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1.3.3.7 Achievements of the project compared to the objectives and the state-of-the-art 
Work package 3 has focused on the application of the developed imaging MS methodologies, 
strategies and protocols to various analytically challenging problems in the life sciences. In 
doing so, it has highlighted the advances in the European imaging Mass Spectrometry 
community realized by the efforts of the Computis consortium. Several of the developed 
strategies have found their way to research professionals all over the world demonstrating the 
broader international impact.  

The objectives of this work package throughout the project were to: 

- Perform comparative bioanalytical studies  

- Define, evaluate and validate calibration protocols

- Perform 3D MS imaging strategies for biological tissue 

- Identify and characterize relevant biomolecules from tissues by established and new 
bioanalytical strategies 

All these objectives have been met and new analytical tools and strategies have been 
delivered to the research community. New insights in specific analytical challenges have been 
obtained to thorough implementation of rigid protocols and standards. 

1.3.4 Work Package 4 ªFrom data to signalº 
WP4 is devoted to the development of basic software tools for the visualization and 
processing of mass spectrometry data (spectra and images). The functionalities developed in 
WP4 have been used in WP3 and WP6 to provide keys and tools for the analysis and 
interpretation of round robin test samples, but also images of sane/diseased tissues and cells. 
More generally, these software tools will afford assistance to mass spectrometry experimental 
staff, chemists and biologists in the processing and interpretation of their biological data. 

The objectives of WP4 are: 

· Acquisition of data from several mass spectrometry equipments 

· Definition of a standard data format 

· Development of elementary visualization and processing tools for spectra and images 

· Registration of images issued from various imaging techniques 

· Connection to biological databanks  

This presentation is organized by software tools, with a description of the functionalities 
offered by each tool. 

1.3.4.1 imzML data standard 
The purpose of imzML is to facilitate the exchange and processing of mass spectrometry 
imaging data. The main goals during the development were: 

· Complete description of MS imaging experiments 

· Efficient storage of (very large) data sets. 
imzML is it not limited to MS imaging, but is also useful for other MS applications 
generating large data sets such as LC-FTMS. The current version is mzML 1.1.0 RC1. 

Mass spectrometry imaging results in a large number of spectra which are typically acquired 
with identical measurement parameters. The application of MS imaging is rapidly growing 
with a constantly increasing number of different instrumental systems and software tools. An 
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important task within this project is the comparison of images generated by diverse types of 
mass spectrometers. Both the DICOM standard for in-vivo imaging data and the mzML 
standard by HUPO-PSI are not able to completely represent an imaging MS experiment. 
Therefore a standardized data format was developed to simplify the exchange of imaging MS 
data between different instrument and data analysis software. 

Several previous imaging MS data formats utilize two separate files: a small (ini or XML) file 
for the metadata and a larger (binary) file for the mass spectral data (biomap, DCE, udp). We 
decided to keep this structure in order to ensure flexible and fast handling of the imaging MS 
data. We also decided that the metadata file should be based on the mass spectrometry 
standard mzML developed by HUPO-PSI. The MS data is stored in one of two binary formats 
in order to ensure the most efficient storage of these large data sets. A new controlled 
vocabulary was compiled for imzML to include parameters that are specific for imaging 
experiments. These parameters are stored in the imagingMS.obo file. 

imzML consists of two separate files (Figure 33): one for the metadata and one for the MS 
data. The metadata is saved in an XML file (*.imzML). The mass spectral data is saved in a 
binary file (*.ibd). The connection between the two files is made via links in the XML file 
which hold the offsets of the mass spectral data in the binary file. It is important to keep in 
mind that the information of both file is only valid if no file is missing. Therefore the user 
should be very careful when copying or moving those files; inaccurate file handling can result 
in data loss. It is recommended to keep the files in the same folder and use the same names for 
the imzML part and the ibd part. 

Both files carry the same universally unique identifier (UUID). This can help to reunite lost 
files. The UUID is defined in the controlled vocabulary and this parameter is located in the 
imzML file in the fileContent tag. Comparing both UUIDs allows finding out if the two files 
build a pair of corresponding files. 

Figure 33: imzML data structure 
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XML 

The imzML file holds the metadata of a MS image which is described by the mzML based 
XML structure and the controlled vocabulary. The XML model of imzML is the same as for 
mzML (see the mzML version 1.1.0 documentation for further details). The controlled 
vocabulary was extended in order to include additional parameters which are needed to 
describe a MS imaging experiment. 

There is only one XML element which differs slightly from the original mzML specification: 
The function of the binary tag was altered in such a way that it now contains no base64 
encoded binary data. It stays empty, which is compatible to mzML 1.1.0. This results in 
predefined values for "encoded length" and "array length" of zero in the parent tags spectrum 
and binaryDataArray. Most of the changes in the XML part are related to cvParam mapping 
rules for the newly introduced parameters of the imaging controlled vocabulary. The XML 
part of imzML passes mzML validators without errors (the binary tag is empty).  

Binary 

The imaging binary data file (*.ibd) contains the mass spectral data. The first 16 bytes of the 
binary file are reserved for a Universally Unique Identifier. It is also saved in the imzML file 
so that a correct assignment of ibd and imzML file is possible even if the names of both files 
are different. 

In order to insure efficient storage, two different formats of the binary data are defined: 
continuous and processed. Continuous type means that each spectrum of an image has the 
same m/z values. As a result, the m/z array is only saved once directly behind the UUID of 
the file and the intensity arrays of the spectra are following. At the processed type, every 
spectrum has its own m/z array. So it is necessary to save both ± the m/z array and the 
corresponding intensity array ± per spectrum.  

Integer values may be stored as byte (1 byte), word (2 bytes), dword (4 bytes), long (8 bytes). 
Floating point values may be stored as single or double (cf. IEEE 754). The byte order is 
always little endian (intel style). 

File size 

The efficient data storage of the imzML format is demonstrated by an example file consisting 
of 7000 spectra (50 x 35 pixels, 4 spectra per pixel). 

Comparing the size of MS imaging files (Figure 34): The imzML (processed) file is about 
30% smaller than the mzML file. The imzML (continuous) file is almost four times smaller 
than the mzML file and about the same size as the raw file. The XML part containing the 
metadata is rather small compared to the size of the binary data file and is readable in a 
regular text editor. 
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Figure 34: Comparison of file sizes with the different formats 

imzML is already implemented in several MS imaging applications, for example : 

· Data exchange and evaluation within the COMPUTIS consortium  

· New MS imaging software for the ABI FlashQuant (Markus Stoeckli) 

· "Indigo Platform" including DESI imaging by Prosolia (Randy Jullian)  

· A converter, generating imzML files out of LTQ based Thermo raw files 
Detailed information about imzML including specifications, tools and example files can be 
found at www.imzml.org. 

1.3.4.2 Data Cube Explorer 
FOM developed a processing tool for converting SIMS imaging data into a format compatible 
with DataCube Explorer software (Figure 35). 

Figure 35: Converter of SIMS imaging data 
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Data cube explorer (Figure 36) is a user-friendly tool to easily explore imaging mass 
spectrometry dataset, independently of the original data modality. This tool enables both the 
spectral and spatial exploration of the generated generic data files, a spectral analysis of 
region-of-interest and it includes a self-organizing map feature for image classification. It 
reads the imzML format. 

Data Cube Explorer can be downloaded freely at http://www.maldi-msi.org/

Figure 36: Data Cube Explorer software 

1.3.4.3 Easy MSI (also called SpectViewer) 
CEA developed a software tool providing basic functionalities for data display and 
spectral/spatial exploration, and a user interface for some more specialized treatments such as 
denoising spectra or structure analysis. The main functionalities of the visualization module 
(Figures 37 to 39) are zooming, peak or pixel picking, interactive tool to define polygonal 
regions of interest and display of the resulting spectrum, indicators to detect interesting peaks 
or peaks correlated to a given one, display of weighted total image, correlation matrix 
between peaks, and dump in SVG or postscript formats. 
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Figure 37: Visualization of a bacteria community data set with Easy MSI 

Figure 38: Visualization of a rat urinary bladder data set with Easy MSI 
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Figure 39: Visualization of the distribution of a pharmaceutical compound in skin  

Elementary transformations of data concern image cropping, image binning, denoising and 
baseline subtraction (Figures 40 and 41).  

Figure 40: Spectra before and after denoising and background subtraction 
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Figure 41: Images before and after denoising and background subtraction 

Easy MSI reads and processes SIMS and MALDI data in Analyze format, GRD format (Ion-
Tof) or imzML format without binning. Figure 42 shows the different formats that can be read 
by Easy MSI. 
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MALDI image of a WP3 
round-robin target from JLU 
(imzML format) 

SIMS image of the patina 
of Dogong statues from 
CNRS (GRD format) 

MALDI image of a whole rat 
section from Novartis (Analyze 
format) 

Figure 42: Data formats readable by Easy MSI 

1.3.4.4 EasyReg2D 
CEA developed a C++ software for multimodal 2D image registration (Figure 43). It can be 
used, for instance, for registering microscopy images with images extracted (clusters, total 
current...) from the spectral data. In order to offer the multimodal registration capability, the 
chosen criterion for registration is the mutual information between the two images. 

Figure 43: Registration of images with EasyReg2D 

1.3.4.5 SamPS (Sample Positioning System) 
JLU developed SamPS (Sample Positioning Systemto enable the combination of 
complementary imaging methods with the help of position markers, attached onto the target
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surface. Since images of the different imaging techniques often differ heavily, SamPS is not 
restricted to one special marker, but it is flexible since it allows the definition of different 
markers. Therefore the user defines the marker in the image that was acquired with the first 
method. Furthermore he defines an additional region that shall be analysed with another 
method.  

After that the sample is placed into an instrument capable to perform the second imaging 
measurement. SamPS detects the position marker semi-automatically and calculates the 
location and size of the region of interest. Then, with the help of these data, the region can be 
imaged. Finally, SamPS combines the two different images of the region of interest (Figure 
44). 

Figure 44: Example of alignment with the Sample Positioning System module  

1.3.4.6 Mascot webservice 
FOM developed a MASCOT module consisting of two parts. The first is a wrapper web 
service written in Java around the MASCOT application on the server. The web service uses 
Apache and Tomcat to deploy the web service and to handle the requests. The web service 
itself acts only as a gateway between the client and the MASCOT search engine. 

The second part is a web service client that uses the MASCOT web service and can be 
embedded in other software. This software is available in both Java and C#. 

In the MASCOT web service architecture, the blocks represent the individual software 
components of the system. The gray shaded blocks represent the standard MASCOT database 
software (Figure 45).  
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Figure 45: Architecture of the MASCOT web service 

1.3.4.7 Inventory of biological databases 
In order to identify the biological databases most suitable for the identification of proteins and 
peptides in the project, CEA carried out an inventory of the general biological databases and 
the main useful specialised databases. The study consisted in identifying the databases with a 
description of their content and the query tools to interrogate them (Table 3). 

Database 
name 

Content Entries Web address Tools for 
queries 

EST cDNA sequences, 
Expressed Sequence 
Tags 

50 
million 
entries 

http://www.ncbi.nlm.nih.
gov/dbEST/

BLAST, 
FASTA, 
MASCOT, 
ENTREZ on 
dbEST website 

MSDB Non-identical protein 
sequence for MS from 
PIR, TrEMBL, GenBank, 
Swiss-Prot, and NRL3D 

3 
million 
entries 

http://proteomics.leeds.ac
.uk/bioinf/msdb.html  

BLAST, 
FASTA, 
MASCOT, 
MSDB website

Genbank Genetic sequences (DNA 
sequences). American 
version of INSDC 

100 
billion 
entries 

http://www.ncbi.nlm.nih.
gov/Genbank/

ENTREZ, 
BLAST, 
DBGET 

nr Protein and nucleic acid 
databases compiled from 
GenBank, PIR, SWISS-
PROT, PRF, and PDB 

20 
million 
entries 

ftp://ftp.ncbi.nih.gov/blas
t/db/

ENTREZ, 
BLAST 

RefSeq DNA, RNA, and protein 
sequences from diverse 
taxa. Derived from 
GenBank 

9 
million 
entries 

http://www.ncbi.nlm.nih.
gov/RefSeq/

ENTREZ, 
BLAST, 
DBGET 

DDBJ Japanese version of 
version of INSDC 
(identical to GenBank) 

100 
billion 
entries 

http://www.ddbj.nig.ac.jp
/index-e.html

SRS, BLAST, 
FASTA, 
SSEARCH, 
DBGET 

EMBL European version of 100 http://www.ebi.ac.uk/em BLAST, 



39

INSDC (identical to 
GenBank) 

billion 
entries 

bl/ FASTA, SRS, 
DBGET 

UniprotKB 
(Swiss-
Prot, 
TrEMBL, 
PIR) 

Protein sequences 
database with a high 
level of annotations 

6 
million 
entries 

http://www.expasy.org/sp
rot

http://beta.uniprot.org/

http://www.ebi.ac.uk/swi
ssprot

SRS, BLAST, 
EB-eye on EBI 
website, 
MASCOT (for 
Swiss-Prot), 
ALDENTE, 
DBGET 

PRF Amino acids, peptides 
and proteins  

1.6 
million 
entries 

http://www.prf.or.jp/en/d
bi.shtml

DBGET 

KEGG Blocks of genes and 
proteins 

3.4 
million 
entries 

http://www.genome.jp/  BLAST, 
FAST, 
SSEARCH, 
DBGET 

GPMD Peptides and protein 
patterns by MS/MS 

50 
million 
entries 

http://www.thegpm.org/G
PMDB/index.html

GPM 

HPRD Human proteins  http://www.hprd.org/ BLAST, local 
website 

PubMed Proteins, nucleotides, 
genomes 

2 
million 
entries 

http://www.ncbi.nlm.nih.
gov/sites/gquery

Entrez, 
BLAST 

GENESEQ Patented genetic 
sequences 

8.8 
million 
entries 

http://www.thomsonreute
rs.com/products_services
/scientific/geneseq  

Local tool 

SBASE Protein sequences from 
Swiss-Prot, TrEMBL, 
PIR classified by 
similarities 

700000 
entries 

http://hydra.icgeb.trieste.i
t/sbase/

BLAST, 
Prosite pattern 
search 

Table 3: Inventory of the biological databases most suitable for the identification of proteins 
and peptides in the project 

1.3.4.8 Identification of biomarkers of the Duchenne muscular dystrophy using the 
lipid database of CNRS 

G!n!thon identified lipid biomarkers of the Duchenne muscular dystrophy thanks to the lipid 
database of CNRS and the Lipidmaps prediction tool.  

The database created by CNRS contains m/z spectra of about 30 most frequently occurring 
lipids within phospholipids, di-and triglycerides, ceramide derivatives and isoprenoids lipid 
families. This database is built as a reference data book of ToF-SIMS mass spectrum profiles 
for these lipid families. 
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1.3.4.9 Achievements of the project compared to the objectives and the state-of-the-art 
The main objectives of work package 4 concerned: 

· Specifications of software functionalities, the format of data and results 

· Development of the software and validation on real data 

· Production of functional and validated software and transfer to other WPs that use it 

· Providing a reference manual as a help to the users, as well as a comprehensive 
description of the processing functions included in the software  

The functionalities of the software address 4 themes: 

· Acquisition of data from analytical devices and storage in a standard format 

· Elementary processing and visualization tools (spectra, images) 

· Connection to existing databanks 

· Registration of images from different techniques 

All objectives of WP4 were completed by the project. The specifications of software were 
established in 2006 and delivered in report D4.1. The modules Easy MSI-SpectViewer and 
Data Cube Explorer are able to read data in imzML standard format and several equipment 
formats, to visualize and process spectral and image data.  

The module SamPS enables the combination of complementary imaging methods with the 
help of position markers, attached onto the target surface. The module EasyReg2D is able to 
register two images issued from different imaging techniques from the mutual information 
contained in both images. 

The connection to existing databanks was performed through the development of a 
webservice for the Mascot query tool, an inventory of the main peptide and protein databases 
interesting the mass spectrometry community, and the development of a small lipid database 
for internal use. 

All software modules were broadly tested and validated on biological data in the frame of 
work package 4, but also work packages 3, 5 and 6. Reference manuals are available for all 
modules. 

The state of the art at the end of the project for visualization and processing tools is detailed in 
Table 4. 
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Table 4: Use of multiple software programs is currently needed for MSI acquisition and 
analysis. Specific commercial and open source packages exist depending on the imaging 
modality (MALDI or SIMS), manufacturer, instrument, step of analysis (acquisition, 
visualisation, statistics). Abbreviations: AB: Applied Biosystems, BD: Bruker Daltonics, 
TFS: Thermo Fisher Scientific. Adapted from Jardin-Math! et al. (2008). 

1.3.5 Work Package 5 ªFrom data to knowledgeº 
Work package 5 has focused on the application of the developed imaging MS methodologies, 
strategies and protocols to various analytically challenging problems in the life sciences. In 
doing so it has highlighted the advances in the European imaging Mass Spectrometry realized 
by the efforts of the Computis consortium. Several of the developed strategies have found 
their way to research professionals all over the world demonstrating the broader international 
impact.  

The objectives of this work package throughout the project were: 

· To specify the functionalities of the image knowledgebase  

· To implement a common imaging MS data standard 

· To develop image-based multivariate statistical analysis routines 

· To develop image clustering and classification software 

· To develop high-level processing tools to interpret composite images from one or 
different samples 

· To develop data interpretation strategies  

1.3.5.1 Knowledge base ontology 
The diverse available imaging MS infrastructure within the COMPUTIS consortium has lead 
to experimental descriptors. This description is the basis for the ontology's used throughout 
the project. The different metadata elements are used to design and realize the imzML 
common data standard. In addition an overview of imaging MS processing software is 
provided. All of this information is captured in the knowledge exchange system KnowEx. In 
this metadata management system a specific virtual organization for COMPUTIS is created. 
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This concept, implementation and application of KnowEx for the COMPUTIS project is one 
of the results of this workpackage.  

Computational research in imaging mass spectrometry over the last years has provided us 
with new concepts, a basic computational infrastructure and a variety of new tools. The 
benefits of this research for the biological sciences are evident, particularly for research areas 
in biomedicine. Both a multimodal and multidisciplinary systems approaches are becoming 
much more prevalent throughout the life sciences.  

It is now common for life-science researchers from different backgrounds and disciplines to 
work together ± or in other words it is now widely recognized that the complexity of many 
current scientific problems in the life sciences has outgrown the grasp of any single discipline. 
For example, a present-day research program might attempt to unify in-vivo imaging, 
proteomics and metabolomics approaches. This also applies to imaging mass spectrometry as 
a substantial amount of knowledge can be generated from these complex experiments.  

All aspects ranging from sample collection, sample preparation, instrument configuration, 
data acquisition, data analysis and interpretation need to be addressed by different researchers. 
From that perspective it is important to design a common platform in which these resources 
can be accessed in a comfortable environment. For that purpose within the framework of the 
COMPUTIS project we have examined the different expertise areas available within the 
consortium. A knowledge base that makes available this expert knowledge to researchers in 
the field is developed and implemented. 

The specific COMPUTIS related virtual organizations are described and highlighted in 
KnowEx. Central to the Knowex collaboration platform is the virtual organization (VO). A 
VO represents a group of researchers or (parts of) organizations from various disciplines 
working together in an organized manner to answer a common scientific question. The 
various partners in the VO all bring certain resources into the collaboration (Figure 46).  

Figure 46: This figure shows how different parts of existing organizations (A, B and C) can 
be resource inputs for a newly formed collaboration, a virtual organization in Knowex 
terminology. 

In this example of a VO, one partner shares his computational facility, another partner his 
samples and a third his instruments and processing software. All necessary ingredients to 
tackle the scientific problem come together in this VO and are shared among the 



44

collaborators. Details about the sample harvesting and preparation, as well as experiment 
settings and measurement data are immediately and easily available to everyone within the 
collaboration. Every VO member is instantly aware of any progress made within the VO. 
Considering today's vast amounts of generated measurement data, it is very practical to be 
able to access and review data without having to transfer it first. Using Knowex it is possible 
to use previously created processing software and run it on the computational cluster of 
another collaborator, using data stored at yet another location. For example, in the mass 
spectrometry community a typical unprocessed dataset after half an hour of measurements can 
easily comprise a few ten's of gigabytes. Using Knowex there is no more need for 
unnecessary duplication and/or transfer of this information. 

There is an array of Knowex workflow templates developed at AMOLF available for 
Computis project. They range from simple documents to detailed reports, cover various 
aspects of mass spectrometry methods and practices (Figure 47).  

(a) Generic Computis document workflow:  (b) Tissue imaging workflow: 

(c) Workflow for 2D electrophoresis: 
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(d) MS SIMS workflow:  (e) Polymer MALDI imaging workflow: 

Figure 47: Selected workflows created in AMOLF for Computis 

Knowex is also illustrative as a facility of dissemination of every aspect of research 
achievaments and collaboration, and this little functionality can be regarded as special 
software for frequent reuse in Knowex. In this scenario, all participants, collaborators, and 
partner commercial companies are joined in a special VO containing templates with a specific 
format for poster-style presentable panels. Knowex was used to set up such a virtual 
organization.  

Presently, a standard workflow was created for Computis participants to input figures and text 
they would like on their poster. Publishing research status in this way has the advantage that 
the information is centralized and both the group leaders and group members can change and 
improve the content of the poster before approving the final content. The third party 
poligraphy producer then combines these data with the standard lay-out of physical paper 
posters. They subsequently print the posters and make PDF versions of the posters available 
in Knowex. Using Knowex thus not only uniforms the poster content, but also retains all the 
information at a central location and makes the content immediately available to the producer 
as well as the scientists. 

1.3.5.2 Multivariate image analysis software modules 
The mathematical basis, implementation and application of validated multivariate statistical 
tools for imaging mass spectrometry are a highlight of this work package. We review a set of 
basic classification tools that allow the identification of spectrally correlated features within 
an imaging MS dataset. These tools are employed to distinguish different tissue types for 
molecular histology. Their basis lies in clustering mathematics and they exist in a large 
variety of implementation. This report describes mainly the entry-level software packages, 
including different clustering tools, principal component analysis, feature recognition and 
orientation and a few excursions toward higher level processing using canonical correlation 
analysis (CCA). The implementations are illustrated with examples and workflow based 
approaches below 

1.3.5.3 Easy MSI (also called SpectViewer) 
CEA developed clustering tools for spatial (i.e. pixel-based) classification or spectral (i.e. 
m/z-based) classification. Due to the large data volume in mass spectrometry imaging, it is 
necessary to select robust and fast algorithms capable to process data with limited memory 
capacities and short cpu time. CEA implemented 3 algorithms of classification: K-means, 
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fuzzy clustering and hierarchical clustering. Figures 48 and 49 present examples of K-means 
clustering, and Figure 53 a hierarchical clustering. 

Figure 48: K-means clustering performed on a dataset of African statue patina 

Figure 49: K-means clustering performed on the distribution of a compound in skin section 

The diffusion map algorithm (Figures 50 to 53) enables to reduce dimensionality of data by 
embedding data in a space in which data are more easily synthesized, and to do a clustering 
analysis in the reduced data. 

Figure 50: Diffusion map performed on an oyster shell data set 

Patina of African statues
Original image             K-means clustering 

Oyster shell
Original image              Diffusion map 

Skin  sect ion                .
Original image       K-means clustering 
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Figure 51: Diffusion map applied to a rat urinary bladder section 

Figure 52: Diffusion map applied to a bacteria community 

Figure 53: Hierarchical clustering performed on the green cluster of Figure 49 obtained by 
diffusion map 

Bacteria               .
Original image           Diffusion map 
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Rat urinary bladder
Original image                 Diffusion map 
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1.3.5.4 Multivariate statistical analysis tools to analyze data from different samples 
CEA wrote some routines in R language to provide simple interactive data manipulations and 
visualization of module results and to do cross sample analysis. These routines perform for 
instance: arithmetic, manipulation and structuration, test of statistical difference by Student 
and Mann-Whitney-Wilcoxon tests on spectra and images. 

These routines were used by G!n!thon to identify lipid biomarkers of Duchenne muscular 
dystrophy (Figure 54). DMD is a severe recessive X-linked form of muscular dystrophy 
characterized by rapid progression of muscle degeneration, eventually leading to loss of 
ambulation and death. This affliction affects one in 3500 males, making it the most prevalent 
of muscular dystrophies. The disorder is caused by a mutation in the gene DMD, located in 
humans on the X chromosome (Xp21). The DMD gene codes for the protein dystrophin, an 
important structural component within muscle tissue. 

Figure 54: Application of multivariate statistical routines to samples of Duchenne muscular 
dystrophy to identify sane and diseased tissues. 

The mdx mouse has a genetic defect in the homologous region of the genome to the human 
DMD gene and similarly lacks the dystrophin protein. Slices of mice tibialis anterior muscles 
were studied corresponding to different classes: healthy, diseased and gene-therapy treated 
mice of various age, and in lateral and transversal directions.  

Hundreds of SIMS data files were generated in the study on Duchenne dystrophy. Each of 
these files contains mass spectra of each pixel and information about the localisation of pixels 
(Figure 55). Each analysed zone is composed of 256<256 pixels (total 65536 pixels), so 
65536 spectra were acquired for one SIMS image (300-800 Mo per image). Totally 372 
spectra have been generated corresponding to 3 conditions: healthy, mdx and mice treated by 
gene therapy. 

Duchenne myopathy 
Normal muscle          mdx muscle 

��� � Biomarkers 



49

Figure 55: Analysis of Duchenne dystrophy images pixel by pixel 

To analyse this huge quantity of information, G!n!thon utilized the multivariate statistical 
routines (Wilcoxon signed rank test) and temporal and spatial correlation (PCA and 
Hierarchical clustering) tools developed in the frame of the Computis project. Application of 
the non-parametric Wilcoxon test for comparison of healthy versus mdx permitted to identify 
a list of ions which expression is statistically different between these two populations. 

1.3.5.5 Application to a multimodal imaging MS experiment 
Success of an imaging MS experiment depends on the combination of many important steps 
starting from collection of the sample to the processing of the raw data for the final evaluation 
of the results. Figure 56 summarizes the flow diagram of the computational steps.  
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Figure 56: Schematic of the computational steps performed on multimodal MALDI and SIMS 
imaging datasets 

Prior to PCA and CCA analysis, MALDI and SIMS datasets have to be pre-processed since 
especially PCA is a sensitive technique. The datasets should be baseline corrected (in case of 
the MALDI dataset to generate discrete data) and reduced by a peak-picking algorithm. The 
first step in the statistical analysis involves PCA to minimize the noise and reduce the size of 
the data. A prior normalization and auto-scaling is important since, without these pre-
processing, the low intensity signals may be omitted in the PCA step. The data analysis 
schema allowed us to remove unwanted features, both spectral (m/z channels) and spatial 
(spectra/pixels), originating from chemical or instrumental noise. After pre-processing the 
data the MALDI data set contained 1306 spectra and 536 m/z channels. The SIMS dataset 
contained 1306 spectra and 500 m/z channels.  

The data are evaluated manually by checking the PC score images and related PC loadings. 
The score images are created by projection of the original spectra onto the calculated PC axes 
and plotting them in the x-y plane. Each PC yields 2 images: one for the positive scoring 
spectra and one for the negative scoring spectra. After every PC analysis, the irrelevant 
features were removed from the datasets. For instance, we observed that the first PC of the 
MALDI dataset originates from the rim of the tissue (data not shown). Inspection of PC1 
shows that the m/z values with a negative loading on PC1 are related to the matrix compound. 
The intense matrix signal creates an artefact, known as ion-suppression effect, in which it 
dominates the spectra and the images.  We removed all m/z values with a negative loading on 
PC1 and re-run the analysis. This significantly improved the resulting PC score images. PCA 
analysis of the SIMS dataset showed as main source of variance the difference between signal 
originating from the tissue surface and signal originating from outside the tissue surface. All 
pixels outside of the tissue surface scored positive on PC1, whereas all signal from the tissue 
surface scored negative on PC1. Removal of the off-tissue spectra from both datasets greatly 
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improved the results of the PCA because of the reduction of chemical and spatial noise. The 4 
highest ranked PC's from the SIMS and MALDI data are plotted as score images in Figure 57 
and 58 (upper group of images).  

Figure 57: PCA score images (above) vs. CCA score images (below) on SIMS data for human 
cerebellum tissue  

Figure 58: PCA score images (above) vs. CCA score images (below) on MALDI data for 
human cerebellum tissue. 

The final step of the procedure is to perform CCA to correlate the two datasets. To be able to 
calculate the correlation matrix, the input matrix for CCA must be square thus we must use 
the same number of PC's from both datasets. It is inevitable that we are introducing PC's 
containing noise from one of the datasets since it is unlikely that both datasets produce the 
exact same number of relevant PC's. The optimal number of relevant PC's to take into 
account for an optimal CCA is hard to determine since we are dealing with two different 
datasets. There many approaches found in literature to determine the number of relevant PC's.  

1.3.5.6 The self-organizing map for imaging mass spectrometry 
This section describes the self-organizing map feature, which is included in the Datacube 
Explorer visualization application. This analysis is classified as unsupervised competitive 
learning, and is also known as the Kohonen (neural) network. After a correctly parameterized 
analysis, an overview of typical image patterns becomes available. 

Figure 59 shows the principle of using the self-organizing map for the images of an imaging 
mass spectrometry data set.
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Figure 59: Principle of Kohonen neural network architecture 

The intensity values of the pixels of every image are fed into the input layer of the Kohonen 
neural network. Therefore, the number of input neurons n is equal to the number of pixels in 
an image. The output layer consists of m neurons, the number of image classes. Every output 
neuron c itself consists of n `pixels', which represent a classification of the input image data 
set. However it is not shown in Figure 60, the output layer is two dimensional, and typical 
images of the dataset are therefore ordered in a two-dimensional way. 

Figure 60: Typical output of the Kohonen neural network, for a 8 by 8 output 
configuration 
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1.3.5.7 Canonical correlation analysis 
Canonical Correlation Analysis can be employed to correlate two datasets from the same 
sample. This is an advanced form of datafusion. It requires the original imaging MS data to be 
reduced with principal component analysis prior to CCA. This can be achieved with the basic 
multivariate analysis software described in D5.2 or with the more advanced approach 
described in the previous section. To be able to calculate a correlation matrix describing the 
correlation between a MALDI and SIMS data set, the input matrix for CCA must be square. 
First we have to employ a method to determine the number of relevant PC's Most of the 
approaches available in literature apply to a single dataset. As we are looking for the optimal 
correlation between two datasets we developed a new approach to determine the optimal 
number of PC's for performing CCA that is described in this report.  

The criterion for choosing this number is that each PC added to the matrix must add more 
significant information than noise. The canonical variant space (CV space) is calculated 
repeatedly using an increasing number of PC's. Visual inspection of the principal component 
score images reveals that there are at least 5 relevant PC's in both datasets. The CV space is 
calculated using an input dataset created by 5 to 50 PC's. After each calculation the 
correlation coefficient between the scores of both datasets in the CV space, the CCA factors 
(CCAF), are stored. Quadratic summation of the 5 highest ranked CCAF's shows a curve that 
maximizes at the optimum number of PC's to use, which is in this case is 15.  

Figure 61 thus reveals the point where the extra PC's start to introduce more noise than useful 
signal. This maximum CCAF criterion produces good results. Visual inspection of the 
corresponding CV score plots agrees with the optimal number of PC's to choose. The 2 
highest ranked CV's from the SIMS and MALDI data are plotted as score images in Figure 
62. The significance level of the CCA is 0.1748 (70% of the mean canonical correlation). This 
implies that the 7 highest ranked CV's are significant.  

Figure 61: CCAF plot for 5 to 50 PC's 
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Figure 62: CCA score images for SIMS (top row) and MALDI (bottom row) data of the 
human cerebellum tissue. 

If we compare the score images calculated using PCA and the ones using CCA we can clearly 
see that the image contrast, and thus the interpretability, is improved by the CCA procedure. 
Combining the information of both datasets yields more information since we have linked the 
spectra in a statistical manner. The canonical correlations (defined as the square root of the 
Eigenvalues) of the 4 highest ranked canonical variates are 0.9229, 0.6162, 0.5936 and 
0.3379, the image correlations (CCAF) -0.8695, 0.6472, 0.3195 and 0.2154. 

The CV1+ loadings of the SIMS data show cholesterol related m/z channels, and has a strong 
correlation with a number of peptide m/z channels (~1700 to 4000 m/z) of CV1- of the 
MALDI data. Similarly, the CV1- loadings of the SIMS data show choline related m/z 
channels which are strongly correlated to the corresponding peptide signals (~1100 to 2000 
m/z) of CV1+ in the MALDI data. 

1.3.5.8 Data standard implementation 
The data standard imzML has been specified by the COMPUTIS partners. Several tools have 
been modified in order to support imzML. This implemented standard greatly facilitates the 
combination of different imaging techniques and allows the comparison of data for the 
evaluation of different methods. Many additional tools are available through mzML. In the 
long run a full integration of the imzML into the HUPO PSI mzML format is planned in order 
to increase the number of available tools and ease of use. We will illustrate the different 
imzML enabled modules developed by and within the COMPUTIS consortium.  

Imaging mass spectrometry is the method of scanning a sample of interest and generating an 
`image' of the intensity distribution of a specific analyte. The application of MS imaging is 
rapidly growing with a constantly increasing number of different instrumental systems and 
software tools. An overview of methods and applications of mass spectrometry imaging has 
been recently published. This method results in a large number of spectra which are typically 
acquired with identical measurement parameters. The data format described in this deliverable 
is the result of input of many partners within the COMPUTIS consortium. The development 
of a data standard is well embedded in the overall goal of this project; the development of 
new and improved technologies for molecular imaging mass spectrometry. An important task 
was the comparison of images generated by diverse types of mass spectrometers. Therefore a 
standard format for the exchange of MS imaging data was needed. Both the DICOM standard 
for in-vivo imaging data and the mzML standard by HUPO-PSI are not able to completely 

1+ 1- 2+ 2-

1+ 1- 2+ 2-
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represent an imaging MS experiment. Therefore a standardized data format was developed to 
simplify the exchange of imaging MS data between different instrument and data analysis 
software.  

Several of these data formats utilize two separate files: a small file (ini or XML) for the 
metadata and a larger (binary) file for the mass spectral data (e.g. Biomap and internal data 
formats at FOM and JLU). This structure proved to be very useful for flexible and fast 
handling of the imaging MS data and it was decided to follow this approach for the new data 
format. In order to keep as close as possible to existing formats we decided that the (small) 
metadata file should be based on the mass spectrometry standard mzML developed by 
HUPO-PSI. A more detailed discussion on why mzML was not fully implemented and about 
the relation between the two data formats (mzML and imzML) is found in WP 4. A new 
controlled vocabulary was compiled for imzML to include parameters that are specific for 
imaging experiments. All relevant information about imzML including specifications and 
example files can be found at www.imzML.org. 

The following section describes available software applications, including an example for a 
file converter, are presented. 

The fundamental goal while developing imzML was to design a data format for the efficient 
exchange of mass spectrometry imaging data. At the same time the format should be easily 
interchangeable with mzML. 

The main imzML development targets to 

· Ensure complete description of imaging MS experiments 

· Minimize file size 

· Ensure fast and flexible data handling  

· Keep the (XML part of) imzML as close as possible to mzML 

The success of imzML can be measured by the amount of interest of the imaging MS 
instrumentation vendors. Table 5 presents an overview of some imaging MS software with 
imzML capabilities. 

Software package Function imzML level 

Biomap One of the most widely used software tools for 
mass spectrometry imaging. It allows browsing 
through selected ion images as well as 
coregistration of images and includes a large 
number of additional analysis tools. 

Read only 

DCE Dynamic scrolling through masses in a dataset for 
fast and easy screening of a dataset. It also allows 
spectral analysis of regions of interest and contains 
advanced analysis features such as self-organizing 
maps for image classification. This tool is available 
on www.imzML.org. 

Read only 

SpectViewer /Easy 
MSI 

Software package suited for handling very large 
data files without the need of binning. It also 
includes automatic segmentation of images. This 
software runs under Linux and Windows. 

Read only 

vBrowser Metadata viewing and organization Read only 
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Mirion Developed for analyzing high mass resolution 
images. It allows a bin width of 0.001 mass units. 
This is necessary to take full advantage of the 
highly accurate mass data from FTMS instruments. 
It also allows overlaying different MS images as 
well as optical images. Individual mass spectra are 
directly accessible from the image. 

Read only 

Raw2imzML Data converter that converts RAW (thermo) data to 
imzML 

Write only 

Table 5: Overview of imaging MS software that has imzML capabilities. 

1.3.5.9 Achievements of the project compared to the objectives and the state-of-the-art 
The activities in work package 5 succeeded to meet the objective set out when Computis 
started. Several higher level tools for imaging MS based correlation analysis have been 
developed, tested, evaluated by users in the field and disseminated to researchers within the 
consortium as well as outside. As a result of the activities in WP5, the state-of-the-art has 
significantly advanced beyond the status at the start of the project. At that point in time, no 
concerted effort has been engaged in. Now tools are available to the European imaging MS 
community that will increase the effectiveness and efficacy of future MS imaging based 
research efforts.  

Among the achievements, we consider the KnowEx database filled with metadata resulting 
from the various data reduction strategies that were developed. A key challenge that was 
overcome was the capability to deal with very large data volumes resulting in particular from 
the high resolution multimodal imaging studies. SW modules were developed and 
documented that now allow resampling of the raw experimental data to generate smaller 
datasets that can be baseline processed, peak-picked, visualized, statistically analyzed and 
matched with existing peptide and protein databases whenever on-tissue peptide or protein 
identification is required. New data browsing (vBrowser, Data Cube Explorer) tools were 
developed that are both imzML enabled as allow a direct insight in the associated metadata. A 
significant effort was put in the documentation of the software tools that have been 
successfully used in the course of this project.  

1.3.6 Work Package 6 ªBiological applicationsº 
WP 6 is the final experimental work package of the COMPUTIS project. It integrates the 
developments of the other work packages which include sample preparation (WP1), 
instrumental developments (WP2), measurements techniques (WP3) and software tools 
(WP4=5).  

The specific objectives of WP6 are: 

· To investigate samples of tissue that is affected by disease 

· To perform a functional exploration of muscles in normal, Duchenne muscular dystrophic 
(DMD) and gene therapy restored mouse models 

· To validate differential analysis of molecular signatures from normal and diseased targets  

· To determine changes in expression patterns and identify metabolites and biomarkers for 
different states of the progressive diseases adequate for treatment evaluation 
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1.3.6.1 Infected tissue samples: Tubercle bacillus in lung tissue 
Tuberculosis is an infectious disease caused by Mycobacterium tuberculosis. Tuberculosis 
may affect many body organs, but primarily affects the lungs. Infectious tuberculosis is 
characterized by the development of many lesions (granulomas) within the affected organ. 
Figure 63 shows the optical image and two lipid signals from imaging mass spectrometry. 
The aim of this study is to monitor the uptake of tuberculosis drugs into granulomas. Initial 
experiments focus on granulomas chemically induced via direct injection of trehalose 
dimycolate. 

Figure 63: Optical Scanned Image  m/z 266 (lipid)  m/z 688 (lipid)

1.3.6.2 Cellular reference objects 
Cell cultures are used as model systems to study the pathogeneses and treatment of different 
diseases. Different cell cultures were treated with fluorescent labels. These tracers accumulate 
in the cell membrane (Figure 64 left) or the actin cell skeleton (Figure 64 right). These 
measurements are used as a reference for evaluating MS imaging experiments.  

Figure 64: Cell cultures treated with fluorescent labels 
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1.3.6.3 MS imaging of Neuropeptides at 10 !m 
The high resolution MS imaging technique developed at JLU was also used for the analysis of 
neuropeptides at 10 >m pixel size (mouse pituitary gland). The pituitary gland is composed of 
three lobes: the anterior lobe (adenohypophysis), the posterior lobe (neurohypophysis) and the 
intermediate lobe (pars intermedia). The anterior lobe is made up of epithelium cells. It 
synthesizes and secretes important endocrine hormones, such as TSH, PRL, GH, FSH, and 
LH. The posterior lobe is made up of glial cells. Hypothalamus and posterior lobe of the 
pituitary gland are directly connected via neurons. The hormones vasopressin and ocytocin 
synthesized in the neurons nuclei are stored and released in the posterior lobe of the pituitary 
gland (Figure 65). The hormones ACTH, � -endorphin and MSH are synthesized in the 
intermediate lobe by cleavage of the protein POMC. 
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Figure 65: Neuropeptide in mouse pituitary gland: (A) overlay of selected ion images: 
[M+H] + of vasopressin (m/z ? 1084.4451 u, red), PC (36:1) (m/z ? 826.5723 u, green), PC 
(38:4) (m/z ? 848.5566 u, blue);10 >m step size, (B) optical image after toluidine staining, 
(C) Full scan spectrum of individual pixel. 

Toluidine staining of mouse pituitary gland is shown in Figure 65. The tissue slice was 
stained with toluidine after mass spectrometric measurement. Cell nuclei are colored in blue. 
Since the posterior lobe contains mainly the axons of neurons and thus few cell nuclei it 
shows less blue staining than the other two lobes. The mass spectrometric measurement was 
done with high mass accuracy (@2 ppm), high resolution (R?30000) and high lateral 
resolution (step size 10 >m). The overall structure of the gland is nicely reproduced in the 
selected ion images. Posterior lobe and anterior lobe can be clearly distinguished by their lipid 
distributions. The ion image of vasopressin shows its occurrence solely in the posterior lobe, 
as expected. Oxytocin was also found in the posterior lobe. The identity of hormone peptides 
was confirmed by accurate mass and on tissue MS/MS measurements.
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1.3.6.4 Characterization of phospholipids in human breast cancer at 10 !m 
The detailed distribution of phospholipids in breast cancer tissue was investigated in first 
experiments with the high resolution MS imaging approach. Human tissue sections of 
infiltrating ductal carcinoma, the most abundant and also most dangerous type of breast 
cancer were analyzed. Since the malignant proliferation usually infiltrates surrounding 
adipose tissues, the histological investigation of intraoperative fresh frozen samples is not 
straightforward due to undesirable characteristics of adipose tissue. While classic histology 
provides ambiguous results, AP-SMALDI imaging of these tumors resulted in distinction of 
tumor and surrounding healthy tissues.  

Specific lipid profiles provide the possibility of unequivocal identification of cancer cells by 
MS imaging. In Figure 66, a thin section of infiltrating ductal carcinoma is shown with clear 
distinction of cancerous (red) and healthy (green) tissue at 10 >m spatial resolution. The 
tumor region features high signals of m/z ? 896.6006 which corresponds to an adduct of PC 
(34:1) ([M+K+DHB-H2O]+).  
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Figure 66: Human ductal carcinoma. (A) Optical image of tissue section. Darker areas 
indicate tumor tissue (B) 10 >m step size, overlay of selected ion images of m/z ? 529.3998 
(healthy, green), m/z ? 896.6006 (tumor, red, PC (34:1), [M+K+DHB-H2O]+) 

A single pixel mass spectrum of this measurement is shown in Figure 67. Numerous peaks 
corresponding to A. R\mpp, S. Guenther, Y. Schober, O. Schulz, Z. Takats, W. Kummer, B. 
Spengler, Angewandte Chemie International Edition49 (22): p. 3834-3838. 
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Figure 67: Single pixel FT mass spectrum (10 >m) of human ductal tumor 

1.3.6.5 Duchenne Muscular Dystrophy 
Human studies 

Duchenne muscular dystrophy (DMD) is the most common genetic disorder and affects 
1/3500 males in humans. It is characterized by the lack of dystrophin, a protein which is 
needed for normal muscle functions. Human striated muscle samples, from male control and 
Duchenne muscular dystrophy-affected children, were subjected to cluster-time-of-flight 
secondary ion mass spectrometry (cluster-ToF-SIMS) imaging, using a 25 keV Bi3

+ liquid 
metal ion gun under static SIMS conditions. Spectra and ion density maps, or secondary ion 
images, were acquired in both positive and negative ion modes over several areas of 500 x 
500 >m2, leading to an initial image resolution of 256 x 256 pixels. 

Several lipid markers have been identified in situ at the micrometer scale (Figure 68). 
Characteristic distributions of various lipids were observed. Vitamin E and 
phosphatidylinositols were found to concentrate within the cells, whereas intact 
phosphocholines accumulated over the most damaged areas of the dystrophic muscles. The 
same was observed for the cholesterol and sphingomyelin species. The fatty acyl chain 
composition of the phospholipids varied depending on the region. All these results allowed 
the estimation of the local damage extent. The results were published in N. Tahallah, A. 
Brunelle, S. De La Porte, O. Lapr!vote, J. Lipid Res.49 (2008) 438-454.


