted pteptOCCSSing spant Yes Yes Yes Yes All R

* No tissue segmentation / correction

FSL-MRS Yes Yes Yes Yes All Python



jMRUI

Software for the clinical and biomedical MRS

G L Modelin LS Language
source? processing 8 segmentation BUaE!

LCModel Yes Limited Yes No Linux FORTRAN77
iMRUI No Yes (limited) Yes No Ijil:x JAVA
Win
Tarquin Yes Yes Yes No Linux ChFr
Mac
Vespa Yes Yes Yes No All Python
iMRUI
FID-A Yes Yes No No All MATLAB
* Widely used
* Ftee hcense Gannet Yes Yes Yes Yes All MATLAB
* Uniquely focused on time-domain methods
* Many different spectral operations, interaction required INSPECTOR No Yes Yes Yes Al MATLAB

* Preprocessing somewhat limited
¢ Different fit algorithms (SVD, AMARES, QUEST, AQSES) Osprer e e e e M MATEAD
* Integrated basis set simulation (NMR-SCOPE-B)

B A A spant Yes Yes Yes Yes All R
* No tissue segmentation / correction

FSL-MRS Yes Yes Yes Yes All Python



TARQUIN

Open Pre- . Tissue
“ Mouellng n

Fle Ay ot esuts LCModel Yes Limited Yes No Linux FORTRAN77

R e[ s [1 ° G sokca) (s

Lo MR | lose 1 |  Opacty | [ e g | e MR [ wiwnwe |

iMRUT No Yes (limited) Yes No Xf\ JAVA
% ] | ‘ i:_J LEE H Win
£ oo ] e Tarquin Yes Yes Yes No Linux C++
y l | ‘ H | ( ‘ l Mac
Il
A VgL
fRianvaannsaae e A MASs e Vespa Yes Yes Yes No All Python
Chemical Shift (PPM) Sice - (117 2
FID-A Yes Yes No No All MATLAB
Tar quln Gannet Yes Yes Yes Yes All MATLAB
* Well-established free early LCModel alternative
e Automated preprocessing INSPECTOR No Yes Yes Yes All MATLAB
* Internal calculation of basis sets
. . Osprey Yes Y Yes Y All MATLAB
¢ No tissue segmentation . ° ° “ °
spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python



G ed Modelin ESTR Language
source? processing 8 segmentation BUaE!

LCModel Yes Limited Yes No Linux FORTRAN77
JMRUI No Yes (limited) Yes No ]jil ;‘x JAVA
Tarquin Yes Yes Yes No [E/[:;:x ChFr
Vespa Yes Yes Yes No All Python
FID-A Yes Yes No No All MATLAB
Ve Sp a Gannet Yes Yes Yes Yes All MATLAB

* Integrated open-source platform
e RF pulse design INSPECTOR No Yes Yes Yes All MATLAB

* Tull spectral simulations
. . Osprey Yes Yes Yes Yes All MATLAB
* Creation of synthetic datasets

* Interactive processing and modeling
spant Yes Yes Yes Yes All R
* No tissue segmentation, but volume fractions can be put in

FSL-MRS Yes Yes Yes Yes All Python



FID-A

FID-A_Documentation

exampleData

LCModel
exampleRunScripts
inputOutput iMRUI
processingTools
rfPulseTools Tarquin
simulationTools
Vespa
.gitattributes
LICENSE.txt —
README.md
Gannet
FID-A
* Toolbox for processing and simulating MRS data INSPECTOR
* Modular functions to construct processing pipelines
* Full spectral simulations and basis set generation Osprer
* Examples for processing and simulation pipelines
* No modeling or tissue segmentation functions o
FSL-MRS

No

No

Limited

Yes (limited)

Yes

Yes

No

Yes

No

No

No

No

Linux

Win
Linux

Win

Linux

Mac

All

All

All

All

All

All

All

FORTRAN77

JAVA

CH+

Python

MATLAB

MATLAB

MATLAB

MATLAB

Python



Gannet ©)

G L Modelin LS Language
source? processing 8 segmentation BUaE!

Voxel from S01_GABA_68_actsdat on S01_struc.nil

Relaxation-, tissue-corrected (Gasparovic et al. method)

LCModel Yes Limited Yes No Linux FORTRAN77
JMRUI No Yes (limited) Yes No ]jil:; JAVA
s win
Edited Spectrum and Model Fit QuantiyVer: 200410 Tarquin Yes Yes Yes No Linux C++
Mac
'ﬁ f\
| .l Vespa Yes Yes Yes No All Python
gy \/“
Tt Tt @m FID-A Yes Yes No No All MATLAB
Gannet Yes Yes Yes Yes All MATLAB
Gannet
INSPECTOR No Yes Yes Yes All MATLAB
* Toolkit for analyzing spectral-edited MRS data
* Automated preprocessing, modeling, and tissue-corrected Osprey = . . . A TR
quantification
* Peak integration based on Gaussian models — Yes Yes Yes s All R

* Disclaimer: This is software I contributed to.

FSL-MRS Yes Yes Yes Yes All Python



INSPECTOR

G L Modelin LS Language
source? processing 8 segmentation BUaE!

Residual
Spectum

— LCM Fit

LCModel Yes Limited Yes No Linux FORTRAN77
I B T c iMRUT No Yes (imited) Yes No A JAVA
Frequency (ppm) - shone Linux
Z::A \/ Win
I o o Tarquin Yes Yes Yes No Linux CHrF
—_ h Glu - Mac
S AW — d Frea ) Vespa Yes Yes Yes No All Python
- = NAAG
I PE
. i s
Sﬂ; il Tou
T c c)
oo FID-A Yes Yes No No All MATLAB
o Vi
/\/,\’/J\—AJML GsH
e, T rreaveney ol Gannet Yes Yes Yes Yes All MATLAB
INSPECTOR No Yes Yes Yes All MATLAB
INSPECTOR
* Analysis software including flexible automated processing, Osprey Yes Yes Yes Yes Al MATLAB
linear-combination modeling, visualization, and tissue-corrected
quantlﬁcatlon spant Yes Yes Yes Yes All R

* Direct interface with basis set simulation software MARSS

FSL-MRS Yes Yes Yes Yes All Python



Osprey

Open Pre- . Tissue
. Modeling . Language
source? processing segmentation

ece Osprey.
> Publfed Jm.mfaw [ Processed | Fit i r;u:s":?w a‘Luz:i:f: fied ] Overview. |
SN e [ LCModel Yes Limited Yes No Linux  FORTRANT7
*;inital pt 2
Load data
F— Osprey Separate of fit plot:
Brvodss dats fem lEen sub-01_PRESS30.dat e
B :
Gax  ssoecs . L Win
CoRegister o smem jMRUI No Yes (limited) Yes No . JAVA
Sn' Toeets Linux
Segment W
Quantity Gi Taeeos
i e : .
Deldentify :: :m — — :vc Win
Save MRSCont s — 9 Tarquin Yes Yes Yes No Linux ChFr
L] R e Mac
MRS Container e gt 7 - — &
= | & i : =
e oo
[ e — = ‘m
= 1 — 154 Vespa Yes Yes Yes No All Python
=—— = g FID-A Yes Yes No No All MATLAB
—— e e
4 35 3 25 2 15 1 05
Frequency (ppm)
- Gannet Yes Yes Yes Yes All MATLAB
INSPECTOR No Yes Yes Yes All MATLAB

Osprey

* Modular analysis software (using FID-A building blocks) Osprey Yes Yes Yes Yes Al MATLAB
including flexible automated processing, linear-combination
modeling, visualization, and tissue-corrected quantification — Yes Yes Yes Yes All R

* Disclaimer: This is software I develop and maintain.

FSL-MRS Yes Yes Yes Yes All Python



Open Pre- . Tissue
. Modeling . Language
source? processing segmentation

LCModel Yes Limited Yes No Linux FORTRANT77
. o Win
JMRUI No Yes (limited) Yes No Linux JAVA
Win
Tarquin Yes Yes Yes No Linux ChFr
Mac
Vespa Yes Yes Yes No All Python
T T T T T T T
4035 30 25 200 4510 05 FID-A Yes Yes No No All MATLAB
Chemical shift (ppm)
Gannet Yes Yes Yes Yes All MATLAB
spant
. . . . INSPECTOR No Yes Yes Yes All MATLAB
* Modular set of tools to build automated analysis pipelines
* Includes functions for preprocessing, linear-combination G e e e e AH MATLAB
modeling, tissue correction, visualization, and simulations
spant Yes Yes Yes Yes All R

FSL-MRS Yes Yes Yes Yes All Python



FSL-MRS

Open Pre- . Tissue
. Modeling . Language
source? processing segmentation

LCModel Yes Limited Yes No Linux FORTRAN77
JMRUI No Yes (limited) Yes No ]jzl ‘TX JAVA
Win
Tarquin Yes Yes Yes No Linux ChFr
Mac
Vespa Yes Yes Yes No All Python
FID-A Yes Yes No No All MATLAB
Gannet Yes Yes Yes Yes All MATLAB
FSL-MRS
INSPECTOR No Yes Yes Yes All MATLAB
* Modular set of tools to build automated analysis pipelines
* Includes functions for preprocessing, linear-combination Osprey . . S . o TGO
modeling, tissue segmentation, visualization, and simulations
* Interfaces directly with other FSL tools - Yes Yes Yes Yes Al R

FSIL-MRS Yes Yes Yes Yes All Python



Where do | get a basis set?

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

N\
‘ Ask your sequence provider



Where do | get a basis set?

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

Basis sets for PRESS, STEAM and sLASER for
multiple vendors &

Search the MRSHub

These basis sets were generated using the exact waveforms,

timings and 12843 spatial points to appropriately accommodate
the sidebands for each vendor/sequence combination. More
details about the acquisition can be found in the reference below.

Basis sets for PRESS, STEAM and sLASER for multiple vendors
Developer Karl Landheer, Kelley Swanberg, Christoph Juchem

Both .RAW and .mat (INSPECTOR, readable in MATLAB) are provided. All

Format
rma files were generated using MATLAB

Sequence PRESS, sLASER, STEAM

License BSD3



Where do | get a basis set?

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

LN

Basis set needed: Philips 3T MEGAPress
Ask in the MRSHub forum MMsuppr. GABASO
[ Basis Sets




Where do | get a basis set?

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



Where do | get a basis set?

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

| .
GE (8 sites
Ph.l.( 10 ) it tNAA tCho Ins Glx mean CV
nilips (10si _es) Osprey Osprey Osprey Osprey
Siemens (7 SlteS) LCModel Tarquin LCModel Tarquin LCModel Tarquin LCModel Tarquin
CV=7.8% CV=129% CV =11.8% CV=14.2%
- . CV = 6.9% cv-o7% 1.251 QV = 11:1% CV = 11.8%
Q 2.04 - CV =7.5% 0.3 . CV =11.8% CV =11.2% 254 .. 4 CV=10.8%
E S s 1.007 & g * CV =11.7%
25188 02l 20 é | KR
S S o 0.757 w8, 1519 M
£ 101 0.11 t :
GEJ ’ : 0501 W% 1.04 "

* >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

Zollner et al., NMR Biomed 2021



Final words

Build relationships with Be aware of new Different analyses will Ask for help.
sequence and analysis acquisition and analysis yield different results.
software developers. methods. Be transparent.

(W) MRSHub
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