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Abstract Mass spectrometry imaging has become a popular
tool for probing the chemical complexity of biological sur-
faces. This led to the development of a wide range of instru-
mentation and preparation protocols. It is thus desirable to
evaluate and compare the data output from different method-
ologies and mass spectrometers. Here, we present an approach
for the comparison of mass spectrometry imaging data from
different laboratories (often referred to as multicenter studies).
This is exemplified by the analysis of mouse brain sections in
five laboratories in Europe and the USA. The instrumentation
includes matrix-assisted laser desorption/ionization
(MALDI)-time-of-flight (TOF), MALDI-QTOF, MALDI-

Published in the topical collection Mass Spectrometry Imaging with guest
editors Andreas Rompp and Uwe Karst.

Electronic supplementary material The online version of this article
(doi:10.1007/s00216-014-8410-7) contains supplementary material,
which is available to authorized users.

A. Rompp (PX) - B. Spengler

Institute of Inorganic and Analytical Chemistry, Justus Liebig
University, Schubertstrasse 60, Bldg. 16, 35392 Giessen, Germany
e-mail: andreas.roempp@anorg.chemie.uni-giessen.de

J.-P. Both
French Atomic Energy Commission (CEA-LIST), Saclay,
91191 Gif-sur-Yvette cedex, France

A. Brunelle - A. Seyer
Centre de Recherche de Gif, Institut de Chimie des Substances
Naturelles, CNRS, 91198 Gif-sur-Yvette, France

R. M. A. Heeren * D. F. Smith (P<)

FOM Institute AMOLF, Science Park 104, 1098 XG Amsterdam,
The Netherlands

e-mail: donsmith@magnet.fsu.edu

O. Laprévote

Chimie Toxicologie Analytique et Cellulaire, EA 4463, Faculté des
Sciences Pharmaceutiques et Biologiques, Université¢ Paris
Descartes, 4, avenue de 1’Observatoire, 75006 Paris, France

Fourier transform ion cyclotron resonance (FTICR),
atmospheric-pressure (AP)-MALDI-Orbitrap, and cluster
TOF-secondary ion mass spectrometry (SIMS). Experimental
parameters such as measurement speed, imaging bin width,
and mass spectrometric parameters are discussed. All datasets
were converted to the standard data format imzML and
displayed in a common open-source software with identical
parameters for visualization, which facilitates direct compar-
ison of MS images. The imzML conversion also allowed
exchange of fully functional MS imaging datasets between
the different laboratories. The experiments ranged from over-
view measurements of the full mouse brain to detailed
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analysis of smaller features (depending on spatial resolution
settings), but common histological features such as the corpus
callosum were visible in all measurements. High spatial reso-
lution measurements of AP-MALDI-Orbitrap and TOF-SIMS
showed comparable structures in the low-micrometer range.
We discuss general considerations for planning and
performing multicenter studies in mass spectrometry imaging.
This includes details on the selection, distribution, and prep-
aration of tissue samples as well as on data handling. Such
multicenter studies in combination with ongoing activities for
reporting guidelines, a common data format (imzML) and a
public data repository can contribute to more reliability and
transparency of MS imaging studies.

Keywords Mass spectrometry imaging - Multicenter studies -
Multimodal imaging - Data formatimzML - Data handling and
processing

Introduction

Mass spectrometry imaging has become a widely used ana-
lytical technique for the analysis of complex surfaces [1-3].
Applications range widely, from biomarker discovery (lipids,
peptides, and proteins) to drug and metabolite distribution
studies. Such wide applicability has drawn many new re-
searchers to the field and lead to the development of a range
of ionization methods, sample preparation protocols, and new
instrumentation. It is thus desirable to compare the data output
from different methodologies and mass spectrometers, both
from an imaging perspective (i.e., Are the same spatial fea-
tures observed?) and from a molecular perspective (i.e., What
molecules are detected from each methodology and are they
comparable?).

A comparison between mass spectrometry imaging
laboratories could be broached in two ways: (1) a com-
mon sample could be distributed and complementary
techniques that yield different, complementary molecular
information could be compared, or (2) the same type of
molecules could be targeted (e.g., lipids) and different
sample preparation protocols and/or mass spectrometry
instrumentation could be compared.

Here, we report on a multicenter study of mass spectrom-
etry imaging that was conducted in five different laboratories,
which were all partners in the E.U. project COMPUTIS for
mass spectrometry imaging (www.computis.org). We have
used a common benchmark sample (mouse brain) to
compare results from a range of mass spectrometer types.
General considerations for planning and performing
multicenter studies in mass spectrometry imaging will be
discussed.

@ Springer

Experimental
Sample

Tissue samples measured in this study originate from coronal
mouse brain sections. Adjacent coronal sections of 10-um
thickness from the same mouse brain (female type 9 CFW-1,
Harlan Laboratories, Boxmeer, The Netherlands) were sec-
tioned on a cryo-microtome (Microm International, Walldorf,
Germany) at —20 °C and were thaw mounted on indium-tin-
oxide-coated glass slides (ITO; Delta Technologies, Stillwater,
MN), stainless steel plates, or silicon wafers (see Table 1). As
a reference, one section was stained with Hematoxylin/Eosin
(H&E, Fisher Scientific, Landsmeer, NL) as shown in the
Supplementary Material (ESM) Fig. S1. The samples were
stored in polypropylene slide mailers (Fisher Scientific,
Landsmeer, NL) at —80 °C before express shipment (on dry
ice) to individual partners. Due to instrumental difficulties,
some of these sections could not be measured or results were
not satisfactory. For this reason, additional tissue sections
(from different animals) were prepared. These sections were
prepared from the same approximate coronal region of the
mouse brain (for details, see Results section).

Instrumentation

A variety of mass spectrometers were used within the
COMPUTIS consortium. Table 1 gives an overview of the
instrumentation used for this study. Details of each instrument
and associated experimental parameters are given in the Sup-
plementary Material. The best combination of sample prepa-
ration, ionization type, and mass analyzer is highly dependent
on the analyte of interest and sample properties. Thus, the
correct combination must be chosen carefully. In our study,
the samples were prepared according to the established proto-
cols at each partner laboratory in order to obtain optimum
results. Thus, this study is not a pure comparison of mass
spectrometry (MS) imaging instruments, but also takes into
account different preparation protocols. The laboratories in-
volved were the FOM Institute for Atomic and Molecular
Physics, Amsterdam, Netherlands (AMOLF); Institut de
Chimie des Substances Naturelles, Gif-sur-Yvette, France
(CNRS); Justus Liebig University, Giessen, Germany (JLU);
and Novartis Institutes for BioMedical Research, Basel, Swit-
zerland (Novartis).

Data processing

All datasets were converted to the common mass spectrometry
imaging data standard imzML [4]. Procedures for each data
type are described in the Supplementary Material. In addition
to proprietary software, the open-source software MSiReader
(version 0.04) was used to navigate and display mass spectral
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Table 1 Overview of

instruments used in this Instrument Manufacturer Ionization type Partner Sample support
multicenter study
Ultraflex III Bruker MALDI AMOLF ITO glass
solariX 15T FTICR  Bruker MALDI AMOLF/PNNL  ITO glass
TOF-SIMS IV TonTof GmbH SIMS (Bi clusters)  CNRS Silicon
LTQ Orbitrap Thermo Fisher/TransMIT ~ AP-MALDI JLU ITO glass
QSTAR Applied Biosystems MALDI Novartis Stainless steel

images of the imzML datasets [5]. All data was exchanged
through a central sever location (ftp server of CEA-LIST,
Saclay, France).

Results and discussion

Phospholipids and proteins were chosen as examples to
display and discuss mass spectrometric images. Experi-
mental details and exemplary results for each method
(including mass spectra) are shown in the ESM
(Fig. S2-S12). There are several approaches on how to
compare different datasets in MS imaging. It is impor-
tant to keep in mind that mass spectral parameters and
spatial/histological parameters need to be considered in
combination for MS imaging experiments. Here, we
focus on the evaluation of detected spatial features and
discussion of practical aspects of the experiment.

B) MALDI-QStar

Relative intensity

0%
Fig. 1 Spatial distribution of selected ion images as acquired with
different MS imaging platforms: a MALDI-TOF (AMOLF), m/z
14,114; b MALDI-QStar (Novartis), m/z 810.6; ¢ MALDI-FTICR
(PNNL), m/z 810.5983; d AP-MALDI-Orbitrap, m/z 848.638; and e
cluster TOF-SIMS (CNRS), m/z 369.35. All datasets were converted to
imzML and displayed in the open-source software (MSiReader) with

C) MALDI-FTICR

F) H&E staining

The MS images of all measurements are shown in Fig. 1.
Phospholipid data is shown for matrix-assisted laser
desorption/ionization (MALDI)-QStar (B), MALDI-Fourier
transform ion cyclotron resonance (FTICR) (C), and
atmospheric-pressure (AP)-MALDI-Orbitrap (D). Proteins
are shown for MALDI-time-of-flight (TOF) (A) in order to
demonstrate the higher mass range of this instrument type.
Cholesterol is shown for cluster TOF-secondary ion mass
spectrometry (SIMS) (E). Due to the different areas analyzed
with the techniques, the MS images shown in Fig. 1 do not
directly match each other. The areas analyzed by AP-MALDI-
Orbitrap (Fig. 1d) and TOF-SIMS (Fig. 1e) are indicated in the
H&E-stained section in Fig. 1f. As discussed above, not all
measured sections originate from the initial set of adjacent
mouse brain sections. MALDI-TOF, MALDI-QStar, and
MALDI-FTICR data was acquired from different sections.
The corpus callosum is, however, visible in all measurements
as a common structural feature. These datasets are also suit-
able to discuss technical and practical aspects of this

D) AP-MALDI-Orbitrap

s

identical settings for color map, spatial interpolation, and intensity nor-
malization. Details on pixel size, dimensions, image bin width and mass
spectral parameters for each measurement are given in Table 2. f H&E
staining of coronal mouse brain section. Colored rectangles indicate
analyzed area of measurements shown in d and e
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comparison study. First of all, datasets were converted to
imzML (www.imzml.org), and MS images in Fig. 1 were
displayed in the open-source software “MSiReader” with
identical visualization parameters (“jet” color map, linear in-
terpolation of first order, TIC normalization). These settings
might not be the default choice for all measurements, but the
described workflow enables visualization parameters to be
uniformly adjusted for all datasets. This is an important step
towards objective evaluation and comparison of different MS
imaging techniques. The different software tools normally
used for these experiments resulted in diverse images due to
use of different color maps and varying options for interpola-
tion and normalization (see Supplementary Material). Alterna-
tive options to display imzML data are Datacube Explorer [6]
and “OmniSpect” [7], which are freely available, or the com-
mercial tools “Quantinetix” [8] and “MALDIVision” [9]. An
updated list of available tools is available at www.imzml.org.
The reporting of experimental parameters and display of
data is a crucial issue in mass spectrometry imaging. Experi-
mental parameters such as laser frequency, sample preparation
procedures, and pixel size are usually described. However,
parameters such as acquisition time, (statistical) mass accuracy,
and mass resolution are often missing. No or little information
is often given about the processing of data, such as mass bin
size used to generate the image, details of image interpolation,
and mass spectral normalization. These details are, however,
essential to evaluate the quality and information content of an
MS imaging experiment. Therefore, a summary of mass spec-
trometry imaging measurement parameters of this study is
shown in Table 2. This data includes image dimensions, pixel
size, and acquisition time, as well as mass accuracy and mass
resolving power and bin size for image generation. This data is
based on actual measurements and corresponds directly to the
MS images shown in Fig. 1 and in the ESM. Some of the mass
spectrometers used here have been superseded by newer

Table 2 Measurement parameters and characteristics

generation instruments with better performance. The results
presented here are therefore not meant to be representative for a
given technique, but it still shows general trends for different
ionization and mass spectrometer types.

This is also exemplified in more detail with a comparison
of MS imaging datasets from cluster TOF-SIMS and MALDI-
Orbitrap. Typically, TOF-SIMS is used for high spatial reso-
lution and MALDI for analysis of intact molecular ions,
accurate mass measurements, and MS/MS experiments. Until
recently, larger molecules could only be detected by MALDI,
typically at 100-um pixel size. Recent developments have
allowed MALDI analyses of peptides and lipids at 5 um
[10] and proteins at 10 wm [11] spatial resolution in biological
samples. On the other hand, the mass range of TOF-SIMS has
been significantly increased by employing cluster ion sources,
thus improving its applicability to biomolecules such as lipids.
Consequently, the capabilities of SIMS and MALDI are con-
verging. This is illustrated in Fig. 2, showing the distribution
of phospholipids in the mouse brain striatum as acquired by
two instruments in our study, an AP-MALDI-Orbitrap instru-
ment at 5-pum pixel size and a cluster TOF-SIMS instrument at
I-pm pixel size (the corresponding spectra are shown in
Figs. S3c and S11, respectively). The two measurements
(which were acquired from neighboring tissue sections) show
good correlation of spatial features and therefore demonstrate
that comparable results can be obtained with very different
MS imaging techniques. Similar structures are obtained in the
low-micrometer range, regardless that the samples were
shipped across Europe, prepared in different laboratories,
and measured with different instrumental platforms. Such
quality and comparability have only recently become possible
due to advancements in MSI technology for both MALDI and
SIMS. Nevertheless, these results also highlight the comple-
mentarity of different MS imaging techniques, in this case by
the highest spatial resolution of TOF-SIMS and molecular

Mass Ion source Polarity Image dimensions Pixel size [um]  Mass accuracy, = Mass resolution  Image bin Speed
spectrometer [pixels] ppm?* (FWHM) width, Am/z ~ [s/pixel]
x y
FTICR MALDI Positive 111 75 100 0.5 171,366 0.005 5.6
QStar MALDI Positive 46 75 200 133 8,882 0.4 1.3
Ultraflex I~ MALDI Positive 92 132 80 754° 276° 10 5.7
Orbitrap AP-MALDI  Positive 190 220 25 0.6 23,909 0.01 1.4
Orbitrap AP-MALDI  Positive 200 200 10 0.5 24,026 0.01 1.3
Orbitrap AP-MALDI  Positive 170 178 5 0.6 20,354 0.01 1.4
TOF-SIMS SIMS Positive 256 256 1 62 6,974 0.3 0.01
TOF-SIMS SIMS Negative 256 256 1 52 6,568 0.3 0.01

#Root mean square error (RMSE)—details on calculation of these values can be found in Supplementary Material I

°MALDI-TOF values are based on protein data
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Fig. 2 Comparison of
phospholipid distribution. a TOF-
SIMS measurement at 1-pm pixel
size: Overlay of selected ion im-
ages of C16 fatty acids (red),
cholesterol (green), and ST(42:2)
sulfatide (blue). b AP-MALDI-
Orbitrap measurement at 5-um
pixel size: Overlay of selected ion
images of PC(32:0)+K+
(m/z=T772.525, red) and
PS(40:0)+K+ (m/z=848.638,
green) without normalization or
interpolation

specificity of the MALDI data. Each of the discussed MS
imaging techniques has specific characteristics which make
them suitable for certain applications, e.g., MALDI-TOF
covers a wide mass range and MALDI-FTICR offers the
highest mass resolving power. The complementarity of differ-
ent MS imaging methods can be utilized in a “multimodal”
approach in order to obtain a wealth of spatially correlated
chemical information.

In general, instrumental advantages of MS imaging methods
are well known, but the actual performance depends on the exact
application (targeted compound class and sample type) as well
as experience and instrument status in the respective laboratory.
These practical parameters and real-life performance can be
evaluated in a multicenter study as discussed in this Note.

Here, we discuss general considerations and practical as-
pects for planning and performing multicenter studies in mass
spectrometry imaging. The first step is to decide on a common
sample. This choice obviously depends on the scope and
purpose of the planned comparison study. Mouse brain tissue
was chosen for our comparison study for several reasons: It is a
widely used model tissue for MS imaging studies and thus
results can easily be compared to measurements of rodent brain
samples obtained by other groups/methods. Its histological
structure and molecular composition are well known and thus
obtained results can be readily evaluated, e.g., by comparison
to online resources such as the “High Resolution Mouse Brain
Atlas” [12]. A critical factor for comparison studies (and
quality control efforts) is the fact that mouse brain tissue is
readily available and comparable tissue can be obtained in the
future. In addition, mouse brain tissue offers histological fea-
tures of different spatial dimensions including individual cells
(e.g., Purkinje cells). Its symmetric structure can provide a first
indication of measurement reproducibility over the tissue (if
the section is measured completely). These factors make
mouse brain sections an ideal sample for our study, and similar
activities where the focus is on comparison of methodology
(and data analysis) rather than biological interpretation. If more
complex (or more diverse) samples are used for comparison

studies, they should be as similar as possible, i.e., adjacent
sections cut from the same tissue sample. We originally dis-
tributed adjacent sections of one mouse brain, but not all of
them could be used for the measurements of this comparison.
Sections which were prepared subsequently do not exactly
match the histological structure of the original sections. This
problem could be avoided by two approaches: (a) distribute
more than one section per laboratory and (b) provide a better
definition of the targeted region (e.g., by referring to the “Allen
Mouse Brain Atlas” [13]) to obtain comparable tissue sections.

One important aspect for preparation and distribution of
sample is the sample support. Some instrument types require
specific properties such as conductive surface and/or physical
dimensions. Sample supports used in this study include glass
slides (uncoated), ITO-coated glass slides, stainless steel, and
silicon wafers (see Table 1). Sample thickness is another aspect
that can be relevant in some cases. These parameters should be
discussed and agreed on between all participating groups before
starting a multicenter study. As a practical aspect, samples which
are not chemically fixed should be shipped on dry ice with a
short shipping duration (overnight is best). Based on our expe-
rience, extra care should be taken with scheduling and docu-
mentation when shipping samples on dry ice to non-Schengen
countries such as the United Kingdom and Switzerland.

As a general note, it is difficult to use a standardized sample
preparation protocol for a comparison study, especially for
instruments as diverse as the ones used in our study. A
common sample preparation protocol could favor one of the
instrumental setups and would thus lead to biased results. We
therefore decided to use the sample preparation protocols
which are routinely used in each of the laboratories. Another
possibility would have been the analysis of two samples per
laboratory with a standardized protocol and an in-house pro-
tocol, respectively. The choice of sample preparation protocol
must obviously meet the demands of the experimental study.

The conversion to imzML is an important step for compar-
ing and evaluating MS imaging data from different instrument
platforms. It has two main advantages: (1) All partners can
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view and analyze data from other laboratories. They can
inspect raw mass spectrometric data and vary display param-
eters for MS images rather than evaluating the graphic repre-
sentation of selected mass spectra and predefined MS images.
This proved to be very useful in the course of the discussion of
technical and practical details of our study. (2) All datasets can
be displayed in a common software with identical options for
visualization, e.g., normalization and interpolation (as shown
in Fig. 1). If the measured area and pixel size match, data from
different instruments could even be overlaid directly.

Conclusions

Our study could be used as a guideline for future multicenter
studies in MS imaging. The concepts described here can also
be applied for more extensive collaboration studies, e.g., to
compare protocols and to establish best-practice guidelines, an
activity that is currently being pursued in the EU-funded
“COST action (European Cooperation in Science and Tech-
nology) Mass Spectrometry Imaging: New Tools for
Healthcare Research” (BM1104) [14].

There are different goals for multicenter comparison stud-
ies. “Technical” studies (using “standard” tissue, e.g., mouse
brain) focus on practical aspects of data acquisition, sample,
and data handling. The goal of such a study could be to ensure
comparable performance of an analysis workflow in different
laboratories. This kind of comparison could be the basis for a
study that focuses on a biological/biomedical application, e.g.,
the validation of biomarker discovery in different laboratories.
An example for a bilateral study as a first step in this direction
was recently reported [15].

Such multicenter studies in combination with ongoing
activities for reporting guidelines [16], a common data format
(imzML) [4], and a public data repository [ 17] will provide for
more reliability and transparency of MS imaging studies in the
future.
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