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Welcome

This book is a user-guide for performing basic MR spectroscopy analyses with spant. The
focus is on single-voxel 1H MRS data acquired from the human brain - and no knowledge of R
or programming is assumed. We focus on the use of a standardised analysis pipeline, developed
to cover the majority of use-cases, with minimal need for adjusting the default settings.

At its core, spant is a toolkit of MRS processing and visualisation methods and is therefore
capable of numerous analyses types, such as functional-MRS (fMRS), J-edited MRS, 31P MRS
and MR spectroscopic imaging (MRSI). However, at the time of writing, pipelines for these less
common types of analyses need to constructed by the end-user, which will most likely require
a basic knowledge of R programming and MRS acquisition methodology. Help to get started
with bespoke pipeline development is available in the on-line package documentation. Whilst
there are long term plans to support more analysis types, the current priority is single-voxel
1H MRS data acquired from the human brain, with an emphasis on commercially available
sequences and from Siemens, Philips and GE.
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1 Installing spant

spant is distributed as a software package for the R programming language. Complete the
following steps to install spant on your system.

1.1 Step 1 - install R

R software and installation files for Windows, macOS and Linux are made available by a
generous team of contributors.

Installation instructions and files for R are available from : https://cloud.r-project.org/

1.2 Step 2 - install RStudio

RStudio is not strictly necessary to use spant, but is strongly recommended if you are a
beginner to R, or want to follow along with example in this book. Installation instructions
and files for RSudio are available from : https://posit.co/download/rstudio-desktop/

1.3 Step 3 - install spant

Once RStudio is installed and running you will be presented with something similar to the
following window.
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To install spant, locate the console panel (either the left or lower left panel by default) and
enter the following command at the prompt:

install.packages("spant", dependencies = TRUE)

(as shown in the above image) and press return. Once this process has completed, spant is
installed on your system and ready for use. If you ever want to update spant to the most
recent version, simply repeat the above command.
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2 Single-voxel analysis

In this section we describe the recommended way to perform analysis of single-voxel MRS data
acquired from the human brain at a field strength of 1.5 or 3 Tesla with PRESS, STEAM or
semi-LASER. We recommend attempting your first analysis using the provided example data
to ensure the software is installed correctly.

Before starting analysis, make a note of the current working directory - as this is where
the example data will be downloaded and results stored. To print the working directory
enter getwd() on the command line. If you prefer to work in a different directory use the
setwd("/my/new/path") command, or navigate to Session and Set Working Directory in the
RStudio menu bar.

2.1 Minimal working example

Run the following code to download the example data to your working directory and unzip
into a new directory called svs_slaser_example:

url <- "https://www.dropbox.com/scl/fo/ngjx9povyeroibz8cntwg/ALm-jZ_5zjygvnhXSxJyNWQ?rlkey=3ybqft2pfmkytjmolw6emnnnp&dl=1"
download.file(url, "svs_slaser_example.zip", mode = "wb")
unzip("svs_slaser_example.zip", exdir = "svs_slaser_example")

If the code fails for any reason you can use this link to manually download the data and use
your system tools to copy it to your working directory and unzip.

To perform a basic analysis run the following commands:

library(spant) 1

ws_path <- file.path("svs_slaser_example", "sub-01_svs.nii.gz") 2

fit_svs(metab = ws_path) 3

1 load the spant library, this only needs to be done at the start of the session
2 construct a path for the metabolite (also known as “water suppressed”) MRS data file, the

file.path function is used to ensure the code is platform independent
3 run the analysis pipeline
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Once the fit_svs function has completed, a new directory called sub-01_svs_nii_gz_results
will have been created in the current working directory. The following three files will be inside
the results directory:

1. report.html - fitting result plots and tables, online example
2. fit_res_tCr_ratio.csv - spreadsheet of metabolite quantities as ratios to total-creatine

(tCr)
3. fit_res_unscaled.csv - spreadsheet of unscaled metabolite quantities

2.2 Common analysis options

2.2.1 Output directory and ratio output

By default, spant will automatically generate an output directory in the current working
directory based on the input file name. However, it is good practice to provide an explicit
path using the output_dir argument show below. The metabolite ratio denominator can be
changed with the output_ratio argument, changed from the default of total-creatine (“tCr”)
to total-NAA (“tNAA”) below.

fit_svs(metab = ws_path, output_dir = "slaser_results_tnaa",
output_ratio = "tNAA")

2.2.2 Water reference data

In addition to water-suppressed metabolite data, single-voxel MRS protocols typically incor-
porates a short water reference scan, used to scale the metabolite levels as concentrations.
The fit_svs function performs this automatically, according to the method described by Gas-
parovic [1], when water reference data is available. Note that the default behaviour assumes
the voxel contains 100% white matter, however it is good practice to explicitly set the p_vols
argument. For further details on the default water scaling method and assumptions see Sec-
tion 3.1. The example below performs water reference scaling assuming the voxel contains
100% gray matter.

wref_path <- file.path("svs_slaser_example", "sub-01_ref.nii.gz")
fit_svs(metab = ws_path, w_ref = wref_path, output_dir = "slaser_results_wref",

p_vols = c(WM = 0, GM = 100, CSF = 0))

Note that an additional file containing the water reference scaled metabolite values
(fit_res_molal_conc.csv) will be generated in the results directory.
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2.2.3 Basis signals

By default, fit_svs will automatically simulate a basis-set containing the following molecular
signals:

"m_cr_ch2", "ala", "asp", "cr", "gaba", "glc", "gln", "gsh", "glu", "gpc",
"ins", "lac", "lip09", "lip13a", "lip13b", "lip20", "mm09", "mm12", "mm14",
"mm17", "mm20", "naa", "naag", "pch", "pcr", "sins", "tau"

The append_basis and remove_basis arguments may be used to adjust this list. Analyses
may benefit from the inclusion of phosphoethanolamine and glycine for higher quality MRS
acquired at 3 Tesla and above. The append_basis option may be specified to add these signals
as follows:

fit_svs(metab = ws_path, w_ref = wref_path, output_dir = "slaser_results_peth_gly",
p_vols = c(WM = 0, GM = 100, CSF = 0), append_basis = c("peth", "gly"))

Other common metabolites to append for brain tumour analyses include 2-hydroxyglutarate
"2hg" and citrate "cit". To see a full list of available molecular parameters run
get_mol_names(). To print detailed output of a particular molecule, eg NAA, run
get_mol_paras("naa") in the console.

2.2.4 HSVD water removal

HSVD water removal [2] may be applied as a preprocessing step by setting the hsvd_width
option to a value representing the width of the filter in Hz. The following example will filter
residual water signals between -30 and +30 Hz.

fit_svs(metab = ws_path, w_ref = wref_path, hsvd_width = 30)

Note that in rare cases HSVD filtering may introduce baseline distortions which are stronger
than the residual water, it is recommended to check results with and without filtering to
confirm the step results in an improvement.

2.2.5 Eddy current correction

Eddy current correction [3] may be applied as a preprocessing step by setting the ecc option
to TRUE providing water reference data is available. Depending on how the water reference
data was acquired, eddy current correction may not always yield improved spectral lineshape,
it is recommended to check results with and without correction to confirm the step results in
an improvement.
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2.2.6 Dynamic frequency and phase correction

For data with very low single-shot SNR it may be beneficial to disable the dynamic frequency
and phase correction preprocessing step by setting dfp_corr to FALSE. Always check the
resultant SNR with and without to confirm the optimal setting for your data.

2.2.7 Summary measures table

Whilst around 30 signals are included in a typical analysis, and reported in the html results
table, it is often the case that only a subset are of interest for clinical decision making. To aid
evaluation speed, the summary_measures option allows a subset of signals levels and ratios to
be included in a separate summary table in the html output. See below for example use:

biomarkers <- c("tNAA", "tNAA/tCr", "tNAA/tCho", "Lac/tNAA")
fit_svs(metab = ws_path, w_ref = wref_path, summary_measures = biomarkers)

2.3 Advanced analyses

For advanced users, further fitting options can be found in the on-line reference documentation:
function reference.

2.4 Analysis using scripts

Interactively typing commands directly into the R console is a good way to get started, however
using scripts is a far more reproducible way to perform analysis. The commands to run analyses
for multiple datasets may be stored together in a single script ensuring you have a complete
record of all the data files and fitting options used. See this guide for help on how to use scripts
in RStudio. Copy and paste the following code into a new script and experiment with using
Cmd/Ctrl + Enter to run line-by-line, and Cmd/Ctrl + Shift + S to run the full script.

# load the spant library
library(spant)

# define path to the MRS data files
ws_path <- file.path("svs_slaser_example", "sub-01_svs.nii.gz")
wref_path <- file.path("svs_slaser_example", "sub-01_ref.nii.gz")

# a simple analysis
fit_svs(metab = ws_path, output_dir = "slaser_results_simple")
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# an improved analysis
fit_svs(metab = ws_path, w_ref = wref_path,

output_dir = "slaser_results_improved",
p_vols = c(WM = 0, GM = 100, CSF = 0),
append_basis = c("peth", "gly"))
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3 Water scaling details

3.1 Default assumptions

Assuming all metabolite and water signals are measured from a single tissue compartment,
and neglecting T1 and T2 relaxation effects, we calculate the molal (moles/kg) metabolite
concentration as follows:

[M]molal = SM
SH2O

[H2O]molal (3.1)

where SM and SH2O are the metabolite and water signal strengths respectively, and [H2O]molal
is the molal concentration of pure water, 55.51 moles/kg. We also assume SM and SH2O signals
are correctly scaled according to the number of contributing protons.

To correct for relaxation effects we define the attenuation factor, Rx, of a signal x undergoing
relaxation with T1x and T2x time constants:

Rx = exp(−TE/T2x)[1 − exp(−TR/T1x)]

where TE and TR represent the MRS sequence echo time and repetition time. We modify
Equation 3.1 to include relaxation effects as follows:

[M]molal = SM/RM
SH2O/RH2O

[H2O]molal

Assumed relaxation values, based on published studies of healthy adults, are given in Ta-
ble 3.1.

Table 3.1: Assumed water and metabolite relaxation values. Metabolite relaxation values are
taken from the average of tNAA, tCho and tCr for white and gray matter where
available.

Relaxation value 1.5 T 2.9, 3.0 T 7.0 T
GM water T1 (s) 1.304 [1] 1.331 [4] 2.132 [5]
GM water T2 (s) 0.093 [1] 0.110 [4] 0.050 [6]
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Relaxation value 1.5 T 2.9, 3.0 T 7.0 T
WM water T1 (s) 0.660 [1] 0.832 [4] 1.220 [5]
WM water T2 (s) 0.073 [1] 0.0796 [4] 0.055 [6]
CSF water T1 (s) 2.39 [7] 3.817 [8] 4.425 [5]
CSF water T2 (s) 0.23 [7] 0.503 [9] 1.050 [10]
Metabolite T1 (s) 1.153 [1] 1.317 [11] 1.583 [12]
Metabolite T2 (s) 0.347 [1] 0.207 [11] 0.141 [12]

When the voxel contains a mix of compartments, eg 80% white matter and 20% CSF, it is
necessary to correct for water densities in each compartment. We assume the following water
densities for gray matter, white matter and CSF: 𝑑GM = 0.78; 𝑑WM = 0.65; 𝑑CSF = 0.97; based
on values from Ernst et al [13].

For further details on MRS water concentration scaling, including partial volume effects and
tissue specific relaxation correction, please see the following papers: [1], [14], [15].

3.2 Manual scaling

Whilst the defaults described above provide reasonable values for healthy brain tissue, they are
unlikely to be appropriate for all cases, and alternate assumptions and correction schemes may
be required. For example, the default approach assumes all metabolites have the same relax-
ation properties, which could result in strong bias for certain acquisition protocols (e.g. longer
echo-times) or pathology. Unscaled metabolite and water signal amplitudes are therefore pro-
vided in the fit_res_molal_conc.csv file in the results directory to allow custom corrections.
Note that these values have already been scaled for the number of contributing protons. Exam-
ple R code is listed below to calculate the molal concentrations of tNAA and tCr for a dataset
acquired at 3 Tesla with an echo time of 28 ms and repetition time of 2 seconds, assuming the
voxel contains 100% grey matter tissue:

# define constants
te <- 0.028 # MRS sequence echo-time
tr <- 2.0 # MRS sequence repetition-time
t1_gm <- 1.331 # T1 of grey matter water
t2_gm <- 0.110 # T2 of grey matter water
t1_metab <- 1.317 # T1 of metabolites
t2_metab <- 0.207 # T2 of metabolites
w_conc <- 55510 # molal concentration of pure water (moles/kg)

# calculate water and metabolite relaxation attenuation
R_h2o <- exp(-te / t2_gm) * (1.0 - exp(-tr / t1_gm))
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R_met <- exp(-te / t2_metab) * (1.0 - exp(-tr / t1_metab))

# read the .csv of unscaled values
vals_unsc <- read.csv("fit_res_unscaled.csv")

# calculate tNAA and tCr molal concentrations
tNAA_molal_conc <- (vals_unsc$tNAA / R_met) / (vals_unsc$w_amp / R_h2o) * w_conc
tCr_molal_conc <- (vals_unsc$tCr / R_met) / (vals_unsc$w_amp / R_h2o) * w_conc

3.3 Legacy scaling

Metabolite concentration scaling using the default method for the popular LCModel MRS
analysis software [16] may be added to the analysis output by setting the legacy_ws argu-
ment for the fit_svs function to TRUE. Concentrations are calculated as a ratio between the
metabolite and water signal intensities (as in Equation 3.1) but with the additional scaling
factors representing the NMR-visible water concentration (mM) in the voxel: WCONC; and the
attenuation of the water signal due to relaxation: ATTH2O.

[M]lcm = SM
SH2O

× WCONC × ATTH2O

The default values for WCONC and ATTH2O are 35880 and 0.7 respectively. The LCModel manual
[17] states that concentrations derived from this method:

“should be labelled ‘mmol per Kg wet weight’. We use the shorter (incorrect) abbreviation
mM. The actual mM is the mmol per Kg wet weight multiplied by the specific gravity of the
tissue, typically 1.04 in brain.”

Note that we don’t recommend this method of water scaling, but have implemented it to
simplify comparison with legacy analysis packages such as LCModel [16] and TARQUIN [18].

3.4 Legacy relaxation assumptions

The following relaxation values were assumed for spant versions older than 3.1.0.

Relaxation value 1.5 T 2.9, 3.0 T
GM water T1 (s) 1.304 1.331
GM water T2 (s) 0.093 0.110
WM water T1 (s) 0.660 0.832
WM water T2 (s) 0.073 0.0792
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Relaxation value 1.5 T 2.9, 3.0 T
CSF water T1 (s) 2.93 3.817
CSF water T2 (s) 0.23 0.503
Metabolite T1 (s) 1.15 1.15
Metabolite T2 (s) 0.3 0.3
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4 Analysis citations

If you’re using the fit_svs function in your research please cite [19], [20].

The following methods are used in fit_svs by default:

• rats dynamic frequency and phase correction [21]
• water reference concentration scaling [1]

When separate coil information is available the GLS method of combination is used [22].

The following methods are used in fit_svs depending on the input options:

• Klose method for eddy current correction [3]
• HSVD residual water removal [2]
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