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Abstract: Background: Mass spectrometry imaging is increasingly used in biological and
translational research as it has the ability to determine the spatial distribution of
hundreds of analytes in a sample. Being at the interface of proteomics/metabolomics
and imaging, the acquired data sets are large and complex and often analyzed with
proprietary software or in-house scripts, which hinder reproducibility. Open source
software solutions that enable reproducible data analysis often require programming
skills and are therefore not accessible to many MSI researchers. Findings: We have
integrated 18 dedicated mass spectrometry imaging tools into the Galaxy framework to
allow accessible, reproducible, and transparent data analysis. Our tools are based on
Cardinal, MALDIquant, and scikit-image and enable all major MSI analysis steps such
as quality control, visualization, preprocessing, statistical analysis, and image co-
registration. Further, we created hands-on training material for use cases in proteomics
and metabolomics. To demonstrate the utility of our tools, we re-analyzed a publicly
available N-linked glycan imaging dataset. By providing the entire analysis history
online, we highlight how the Galaxy framework fosters transparent and reproducible
research. Conclusion: The Galaxy framework has emerged as a powerful analysis
platform for the analysis of MSI data with ease of use and access together with high
levels of reproducibility and transparency.
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Response to Reviewers: We sincerely thank the reviewers for their thoughtful comments and inspections of our
manuscript. We have improved the manuscript by carefully addressing the raised
concerns and provide a point-by-point response below. In the manuscript, we have
highlighted paragraphs with major changes in blue to allow an easier tracking of the
changes.

Reviewer #1 comment 1:
This Technical Note describes software tools for mass spectrometry image (MSI)
analysis and integration of these tools into Galaxy. This enables reproducible MSI
analysis to be accomplished in the context of a graphical user interface. The
manuscript is well written and the authors should be commended for ensuring that the
software tools are all open source.
In Figure 1 the authors highlight all 18 open source software tools in the MSI analysis
toolkit. However, in the manuscript detailed descriptions are only provided for 12 of the
software tools. I would like to see descriptions for the following 6 software tools: 1)
Scale image; 2) Landmark registration; 3) Overlay; 4) Coordinates of ROIs; 5)
Projective transformation; 6) Switch axis coordinates. This would be of great benefit to
the end user who may wish to reuse these software tools. It would be additionally
helpful if these 6 tools were listed in the supplementary file (supp-1.xlsx), which
currently only lists 12 Galaxy tools.
>> Authors:
We thank the reviewer for pointing out this inconsistency, which has now been
corrected by adding descriptions of the imaging tools in the main text and also added
their specifications in supplementary file 1.

Reviewer #1 comment 2:
In the section entitled "Accessibility & training" the authors state that, "all tools are
deposited in the Galaxy Toolshed from where they can be easily installed into any
other Galaxy instance". Could the authors please specify where in the Galaxy
Toolshed I would find all 18 software tools? The link that the authors provide
(https://toolshed.g2.bx.psu.edu/) does not bring me to a directory that lists all 18 tools.
Furthermore, I cannot see any mass spectrometry tools listed on this page. A direct link
to the 18 software tools would be far more helpful and would encourage reuse of the
toolkit.
>> Authors:
We agree with the reviewer that direct toolshed links for each tool are more helpful.
Therefore we added a supplementary file with the direct links for all 18 tools.
Reviewer #1 comment 3:
As proof-of-principle, the authors used a publicly available N-linked glycan imaging
dataset as a test dataset. The authors acknowledged that annotation was "infeasible
on the MSI images" and they describe a method whereby the researcher annotates an
adjacent histological section and then co-registers the two images using an affine
transform. I was intrigued by this approach but I was unable to find the resolution of the
MS images in the manuscript. Furthermore, the authors did not provide any detail of
pixel size, or even scale bars, for the murine kidney test data set that is shown in
Figures 2 and 3. However, I did find these details in the original publications that
describe these data where it is stated that MSI profiling utilised a "centre to centre
spacing of 250µm". (Gustafsson et al., 2018, Data Brief. 21: 185-188; Gustafsson et
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al., 2015, Anal Bioanal Chem. 407(8): 2127-2139). Should we infer from this that the
pixel dimensions are approximately 250µm x 250µm? I would like some clarity from the
authors on the resolution of the MS images.
 >> Authors:

We sincerely apologize for not being clear in the spatial resolution of the N-glycan
dataset. We have extended the text to address the issue. The PNGase F was spotted
with 250µm centre to centre spacing but the data was acquired by oversampling with a
spatial resolution of 100µm leading to a pixel size of 100µm (Reference Gustafsson et
al. 2015, page 2130).

Reviewer #1 comment 4:
Whereas I can see great value in the software tools, I would question the utility of this
low-resolution MSI dataset. A pixel resolution of 250µm x 250µm is fairly coarse.
Consequently, it would be impossible to determine from these data whether the MS
profiles reflect N-linked glycan distribution in key microanatomical compartments of the
kidney such as the proximal tubule, juxtaglomerular apparatus, or podocyte. I was
wondering whether the authors have used their software tools on cellular-resolution
MSI data? From a biological perspective, this would be far more interesting. In this
respect, the NIH/NIDDK-funded GUDMAP Consortium have delivered a whole series
of publications that detail gene expression in the kidney at the microanatomical level
(Brunskill et al., 2008, Dev Cell. 15(5):781-91; Lindström et al., 2018, J Am Soc
Nephrol. 29(3):785-805; Adam et al., 2017, Development. 144(19):3625-3632). I was
wondering whether the authors would consider using their toolkit to analyse more
biologically relevant, single-cell resolution MSI datasets? This would be of greater
interest to the research community and would be an improved means of highlighting
the reuse potential of this toolkit.
 >> Authors:
We fully understand the concerns of the reviewer but have to apologize that
commercial mass spectrometers and available protocols do not yet allow for single cell
analysis. The reviewer refers to gene expression dataset with single-cell resolution.
However, such datasets do not exists in the field of MSI; a limitation that is due to
technical shortcomings of the method. Technological progress may remove this
limitation in the future, but as of today, most MSI experiments are performed with a
spatial resolution between 30 and 250 µm. The actual resolution is dependent on the
purpose of the experiment and limited by the technical capabilities of the mass
spectrometer and the limited amount of analytes that can be extracted from a single
cell. While the technical improvements aim towards enabling cellular resolution, data
analysis steps are mainly working on single pixel (mass spectra) and therefore only
affected by the increasing file size as more pixels will be measured to cover the same
sample area. Therefore, the limitation for single cell analysis lies not in the analysis
tools but in the method itself. To show the usefulness of our tools, we also re-analyze
volatile metabolites in a chilli section and the peptide distribution in a mouse kidney;
both are part of the accompanying training material. Hence, we respectfully decline
further case study analysis.

Reviewer #2 comment 1:
The authors have integrated three different mass spectrometry imaging (MSI) software
packages (Cardinal, MALDIquant, and scikit-image) into the Galaxy framework. The
Galaxy tools and workflows presented cover a wide range of common MSI data
processing and analysis steps, and allow Proteomics and Metabolomics researchers to
build useful and flexible workflows. It is evident that a substantial amount of work has
gone not just into wrapping the different MSI packages into the Galaxy Framework, but
also in developing and writing the online training material and use cases. The
manuscript is well written and is relevant to the scope of the journal. The manuscript
could benefit from revision as indicated in the detailed comments listed below.
Page 4 - "Galaxy is used by hundred thousands of researchers and provides
thousands of different tools for many different scientific fields." - Include more realistic
and accurate statistics on users and tools. The reference cited [25, Afgan et al.] does
provide some specific numbers / statistics on tools and users.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



  >> Authors:

We did not provide specific numbers for two reasons: 1) The specific numbers do not
reflect the number of researchers using Galaxy, as they only refer to the main Galaxy
server, neglecting the european, australian and the many smaller servers. 2) The
specific numbers were collected about one year ago and are already outdated and will
be even more outdated when the manuscript will be read in the future.
Reviewer #2 comment 2:
Page 6 - Change "All tools are deliberately build" to "all tools are deliberately built"
>> Authors:
Done as suggested.

Reviewer #2 comment 3:
Page 6 – Change "cleverly combining" to "combining"
>> Authors:
Done as suggested.

Reviewer #2 comment 4:
Page 6 - Please, add a short paragraph to section "The newly available MSI toolset in
the Galaxy Framework" that described the status of the different packages (i.e.
Cardinal, MALDIquant, etc) - for example, are they all commonly used tools? Well
established? Cutting edge?
>> Authors:
Done as suggested.

Reviewer #2 comment 5:
 Page 7 - "Nowadays" too informal and not specific - past n years? Add a reference to
back up statement.
>> Authors:

We changed the sentence accordingly and reference 43 lists current vendor imzML
compatible software and imzML converting software.

Reviewer #2 comment 6:
Page 7 - "file collections" - Should this be "dataset collections" (i.e. "official" galaxy
terminology)? If so, change throughout the manuscript.
>> Authors:
Done as suggested.

Reviewer #2 comment 7:
Page 7 - "Numerous files can be represented in a file collection allowing simultaneous
analysis of all files while the effort for the user is the same as for a single file". This is
somewhat misleading. Whilst dataset collections can be very useful in Galaxy and in
some cases allow parallel processing to be performed, in an optimised or user friendly
manner, they often require an additional step to prepare or merge the data.
>> Authors:

That’s true, our sentence was misleading. We changed it into “while the effort for the
user is similar as for single files”.
Reviewer #2 comment 8:
Page 7 - Add more information on imzML format for the reader
>> Authors:

As the imzML format is the community standard, we thought this information is not
useful in the manuscript. The file information that is relevant for successfully handling
this file type are described in more detail in the training material.

Reviewer #2 comment 9:
Page 8: Change "Spectra with bad quality" to "poor quality spectra"
>> Authors:
Done as suggested.

Reviewer #2 comment 10:
Page 10 - "However, annotation of these ROIs is infeasible on the MSI images" explain
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why
>> Authors:
Done as suggested.

Reviewer #2 comment 11:
Page 10 - Add a reference for "Random sample consensus (RANSAC)"
>> Authors:
Done as suggested.

Reviewer #2 comment 12:
Page 11 - "Join two files on a column allowing a small difference:" - Is this the real
name of the tools. Convoluted name for a tool.
>> Authors:

Yes, it’s the full name, we thought that it’s better to be descriptive than short for our
users.

Reviewer #2 comment 13:
Page 14 - Change "Matching those features that potentially are N-glycans to the m/z
list of the original publication" to "mapping features to N-glycans reported in the original
publication"
>> Authors:
Done as suggested.

Reviewer #2 comment 14:
Page 14 - Change "While we missed the 1647.635 m/z N-glycan, we found another N-
glycan with 1542.62 m/z." to "whilst our workflow did not identify the reported N-glycan
at 1647.635 m/z, an additional N-glycan at 1542.62 m/z was found."
>> Authors:
Done as suggested.

Reviewer #2 comment 15:
Page 16 - "In Gustafsson's own terms from a recent publication, our results show that
their results are reproducible, because we, as another group, have followed as closely
as possible their data analysis procedure and arrived at similar results [16].The
reproducibility of the results shows the capacity of our pipeline. To enable what
Gustafsson has described as "methods reproducibility" we provide the complete
analysis history and the corresponding workflow. With this in hand, any other
researcher can use the same tools and parameters in Galaxy to obtain the same result
as we did." Overly wordy, therefore rephrase.
 >> Authors:
We agree that this paragraph was confusing, therefore we rewrote it to make it easier
to read and understand.

Reviewer #2 comment 16:
Page 17 - "Publishing histories and workflows from Galaxy requires only a few clicks" -
too informal. Rephrase, in particular the words "a few clicks".
 >> Authors:
We changed the sentence accordingly.

Reviewer #2 comment 17:
Preprocessing (Page 10-14)
Provide a short description for TIC normalisation, baseline removal and smoothing, etc,
including details for the different parameters used (Supplementary information),? I.e.
which algorithms and parameters for peak picking, detection of monoisotopic peaks
and binning were applied? And why?
 >> Authors:

The N-glycan dataset that was used to demonstrate a use-case for the workbench is
also part of the Galaxy training network (https://training.galaxyproject.org/training-
material/topics/metabolomics/tutorials/msi-finding-nglycans/tutorial.html).
In this tutorial we describe in detail the different analysis steps and the choice of
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algorithms and parameters. The overall goal of the case study was to reproduce the
original study, therefore we have chosen algorithms and parameters that most closely
resembled the data analysis from the original study. A link to the training material
repository is included in the manuscript, which we think is more sustainable, as we plan
to extend and update the training material in the future.
For users that are interested in more details of the case study, we have published a
real-world Galaxy history which provides all details about used algorithms, parameters,
tool version and references.
The authors would like to stress the fact, that we think that sharing a history is more
reproducible and transparent than trying to describe parameters in text.

Reviewer #2 comment 18:
Add a table that summarises the different options for each pre-processing step. What
normalization and peak picking options are available? I.e. "multitude of algorithms".
Provide a more detailed summary. This could be a further advantage over proprietary
software having more flexibility on pre-processing steps.
 >> Authors:

We added this information as additional file.

Reviewer #2 comment 19:
Is median fold change used (or available as an option) as described in the following
paper? Abbassi-Ghadi, Nima, Emrys A Jones, Kirill A Veselkov, Juzheng Huang,
Sacheen Kumar, Nicole Strittmatter, Ottmar Golf, et al. 2015. "Repeatability and
Reproducibility of Desorption Electrospray Ionization-Mass Spectrometry (DESI-MS)
for the Imaging Analysis of Human Cancer Tissue: A Gateway for Clinical
Applications." Analytical Methods 7 (1): 71-80. https://doi.org/10.1039/C4AY01770F.
>> Authors:

Unfortunately, no. Not yet. For now we have focused on the implementation of Cardinal
and MALDIquant functionalities that contain the most common normalization methods
TIC and median. We plan to extend and update our tools if requested by users and are
happy to add additional normalization methods. We encourage everyone to use the
normal Galaxy communication channels like gitter and help.galaxyproject.org to get in
touch with us and provide feedback.

Reviewer #2 comment 20:
Include references for the methods/approached that have been applied. For example -
A detailed description for the underlying principles applied as part of MALDIquant pre-
processing and MALFIquant peak detection are missing. Add the relevant references
and details (add to Supplementary Information if needed). Same applies to other
methods / approaches.
>> Authors:
Thanks for this recommendation. We added further references to the manuscript
whenever possible. Unfortunately most of the Cardinal functions are specific methods
for the Cardinal package and no further descriptions does exist except for the code in
the github repository which is referenced already in our manuscript.

Reviewer #2 comment 21:
Add figures to the main text or Supplementary Information for the following:
Page 8 - Figures in the data visualization section would make for a more intuitive read -
For instance - include figures for a number of the "30 different plots"
>> Authors:
Done as suggested.

Reviewer #2 comment 22:
Page 8 - Include figures for both the MSI image and MSI plot spectra (with overlay)
>> Authors:
Done as suggested.

Reviewer #2 comment 23:
Page 9 - ROI annotation tool, particularly use of "affine transformation", could be aided
by a figure
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>> Authors:
Done as suggested.

Reviewer #2 comment 24:
Page 14  - Outputs / Results "Quality Control" tool
>> Authors:
Done as suggested.

Reviewer #3 comment 1:
This is an interesting paper that provides new tools for the Galaxy platform and that will
be of use to biomedical researchers generating and analysing MSI data. The authors
demonstrate the value of the toolset that they have developed by reanalysing a
published dataset and they provide open access to source code and additional training
documentation. Developing open source tools is commendable and I therefore support
publication.
Minor Revisions:
Section describing the new MSI toolset: Making more of a distinction in the text
between the newly developed tools and existing Galaxy tools would be helpful to the
reader.
>> Authors:

We agree with the reviewer and have made it more clear in the manuscript to
distinguish between new tools and already existing tools. Moreover, the newly
developed tools are depicted in Figure 1.
Reviewer #3 comment 2:
I also suggest adding 'tool(s)' to each subheading within this section i.e. 'Quality control
and visualization tools:'
>> Authors:
Done as suggested.

Reviewer #3 comment 3:
Figure 1: The figure title should make it clear that these are the newly developed
Galaxy tools: the use of 'associated' is ambiguous.
>> Authors:
Done as suggested.

Reviewer #3 comment 4:
The figure legend could be improved by clarifying that the MSI data analysis steps are
in dark blue and the new tools are shown in pale blue.
 >> Authors:
Done as suggested.

Reviewer #3 comment 5:
Sectioning describing Accessibility and training: I found navigation to the training sets
difficult. The link to the Galaxy Training Network/repository is to the home page and the
reader then has to click through several pages to find each of the 3 examples. The
names are not obvious from the manuscript and I had to click through a number of
other examples to find them. The training material is excellent but just difficult to find.
  >> Authors:
We added the information next to the link to the training repository: mass spectrometry
imaging tutorials can be found in the metabolomics and proteomics categories of the
training material.

Reviewer #3 comment 6:
Availability of supporting data: I did not seem to have the necessary permission to
access the datasets provided in the last link.
  >> Authors:
We are sorry for the inconvenience. Galaxy values data privacy a lot and we made a
mistake in granting everyone permissions. We updated the dataset permissions to
make sure that the link works now.

Reviewer #3 comment 7:
Add FAIR to the list of abbreviations.
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  >> Authors:
Done as suggested.

Additional Information:

Question Response

Are you submitting this manuscript to a
special series or article collection?

No

Experimental design and statistics

Full details of the experimental design and
statistical methods used should be given
in the Methods section, as detailed in our
Minimum Standards Reporting Checklist.
Information essential to interpreting the
data presented should be made available
in the figure legends.

Have you included all the information
requested in your manuscript?

Yes

Resources

A description of all resources used,
including antibodies, cell lines, animals
and software tools, with enough
information to allow them to be uniquely
identified, should be included in the
Methods section. Authors are strongly
encouraged to cite Research Resource
Identifiers (RRIDs) for antibodies, model
organisms and tools, where possible.

Have you included the information
requested as detailed in our Minimum
Standards Reporting Checklist?

Yes

Availability of data and materials

All datasets and code on which the
conclusions of the paper rely must be
either included in your submission or
deposited in publicly available repositories
(where available and ethically
appropriate), referencing such data using
a unique identifier in the references and in
the “Availability of Data and Materials”

Yes
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section of your manuscript.

Have you have met the above
requirement as detailed in our Minimum
Standards Reporting Checklist?
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 62 

Findings: 63 

Background:  64 

Mass spectrometry imaging (MSI) is increasingly used for a broad range of biological and 65 

clinical applications as it allows the simultaneous measurement of hundreds of analytes and 66 

their spatial distribution. The versatility of MSI is based on its ability to measure many 67 

different kinds of molecules such as peptides, metabolites or chemical compounds in a large 68 

variety of samples such as cells, tissues, fingerprints or human made materials [1–5]. 69 

Depending on the sample, the analyte of interest and the application, different mass 70 

spectrometers are used [6]. The most common ionization sources are MALDI (Matrix 71 

Assisted Laser Desorption/Ionization), DESI (Desorption Electrospray Ionization) and SIMS 72 

(Secondary Ion Mass Spectrometry). Typical mass analyzers are time of flight (TOF) devices 73 

and ion traps.  74 

Due to the variety of samples, analytes, and mass spectrometers, MSI is suitable for highly 75 

diverse use cases ranging from plant research, to (pre-)clinical, pharmacologic studies, and 76 
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forensic investigations [2, 7–9]. On the other hand, the variety of research fields hinders 77 

harmonization and standardization of MSI protocols. Recently efforts were started to develop 78 

optimized sample preparation protocols and show their reproducibility in multicenter studies 79 

[10–13]. In contrast, efforts to make data analysis standardized and reproducible are in its 80 

infancy.  81 

Reproducibility of MSI data analyses is hindered by the common use of software with 82 

restricted access such as proprietary software, license requiring software, or unpublished in-83 

house scripts [14]. Open source software has the potential to advance accessibility and 84 

reproducibility issues in data analysis but requires complete reporting of software versions 85 

and parameters, which is not yet routine in MSI [15–17]. 86 

At the same time, the introduction of the open standard file format imzML has opened new 87 

avenues to the community and an increasing number of open source software tools are 88 

emerging [18]. Yet, many of these tools necessitate steep learning curves, in some cases 89 

even requiring programming knowledge to make use of their full range of functions [19–23].  90 

To overcome problems with accessibility of software and computing resources, 91 

standardization, and reproducibility, we developed MSI data analysis tools for the Galaxy 92 

framework that are based on the open source software suites Cardinal, MALDIquant, and 93 

scikit-image [20, 21, 24]. Galaxy is an open source computational platform for biomedical 94 

research that was developed to support researchers without programming skills with the 95 

analysis of large data sets, e.g. in the field of next generation sequencing. Galaxy is used by 96 

hundred thousands of researchers and provides thousands of different tools for many 97 

different scientific fields [25].  98 

 99 

Aims:  100 

With the present publication, we aim to raise awareness within the MSI community for the 101 

advantages being offered by the Galaxy framework with regard to standardized and 102 
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reproducible data analysis pipelines. Secondly, we present newly developed Galaxy tools 103 

and offer them to the MSI community through the graphical front-end and “drag-and-drop” 104 

workflows of the Galaxy framework. Thirdly, we apply the MSI Galaxy tools to a publicly 105 

available dataset to study N-glycan identity and distribution in murine kidney specimens in 106 

order to demonstrate usage of a Galaxy-based MSI analysis pipeline that facilitates 107 

standardization and reproducibility and is compatible with the principles of FAIR (findable, 108 

accessible, interoperable, and re-usable) data and MIAPE (minimum information about a 109 

proteomics experiment) [26, 27].  110 

 111 

The Galaxy framework for flexible and reproducible data analysis  112 

In essence, the Galaxy framework is characterized by four hallmarks: (1) usage of a 113 

graphical front-end that is web browser based, hence alleviating the need for advanced IT 114 

skills or the requirement to locally install and maintain software tools; (2) access to large-115 

scale computational resources for academic users; (3) provenance tracking and full version 116 

control, including the ability to switch between software and tool version and to publish 117 

complete analysis, thus enabling full reproducibility; (4) access to a vast array of open-source 118 

tools with the ability of seamless passing data from one tool to another, thus generating 119 

added value by interoperability.  120 

Multiple Galaxy servers on essentially every continent provide access to large computing 121 

resources, data storing capabilities, and hundreds of pre-installed tools for a broad range of 122 

data analysis applications through a web browser based graphical user interface [28–30]. 123 

Additionally, there are more than hundred public Galaxy servers available that offer more 124 

specific tools for niche application areas. For local usage, Galaxy can be installed on any 125 

computer ranging from private laptops to high computing clusters. So-called “containers” 126 

exist, which facilitate a fully functional one-click installation independent of the operating 127 

system. Hence, local Galaxy serves are easily deployed even in “private” network situations 128 
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in which these servers remain invisible and inaccessible to outside users. This ability 129 

empowers Galaxy for the analysis of sensitive and protected data, e.g. in a clinical setting.  130 

In the Galaxy framework, data analysis information is stored alongside the results of each 131 

analysis step to ensure reproducibility and traceability of results. The information includes 132 

tool and software names and versions together with all parameters [31]. 133 

We propose that MSI research can greatly benefit from the possibility to privately or publicly 134 

share data analysis histories, workflows, and visualizations with collaboration partners or the 135 

entire scientific community, e.g. as online supplementary data for peer-reviewed publications. 136 

The latter step easily fulfills the criteria of the suggested MSI minimum reporting guidelines 137 

[6, 16].  138 

The Galaxy framework is predestinated for the analysis of multi-omics studies as it facilitates 139 

the integration of software of different origin into one analysis [32, 33]. The possibility to 140 

seamlessly link tools of different origins has outstanding potential for MSI studies that often 141 

rely on different software platforms to analyze MSI data, additional MS/MS data (from liquid 142 

chromatography coupled tandem mass spectrometry), and (multimodal) imaging data. More 143 

than hundred tools for proteomic and metabolomics data analysis are readily available in 144 

Galaxy due to community driven efforts [34–38]. Increasing integration of MSI with other 145 

omics approaches such as genomics and transcriptomics is anticipated and the Galaxy 146 

framework offers a powerful and future-proof platform to tackle complex, interconnected 147 

data-driven experiments.  148 

The newly available MSI toolset in the Galaxy framework 149 

We have developed 18 Galaxy tools that are based on the commonly used open-source 150 

softwares Cardinal, MALDIquant, and scikit-image and enable all steps that commonly occur 151 

in MSI data analysis (Figure 1) [20, 21, 24]. In order to deeply integrate those tools into the 152 

Galaxy framework, we developed bioconda packages and biocontainers as well as a so 153 

called ‘wrapper’ for each tool [31, 39]. The MSI tools consist of R scripts that were developed 154 
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based on Cardinal and MALDIquant functionalities, extended for more analysis options and a 155 

consistent framework for input and output of metadata (Additional file 1). Cardinal and 156 

MALDIquant are well established R packages and are commonly used open source software 157 

for the analysis of MSI data [40–45]. Cardinal is under active development and provides a 158 

multitude of processing and analysis options for MSI data [46]. MALDIquant was originally 159 

developed for the analysis of classical MALDI-TOF data, but offers powerful preprocessing 160 

options that are applicable for the analysis of MSI data [44, 45]. The image processing tools 161 

that are part of the ROI annotation (co-registration) workflow are built from scratch using 162 

functionality from the scikit-image library. Scikit-image is an open-source image processing 163 

library for Python. All tools are deliberately built in a modular way to enable highly flexible 164 

analysis and to allow a multitude of additional functionalities by combining the MSI specific 165 

tools with already availably Galaxy tools.  166 

 167 

Data formats and data handling: 168 

We extended the Galaxy framework to support open and standardized MSI data files such as 169 

imzML, which is the default input format for the Galaxy MSI tools. Today, the major mass 170 

spectrometer vendors directly support the imzML standard and several tools exist to convert 171 

different file formats to imzML [47]. Data can be easily uploaded to Galaxy via a web browser 172 

or via a built-in file transfer protocol (FTP) functionality. Intermediate result files can be 173 

further processed in the interactive environment that supports R Studio and Jupyter or 174 

downloaded for additional analysis outside of Galaxy [48].  175 

To facilitate the parallel analysis of multiple files, the Galaxy framework offers so-called 176 

“dataset collections”. Numerous files can be represented in a dataset collection allowing 177 

simultaneous analysis of all files while the effort for the user is similar as for single files. MSI 178 

meta data such as spectra annotations, calibrant m/z, and statistical results are stored as 179 

tab-separated values files, thus enabling processing by a plethora of tools both inside and 180 
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outside the Galaxy framework. All graphical results of the MSI tools are stored as concise 181 

vector graphic PDF reports with publication-quality images.  182 

 183 

Quality control and visualization tools:  184 

MSI Quality control: Quality control is an essential step in data analysis and should not only 185 

be used to judge the quality of the raw data but also to control processing steps such as 186 

smoothing, peak picking, and intensity normalization. Therefore, we have developed the ‘MSI 187 

Qualitycontrol’ tool that automatically generates a comprehensive pdf report with more than 188 

30 different plots that enable a global view of all aspects of the MSI data including intensity 189 

distribution, m/z accuracy and segmentation maps (Figure 2). For example, poor quality 190 

spectra, such as low total ion current or low number of peaks can be directly spotted in the 191 

quality report and subsequently be removed by applying the ‘MSI data exporter’ and ‘MSI 192 

filtering’ tools.  193 

MSI mz image: The ‘MSI mz image’ tool allows to automatically generate a publication-194 

quality pdf file with distribution heat maps for all m/z features provided in a tab-separated 195 

values file. Contrast enhancement and smoothing options are available as well as the 196 

possibility to overlay several m/z features in one image (Figure 3 a, b).  197 

MSI plot spectra: The ‘MSI plot spectra’ tool displays multiple single or average mass spectra 198 

in a pdf file. Overlay of multiple single or averaged mass spectra with different colors in one 199 

plot is also possible (Figure 3 c, d).  200 

The Galaxy framework already offers various visualization options for tab-separated values 201 

files, including heatmaps, barplots, scatterplots, and histograms. This enables a quick 202 

visualization of the properties of tab-separated values files obtained during MSI analysis.  203 

  204 

MSI file handling tools:  205 
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A large variety of tools that allows for filtering, sorting, and manipulating of tab-separated 206 

values files is already available in Galaxy and can be integrated into the MSI data analysis. 207 

Some dedicated tools for imzML file handling were newly integrated into the Galaxy 208 

framework.  209 

MSI combine: The ‘MSI combine’ tool allows combining several imzML files into a merged 210 

dataset. This is especially important to enable direct visual but also statistical comparison of 211 

MSI data that derived from multiple files. With the ‘MSI combine tool’, individual MSI datasets 212 

are either placed next to each other in a coordinate system or can be shifted in x or y 213 

direction in a user defined way. The output of the tool contains a single file with the combined 214 

MSI data and an additional tab-separated values file with spectra annotations, i.e. each 215 

spectrum is annotated with its original file name (before combination) and, if applicable, with 216 

previously defined annotations such as diagnosis, disease type, and other clinical 217 

parameters.  218 

MSI filtering: The ‘MSI filtering’ tool provides options to filter m/z features and pixel (spectra) 219 

of interest, either by applying manual ranges (minimum and maximum m/z, spatial area as 220 

defined by x / y coordinates) or by keeping only m/z features or coordinates of pixels that are 221 

provided in a tab-separated values file. Unwanted m/z features such as pre-defined 222 

contaminant features can be removed within a preselected m/z tolerance.  223 

MSI data exporter: The ‘MSI data exporter’ can export the spectra, intensity and m/z data of 224 

an imzML file together with their summarized properties into tab-separated values files.  225 

 226 

Region of interest annotation tools:  227 

For supervised analysis, spatial regions of interest (ROI) can be defined. Those are 228 

commonly annotated on a photograph or histological image that shows the morphological 229 

features of the sample. We extended and developed six new Galaxy tools and combined 230 

them with existing tools into a workflow that enables co-registration of the real image 231 
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(photograph or histological image), ROIs, and the MSI image by alignment using an affine 232 

transformation [49]. The transformation is estimated by a least-squares method using 233 

landmarks from both real and MSI image which are annotated outside Galaxy, for example, 234 

using the GNU Image Manipulation Program (GIMP) (Figure 4) [50]. For more robust 235 

estimation of the transformation, Random sample consensus (RANSAC) is used on random 236 

subsets of landmark pairs [51].  237 

The co-registration workflow includes six newly developed Galaxy tools.  238 

Scale Image: This tool can resize an image relative to the original image or using absolute 239 

dimensions with nearest neighbor, bilinear, or bicubic interpolation. 240 

Landmark registration: The landmark registration tool estimates the affine transformation 241 

between two sets of points using the random sample consensus (RANSAC) [51]. 242 

Overlay: This tool overlays two images, transforming one using a transformation matrix. The 243 

tool can be used to visually asses the performance of the registration. 244 

Coordinates of ROI: This tool extracts the indices of all pixels of a ROI from a binary image. 245 

Projective Transformation Points: This tool applies a transformation matrix to a set of points. 246 

Switch axis coordinates: The tool can be used to change the origin of a set of points in a 247 

coordinate system. 248 

In the supporting information, we also provide automated workflows to convert annotation 249 

files from proprietary Bruker software (spotlist.txt and regions.xml) into annotation files that 250 

are compatible with the Galaxy MSI tools.  251 

 252 

Preprocessing tools:  253 

Preprocessing of raw MSI spectra is performed to reduce data size and to remove noise, 254 

inaccuracies and biases to improve downstream analysis. Crucial steps are peak picking to 255 

reduce file size and remove noise features, intensity normalization to make spectra within 256 

and between different samples comparable, as well as m/z recalibration to improve 257 
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comparability and identification of analytes. We have developed three dedicated MSI 258 

preprocessing tools that are based on a variety of preprocessing algorithms from both the 259 

Cardinal and MALDIquant package. An overview of all available preprocessing options is 260 

available in additional file 2.  261 

MSI preprocessing: The ‘MSI preprocessing’ tool offers a multitude of algorithms that are 262 

useful to preprocess raw MSI data: intensity normalization to the total ion current (TIC), 263 

baseline removal, smoothing, peak picking, peak alignment, peak filtering, intensity 264 

transformation, binning and resampling.  265 

MALDIquant preprocessing and MALDIquant peak detection: Both MALDIquant tools offer a 266 

multitude of preprocessing algorithms that complement those of the cardinal based MSI 267 

preprocessing tool such as m/z re-calibration, peak picking on average mass spectra and 268 

picking of monoisotopes.  269 

 270 

Statistical analysis tools:  271 

A multitude of statistical analysis options for tab-separated values files is already available in 272 

Galaxy, the most MSI relevant tools are from the Workflow4metabolomics project and consist 273 

of unsupervised and supervised statistical analysis tools [52]. For specific purposes of 274 

spatially resolved MSI data analysis, we have integrated Cardinal’s powerful spatially aware 275 

statistical analysis options into the Galaxy framework.  276 

MSI segmentation: The ‘MSI segmentation’ tool enables spatially aware unsupervised 277 

statistical analysis with principal component analysis, spatially aware k-means clustering and 278 

spatial shrunken centroids [53, 54].  279 

MSI classification: The ‘MSI classification’ tool offers three options for spatially aware 280 

supervised statistical analysis: partial least square (discriminant analysis), orthogonal partial 281 

least squares (discriminant analysis), and spatial shrunken centroids [53].  282 
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 283 

Analyte identification tools:  284 

m/z determination on its own often remains insufficient to identify analytes. Compound 285 

fragmentation and tandem mass spectrometry are typically employed for compound 286 

identification by mass spectrometry. In MSI, the required local confinement of the mass 287 

spectrometry analysis severely limits the compound amounts that are available for 288 

fragmentation. Hence, direct on-target fragmentation is rarely employed in MSI. A common 289 

practice for compound identification includes a combinatorial approach in which LC-MS/MS 290 

data is used to identify the analytes while MSI analyses their spatial distribution. This 291 

approach requires assigning putative analyte information to m/z values within a given 292 

accuracy range.  293 

Join two files on a column allowing a small difference: This newly developed tool allows for 294 

the matching of numeric columns of two tab-separated values files on the smallest distance 295 

that can be absolute or in ppm. This tool can be used to identify the m/z features of a tab-296 

separated values files by matching them to already identified m/z features of another tab-297 

separated values file (e.g. from a database or from an analysis workflow).  298 

Community efforts such as Galaxy-M, Galaxy-P, Phenomenal, and Workflow4Metabolomics 299 

have led to a multitude of metabolomics and proteomics analysis tools that are available in 300 

Galaxy today [34–38]. These tools allow analyzing additional tandem mass spectrometry 301 

data that is often acquired to aid identification of MSI m/z features. Databases to which the 302 

results can be matched, such as uniprot and lipidmaps, are directly available in Galaxy [55, 303 

56]. The highly interdisciplinary and modular data analysis options in Galaxy render it a very 304 

powerful platform for MSI data analyses that are part of a multi-omics study. 305 

 306 

Accessibility & training 307 
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All described tools are easily accessible and usable via the European Galaxy server [29]. 308 

Furthermore, all tools are deposited in the Galaxy Toolshed from where they can be easily 309 

installed into any other Galaxy instance (Additional file 3) [57]. We have developed bioconda 310 

packages and biocontainers that allow for version control and automated installation of all 311 

tool dependencies – those packages are also useful outside Galaxy to enhance 312 

reproducibility [31, 39]. For researchers that do not want to use publicly available Galaxy 313 

servers, we provide a pre-built Docker image that is easy to install independent of the 314 

operating system. 315 

For a swift introduction into the analysis of MSI data in Galaxy, we have developed training 316 

material for metabolomics and proteomic use cases and deposited it to the central repository 317 

of the Galaxy Training Network [58, 59]. The training materials consist of a comprehensive 318 

collection of small example datasets, step-by-step explanations and workflows that enable 319 

any interested researcher in following the training and understanding it through active 320 

participation.  321 

The first training explains data upload in Galaxy and describes the quality control of mouse 322 

kidney tissue section in which peptides were imaged with an old MALDI-TOF [60]. The 323 

dataset contains peptide calibrants that allow the control of the digestion efficiency and m/z 324 

accuracy. Export of MSI data into tab-separated values files and further filtering of those files 325 

is explained as well.  326 

The second training explains the examination of the spatial distribution of volatile organic 327 

compounds in a chilli section. The training roughly follows the corresponding publication and 328 

explains how average mass spectra are plotted and only the relevant m/z range is kept, as 329 

well as how to automatically generate many m/z distribution maps and overlay several m/z 330 

feature maps [19].  331 

The third training determines and identifies N-linked glycans in mouse kidney tissue sections 332 

with MALDI-TOF and additional LC-MS/MS data analysis [61, 62]. The training covers 333 

combining datasets, preprocessing as well as unsupervised and supervised statistical 334 
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analysis to find potential N-linked glycans that have different abundances in the PNGase F 335 

treated kidney section compared to the kidney section that was treated with buffer only. The 336 

training further covers identification of the potential N-linked glycans by matching their m/z 337 

values to a list of N-linked glycan m/z that were identified by LC-MS/MS. The full dataset is 338 

used as a case study in the following section.  339 

 340 

Case study 341 

To exemplify the utility of our MSI tools we re-analyzed the N-glycan dataset that was 342 

recently made available by Gustafsson et al. via the PRIDE repository with accession 343 

PXD009808 [62, 63]. The aim of the study was to demonstrate that their automated sample 344 

preparation method for MALDI imaging of N-linked glycans successfully works on formalin-345 

fixed paraffin-embedded (FFPE) murine kidney tissue [61]. PNGase F was printed on two 346 

FFPE murine kidney sections to release N-linked glycans from proteins while in a third 347 

section one part of the kidney was covered with N-glycan calibrants and another part with 348 

buffer to serve as a control. The tissues were measured with a MALDI-TOF/TOF mass 349 

spectrometer and a spatial resolution of 100 µm that leads to oversampling of the 250 µm 350 

PNGase F array [61]. We downloaded all four imzML files (two treated kidneys, control and 351 

calibrants) from PRIDE and uploaded them with the composite upload function into Galaxy. 352 

To obtain an overview of the files we used the ‘MSI Qualitycontrol’ tool. We resampled the 353 

m/z axis, combined all files and run again the ‘MSI Qualitycontrol’ tool to directly compare the 354 

four subfiles (additional file 4). Next, we performed TIC normalization, smoothing and 355 

baseline removal by applying Cardinal algorithms [21]. Spectra were aligned to the stable 356 

peaks that are present in at least 80 % of all spectra [64]. Spectra, in which less than two 357 

stable peaks could be aligned, were removed. This affected mainly spectra from the control 358 

file. Peak picking, detection of monoisotopic peaks and binning was performed on the 359 

average spectra of each subfile [64]. The obtained m/z features were extracted with 360 

Cardinal’s ‘peaks’ algorithm from the normalized, smoothed, baseline removed and aligned 361 
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file. Next, principal component analysis with four components was performed (Figure 5) [21]. 362 

To find potential N-linked glycans, the two treated tissues were compared to the control 363 

tissue with the supervised spatial shrunken centroids algorithm [53]. Spatial shrunken 364 

centroids is a multivariate classification method that was specifically developed to account for 365 

the spatial structure of the data (Figure 6a) [53]. The supervised analysis provided us with 28 366 

m/z features that discriminated between the two PNGase F treated kidneys and the control 367 

kidney with a spatial shrunken centroids p-value < 0.05 and higher abundance in the treated 368 

kidneys. Mapping those features to N-glycans reported in the original publication (Gustafsson 369 

et al., Supplementary Table S2) revealed the identity of 16 N-glycans with an average m/z 370 

error of 49 ppm (Table 1). Fifteen of those N-glycans match to the findings of the original 371 

publication. Whilst our workflow did not identify the reported N-glycan at 1647.635 m/z, an 372 

additional N-glycan at 1542.62 m/z was found. The intensity distribution for four N-glycans on 373 

the TIC normalized dataset is depicted in Figure 6b-e and three of them are overlayed in 374 

Figure 6f.  375 

PLACEHOLDER FOR TABLE 1 (larger than DinA4 portrait format) 376 

The complete analysis was performed in the European Galaxy instance with MSI tools based 377 

on Cardinal version 1.12.1 and MALDIquant 1.18 [21, 29]. Despite having used different 378 

algorithms for preprocessing and statistical analysis, we reached similar findings as 379 

compared to Gustafsson. The reproducibility of the results shows the capacity of our pipeline. 380 

To enable full “methods reproducibility” we provide the analysis history and workflow in this 381 

publication as supporting information. Those can be easily published on the Galaxy platform 382 

and provide more information than requested by the minimum reporting guidelines MSI 383 

MIAPE (Minimum Information About a Proteomics Experiment) and MIAMSIE (Minimum 384 

Information About a Mass Spectrometry Imaging Experiment) [6, 16]. The Galaxy software 385 

itself but also the shared histories and workflows fulfill the FAIR principles that stand for 386 

findability, accessibility, interoperability, and reusability [27]. 387 

 388 
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Summary 389 

With the integration of the MSI data analysis toolset, we have incorporated an accessible and 390 

reproducible data analysis platform for MSI data in the Galaxy framework. Our MSI tools 391 

complement the multitude of already available Galaxy tools for proteomics and metabolomics 392 

that are maintained by Galaxy-M, Galaxy-P, Phenomal and Workflow4Metabolomics [34–38]. 393 

We are in close contact with those communities and would like to encourage developers of 394 

the MSI community to join forces and make their tools available in the Galaxy framework. We 395 

currently focused on reproducible and accessible data analysis, but we are planning to 396 

integrate interactive visualizations, more support for very large files and more tools for 397 

specific use cases into the Galaxy framework. Lastly, we would like to invite the MSI 398 

community to use the advantages of the Galaxy framework to advance MSI data analysis.  399 

 400 

Availability of supporting source code and requirements 401 

Project name: Mass spectrometry imaging workbench in Galaxy 402 

RRID number: SCR_017410 403 

Project homepage: https://github.com/galaxyproteomics/tools-galaxyp and 404 

https://github.com/BMCV/galaxy-image-analysis  405 

Galaxy Toolshed: https://toolshed.g2.bx.psu.edu/  406 

Operating system(s): Unix (Platform independent with Docker) 407 

Training repository: https://galaxyproject.github.io/training-material/ ‘mass spectrometry 408 

imaging’ tutorials can be found in the sections ‘metabolomics’ and ‘proteomics’. 409 

Docker image: https://github.com/foellmelanie/docker-galaxy-msi 410 

License: MIT 411 

 412 

https://github.com/galaxyproteomics/tools-galaxyp
https://github.com/BMCV/galaxy-image-analysis
https://toolshed.g2.bx.psu.edu/
https://galaxyproject.github.io/training-material/
https://github.com/foellmelanie/docker-galaxy-msi
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Additional files 413 

Additional file 1: Overview of R-functions in the MSI tools. For each Galaxy MSI tool the R-414 

functions that do not belong to the basic R-package are listed.  415 

Additional file 2: Overview of available preprocessing options.  416 

Additional file 3: Collection of direct links to the toolshed location for each tool. 417 

Additional file 4: Exemplary quality control plots for the combined N-glycan imaging file 418 

 419 

Availability of supporting data 420 

Galaxy workflow to convert Bruker ROI.xml files: https://usegalaxy.eu/u/melanie-foell/w/msi-421 

workflow-bruker-xml-conversion-to-tabular-file 422 

Galaxy workflow to convert Bruker spotlists: https://usegalaxy.eu/u/melanie-foell/w/bruker-423 

spotlist-conversion-to-tabular-file 424 

Galaxy workflow co-registration: https://usegalaxy.eu/u/melanie-foell/w/co-registration-of-msi-425 

image-and-real-image-with-landmarks 426 

Galaxy workflow N-linked glycans re-analysis: https://usegalaxy.eu/u/melanie-foell/w/msi-427 

workflow-complete-n-glycan-analysis 428 

Galaxy history N-linked glycans re-analysis: https://usegalaxy.eu:/u/melanie-foell/h/re-429 

analysis-of-pride-dataset-pxd009808---maldi-imaging-of-n-linked-glycans-in-murine-kidney-430 

specimens  431 

Archival copies of the code and workflows are available from the GigaScience GigaDB 432 

repository [65]. 433 

List of abbreviations 434 

https://usegalaxy.eu/u/melanie-foell/w/msi-workflow-bruker-xml-conversion-to-tabular-file
https://usegalaxy.eu/u/melanie-foell/w/msi-workflow-bruker-xml-conversion-to-tabular-file
https://usegalaxy.eu/u/melanie-foell/w/bruker-spotlist-conversion-to-tabular-file
https://usegalaxy.eu/u/melanie-foell/w/bruker-spotlist-conversion-to-tabular-file
https://usegalaxy.eu/u/melanie-foell/w/co-registration-of-msi-image-and-real-image-with-landmarks
https://usegalaxy.eu/u/melanie-foell/w/co-registration-of-msi-image-and-real-image-with-landmarks
https://usegalaxy.eu/u/melanie-foell/w/msi-workflow-complete-n-glycan-analysis
https://usegalaxy.eu/u/melanie-foell/w/msi-workflow-complete-n-glycan-analysis
https://usegalaxy.eu/u/melanie-foell/h/re-analysis-of-pride-dataset-pxd009808---maldi-imaging-of-n-linked-glycans-in-murine-kidney-specimens
https://usegalaxy.eu/u/melanie-foell/h/re-analysis-of-pride-dataset-pxd009808---maldi-imaging-of-n-linked-glycans-in-murine-kidney-specimens
https://usegalaxy.eu/u/melanie-foell/h/re-analysis-of-pride-dataset-pxd009808---maldi-imaging-of-n-linked-glycans-in-murine-kidney-specimens
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DESI: Desorption Electrospray Ionization; MALDI: Matrix Assisted Laser 435 

Desorption/Ionization; FAIR: findable, accessible, interoperable, and re-usable; FFPE: 436 

formalin-fixed paraffin-embedded; LC-MS/MS: liquid chromatography tandem mass 437 

spectrometry; MIAMSIE: Minimum Information About a Mass Spectrometry Imaging 438 

Experiment; MIAPE: minimum information about a proteomics experiment; MSI: Mass 439 

spectrometry imaging; PRIDE: proteomics identifications; ROI: Region of interest; SIMS: 440 

Secondary Ion Mass Spectrometry; TOF: Time of flight 441 
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 664 

Figures and larger than DinA4 Tables 665 

Table 1: N-linked Glycans identified in the re-analysis. 666 

 667 

mz centers tstatistics adj.p.values M+Na+ composition ppm 

1257.47424 38.24 51.97 0 1257.41 (Hex)2+(Man)3(GlcNAc)2 51 

1743.68713 32.11 48.56 0 1743.57 (Hex)5+(Man)3(GlcNAc)2 67 

1419.55334 40.68 48.2 0 1419.47 (Hex)3+(Man)3(GlcNAc)2 59 

1905.68713 48.61 44.78 0 1905.63 (Hex)6+(Man)3(GlcNAc)2 30 

2304.91211 43.53 42.36 0 2304.83 (Hex)2(HexNAc)3(Deoxyhexose)3+(Man)3(GlcNAc)2 36 

1850.71216 25.3 42.01 0 1850.65 (Hex)1(HexNAc)3(Deoxyhexose)1+(Man)3(GlcNAc)2 34 

1581.62573 18.07 40.64 0 1581.53 (Hex)4+(Man)3(GlcNAc)2 61 

1809.72461 10.81 38.15 0 1809.63 (Hex)2(HexNAc)2(Deoxyhexose)1+(Man)3(GlcNAc)2 52 

2158.88721 14.77 38.03 0 2158.77 (Hex)2(HexNAc)3(Deoxyhexose)2+(Man)3(GlcNAc)2 54 

1663.66638 10.27 32.26 0 1663.57 (Hex)2(HexNAc)2+(Man)3(GlcNAc)2 58 

1688.71509 8.68 28.29 0 1688.61 (HexNAc)3(Deoxyhexose)1+(Man)3(GlcNAc)2 62 

1485.62378 8.67 26.89 0 1485.53 (HexNAc)2(Deoxyhexose)1+(Man)3(GlcNAc)2 63 

2012.78394 7.3 26.72 0 2012.71 (Hex)2(HexNAc)3(Deoxyhexose)1+(Man)3(GlcNAc)2 37 

2816.11206 6.92 26.35 0 2816.01 (Hex)3(HexNAc)4(Deoxyhexose)1+(Man)3(GlcNAc)2 36 

2067.75903 5.69 14.52 0 2067.67 (Hex)7+(Man)3(GlcNAc)2 43 

1542.61902 5.59 8.08 0 1542.55 (HexNAc)3+(Man)3(GlcNAc)2 45 

 668 

We could identify 16 N-linked glycans by matching the m/z features of the MSI data (column 669 

1) to the identified m/z features of the LC-MS/MS experiment (column 5). We allowed a 670 

maximum tolerance of 300 ppm and multiple matches. Only single matches occurred with an 671 

average m/z error of 46 ppm (column 6).  672 
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 674 

 675 

 676 

 677 

 678 

Figure 1: Typical MSI data analysis steps and newly developed Galaxy tools. 679 

Typical MSI data analysis step include Quality control, file handling, preprocessing, ROI 680 

annotation, supervised and unsupervised statistical analysis, visualizations and identification 681 

of features. Due to the variety of MSI applications, tools of all or only a few of these 682 

categories are used and the order of usage is highly flexible. To serve a broad range of data 683 

analysis tasks, we provide 18 tools that cover all common data analysis procedures and can 684 

be arbitrarily connected to allow customized analysis. Dark blue: MSI data analysis steps, 685 

pale blue: newly developed Galaxy tools. 686 

 687 

Figure 2: Exemplary quality control plots.  688 

The Quality control report contains more than 30 different plots, 5 of them are shown here. 689 

They derive from the peptide imaging in mouse kidney training that we provide in the Galaxy 690 

training network [66] a) Control of tryptic digestion with a bombesin spot next to the tissue. 691 

The log 2 fold change of the cleaved vs. uncleaved bombesin peptide shows the digestion 692 

efficiency in the spot. b) Total ion current (TIC) in each pixel c) m/z accuracy for the internal 693 

calibrant angiotensin I in each pixel d) average mass spectrum showing the angiotensin I 694 

peak and its first isotope together with vertical lines indicating the theoretical m/z of 695 

angiotensin, the most abundant m/z in the chosen window and the closest m/z value in the 696 

file in green e) TIC for each spectrum.  697 
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 698 

Figure 3: Visualization of heat maps and mass spectra. 699 

Visualizations of heat maps, overlay image and mass spectra plots of a chilli section that is 700 

part of the chilli training that we provide in the Galaxy training network [19, 58]. a) Heat map 701 

of the m/z feature 306.6 that corresponds to capsaicin. b) Overlay of the m/z features 306.6, 702 

62.2 and 84.2 that show different distribution in the chilli section. c) Average mass spectrum 703 

for the complete chilli dataset. d) Overlay of single mass spectra that belong to different chilli 704 

compartments: green: pericarp, light blue: placenta, purple: seeds, red: average mass 705 

spectra of all other chilli spectra.  706 

 707 

Figure 4: Co-registration strategy using affine transformation and landmarks. 708 

Co-registration of an MSI image with a histological H&E image from a mouse kidney via 709 

affine transformation. The affine transformation is estimated from the landmarks (red dots) 710 

that the user has to provide. Landmarks can be either characteristic marks of the sample or 711 

marks applied outside the tissue e.g. with a xylene resistant pen (black crosses). The 712 

transformation matrix, estimated by the affine transformation estimation tool, can be used to 713 

generate an overlay of both images (right image) for visual inspection. Moreover, the matrix 714 

can be used to transfer the annotated regions of interest in the H&E image to the MSI 715 

coordinates (not shown here).  716 

 717 

Figure 5: Results from the unsupervised statistical analysis of N-linked glycans in 718 

murine kidney tissues. 719 

Principal component analysis of treated, control and calibrant files. a) Overlay of all principal 720 

component scores. b-d) Principal components 1,3 and 4 that discriminate treated and control 721 
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tissue or different kidney compartments. I = treated kidney1, II = treated kidney2, III = control 722 

kidney, IV = calibrants. 723 

 724 

Figure 6: Results from the supervised statistical analysis of N-linked glycans in 725 

murine kidney tissues. 726 

The supervised spatial shrunken centroids method was used to determine m/z features that 727 

are more abundant in the treated than in the control tissue specimen. a) Spatial shrunken 728 

centroids class prediction for all spectra. b-e) Intensity distribution images for four identified 729 

N-linked glycans (Hex)2(HexNAc)2(Deoxyhexose)1+(Man)3(GlcNAc)2 (m/z 1663.6), 730 

(Hex)6+(Man)3(GlcNAc)2 (m/z 1905.7), (Hex)2(HexNAc)3(Deoxyhexose)3+(Man)3(GlcNAc)2 731 

(m/z 2304.9) and (Hex)3(HexNAc)4(Deoxyhexose)1+(Man)3(GlcNAc)2(m/z 2816.0). f) Overlay 732 

of three N-linked glycans with different distribution in the kidney. The ion distribution images 733 

and the overlay image were generated with contrast enhancement by suppression on TIC 734 

normalized data. I = treated kidney1, II = treated kidney2, III = control kidney, IV = calibrants. 735 
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