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Mass spectrometry imaging for clinical research –
latest developments, applications, and current
limitations

Pierre-Maxence Vaysse, Ron M. A. Heeren, Tiffany Porta *† and
Benjamin Balluff *†

Mass spectrometry is being used in many clinical research areas ranging from toxicology to personalized

medicine. Of all the mass spectrometry techniques, mass spectrometry imaging (MSI), in particular, has

continuously grown towards clinical acceptance. Significant technological and methodological improve-

ments have contributed to enhance the performance of MSI recently, pushing the limits of throughput,

spatial resolution, and sensitivity. This has stimulated the spread of MSI usage across various biomedical

research areas such as oncology, neurological disorders, cardiology, and rheumatology, just to name a

few. After highlighting the latest major developments and applications touching all aspects of translational

research (i.e. from early pre-clinical to clinical research), we will discuss the present challenges in transla-

tional research performed with MSI: data management and analysis, molecular coverage and identification

capabilities, and finally, reproducibility across multiple research centers, which is the largest remaining

obstacle in moving MSI towards clinical routine.

Introduction

Biomedical research relies on the investigation and analysis of
biological specimens such as body fluids and solid tissues.1 To
obtain comprehensive molecular information from these
samples, omics technologies are frequently employed.
Amongst these methods, mass spectrometry (MS) constitutes a
powerful and versatile technique for the unlabelled and multi-
plexed analysis of the non-genomic and non-transcriptomic
information from a broad variety of molecules ranging from
metabolites (metabolomics) to proteins (proteomics) to
pharmaceutical compounds.2–4

However, when it comes to spatially complex samples such
as solid tissues or alike specimens (e.g. organoids), it is crucial
for a correct biological interpretation to be able to assign the
detected molecular information to the individual cells or sur-
rounding areas such as the extracellular matrix. Therefore
methods are required that account for both the spatial struc-
ture and cellular heterogeneity of the sample.

For this purpose, most analytical workflows make use of
isolation steps of the cellular material of interest, such as

microscopic dissection (micro-dissection) or other cell-enrich-
ment procedures preceding the omics analyses.5,6 These
methods provide unrivalled analytical depth and sensitivity,
but are tedious, time consuming, and/or require previous
knowledge of the cellular entities of interest; and some may
even destroy the histological context of the sample.

Mass spectrometry imaging (MSI) is a microscopy tech-
nique that can directly analyse tissue sections without the
need to destroy sample integrity.7 All MSI-based techniques
rely on the discrete or continuous movement of a desorption
and ionization probe across a sample’s surface.8 At each
measurement coordinate, molecules present at the sample’s
surface are desorbed and ionised, and a mass spectrum is
recorded along with its current position. This enables plotting
images that show the spatial distribution and abundance of a
selected m/z species, and therefore molecule, in the sample.
To do so, the intensity values of a selected m/z species (or m/z
interval) are extracted from each acquired mass spectrum and
then arranged into an image based on the original positions
of the respective mass spectra (Fig. 1a and b). After the
measurement, an optical image of the very same sample can
be taken and coregistered with the MSI data (Fig. 1a and c).

The ability to combine MSI data with histological and mor-
phological information is critical for biomedical research.9

This allows not only a view of molecular distributions in their
histological context, but also the use of the histological infor-
mation to define regions-of-interest (virtual micro-dissection)†These authors contributed equally to this work.
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that harbour the cells of interest in order to extract their
characteristic profiles from different molecular classes such as
metabolites and proteins (Fig. 1c and d).10

These cell-type specific molecular profiles increase the
specificity of the investigation, making MSI an attractive tool
in clinical research. This is especially true of cancer research,
where MSI has made most of its contributions to biomarker
discovery, description of inter- and intratumor heterogeneity,
and high-throughput profiling to complement established his-
topathological diagnostics.11 The latter has especially bene-
fited from the rise of ambient ionization methods, which
usually do not require sample preparation, and accelerated
MSI instrumentation.12 Both innovations now enable the ana-
lysis of samples at time scales that could be compatible with
clinical practice. Furthermore, protocols have been developed
to make MSI compatible with routine clinical tissue proces-
sing, such as formalin-fixed, paraffin-embedded speci-
mens.13,14 Thus, MSI is not only considered a powerful bio-

medical research tool, but also has the potential to become a
clinical assay itself.

In this article, we review the history of MSI in biomedical
research in the light of the continuous technical developments
and improvements over the last 10 years, which were stimu-
lated by biomedical research and clinical needs. Existing limit-
ations of MSI will be discussed, which will highlight the
efforts that the MSI community must undertake to drive this
technology further, especially for clinical research and related
applications.

MSI imaging techniques

Mass spectrometry imaging (MSI) was developed in the early
1960s with the introduction of secondary ion mass spec-
trometry (SIMS).15 In SIMS, a pulsed ion beam moves across
the sample’s surface, and due to its impact, secondary ions are

Fig. 1 Mass spectrometry imaging (MSI) of a resected metastatic tumour specimen. (a) Visualization of the intensity distributions of two mass
signals belonging to two proteins with masses between 14 and 16 thousand daltons. (b) In a tissue section of the sample. (c) After acquisition the
very same tissue section can be stained and its microscopy image coregistered to the MSI data. The histological information can be used for manual
annotation of regions. Here, the region marked in red demarks necrotic cells and the region in blue, vital tumour with infiltrating inflammatory cells.
(d) These annotations can be used either to extract molecular profiles from regions of interest or to guide subsequent experiments for a local MSI
analysis or liquid extraction.
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generated locally and then directed to the mass spectrometer
inlet (Fig. 2a). This technique has been used for imaging the
elemental and molecular composition of surfaces at spatial
resolutions in the subcellular scale (Fig. 2d).16

It was not until the mid- and late 1990s that MSI based on
matrix-assisted laser desorption/ionization (MALDI; Fig. 1b)
was applied to biological tissue sections, which are placed as
sections on target plates17 or, a few years later, on (conductive)
glass slides.18 Using MALDI as a soft ionization technique, it
became feasible for the first time to image the distribution of
larger biomolecules in tissues (Fig. 2e).17,19 Therefore, most
commercial MALDI-MSI systems use a time-of-flight mass
analyser.

In contrast to SIMS, MALDI uses a laser to probe a specific
location on a tissue’s surface (Fig. 2b). MALDI-MSI requires
the application of an organic matrix to act as a mediator
between the laser energy and the analytes and to promote
their ionization. For a successful MALDI imaging experiment,

homogeneous matrix deposition across the tissue’s surface is
crucial, and can be accomplished by spraying, spotting, or sub-
limation. While this was done initially by hand-held sprayers,
biomedical research questions quickly demanded the
reduction of variance—within and between samples—through
automation of the matrix deposition. Several commercial
systems are now available (e.g. Bruker ImagePrep, SunChrome
SunCollect, HTX TM-Sprayer, tardo iMatrixSpray, TransMIT
SMALDIPrep), which differ in their condition control (tempera-
ture, oxygen level), homogeneity of the matrix coating, and
average matrix crystal size, all of which determine the experi-
mental limitations.20 The matrix crystal size, for instance,
defines the achievable spatial resolution,21 and environmental
conditions together with the chosen matrix and solvent influ-
ence the extraction capabilities and therefore the molecular
class that can be investigated.

Proteins were the first molecular class to be visualized by
MALDI-MSI.17 By the use of other matrices and sample prepa-

Fig. 2 Common mass spectrometry imaging (MSI) technologies. (a) Matrix-assisted laser desorption/ionization (MALDI) MSI requires applying an
organic matrix across the sample in such a way that the analytes are locally extracted and incorporated into the matrix. When the laser hits the
sample at a certain position, the MALDI process generates ions that are analysed by the mass spectrometer (MS), generating a spectrum which is
associated with that position. The acquisition of spectra in a grid-wise manner enables creating ion distribution maps. (b) Desorption electrospray
ionization (DESI) MSI works in a similar way, with the difference that, instead of a laser, a solvent spray is directed towards the sample for desorption.
As the solvent comes into very brief contact with the sample, it extracts the analytes locally and transports them to the mass spectrometer inlet.
DESI does not require a matrix and hence no sample preparation. (c) Secondary ion mass spectrometry (SIMS) imaging uses pulsed ion beams to
locally desorb compounds from a certain position. (d) The SIMS ion beam has the smallest diameter; hence it offers the highest spatial resolution,
followed by MALDI and DESI due to their larger laser and solvent spray diameters, respectively. (e) MALDI-MSI, however, offers the highest versatility
in the mass range and hence the type of investigable molecular class, ranging from small molecules to biological macromolecules such as proteins.
(f ) DESI is overall the fastest MSI method, but net (i.e. without sample preparation) MALDI performs equally. (a), (b), and (c) are reprinted with per-
mission from Addie et al.252 Copyright (2015) American Chemical Society.
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ration, MALDI-MSI has been quickly extended to other mole-
cular classes such as peptides, lipids, and small molecules
including exogenous compounds like drugs (Fig. 2e).22 For
each of these molecular classes, specific sample preparation
protocols have been optimized to improve their detection.
These optimizations include solvent washes and recrystalliza-
tion for low abundance intact proteins,23 enzymatic on-tissue
digestion for peptide imaging,24 and in situ derivatization of
analytes in order to increase their ionization efficiency.25 Due
to its versatility in terms of spatial resolution and molecular
coverage, MALDI-MSI has become the most popular MSI tech-
nique over the past few years and has been successfully used
in many clinical research studies, of which the most important
examples will be presented below. However, MALDI-MSI
suffers from a chemically intensive sample preparation, which
is time consuming and can be a source of artefacts.26,27 This
drawback has led to the development of other imaging-compa-
tible ionization techniques.

Desorption electrospray ionization (DESI) is one of the first
ionization sources to allow imaging under ambient con-
ditions.28 In DESI, a solvent of charged droplets is directed
toward the surface, which first leads to desorption of the ana-
lytes followed by their ionization based on the same principle
as electrospray ionization (Fig. 2c). Similar to the laser in
MALDI-MSI, the spatial resolution of a DESI-MSI experiment is
partly determined by the diameter of the aerosol hitting the
surface of the sample (Fig. 2d). As the spray is applied continu-
ously and the sample stage moves continuously, the horizontal
pixel size is defined by the analyser scan time during which
the sample stage moves a certain distance.29 With the intro-
duction of high-repetition rate lasers, a quasi-continuous situ-
ation is attained which significantly improved MALDI-MSI
acquisition speed. The horizontal pixel size is defined by the
stage motion, laser frequency, and a parameter defining the
laser shots to be averaged per pixel.30 In both cases, the dis-
tance between two horizontal line scans determines the verti-
cal pixel size.

With respect to the molecular classes that can be investi-
gated, DESI-MSI experiments from tissues have been mainly
reported on small molecules such as metabolites (e.g. neuro-
transmitters), drugs, and lipids (Fig. 2e).31–33 While changing
the spray solvent composition can selectively promote the
detection of certain molecules, the spray solvent can also be
loaded with a derivatization agent.34 In this so-called “reactive-
DESI” set-up, while the charged droplets hit the surface, a
short and selective chemical reaction can take place between
the derivative agent and the target analytes to improve their
detection. The ability to study samples with minimal or no
sample preparation makes DESI-MSI a valuable tool for high-
throughput MSI and therefore especially interesting for large
sample cohorts encountered in clinical research (Fig. 2f).35

DESI has paved the way for a variety of other kinds of
ambient ionization techniques. However, their current impact
regarding clinical research is at present limited, as they are
focused on their technical development or have been recently
introduced into the field.

Nano-DESI (nanospray desorption electrospray ionization),
for instance, improves DESI by substituting the charged
aerosol with a continuous micro-extraction realized by a liquid
bridge of solvent between two capillaries, leading to higher
spatial resolutions of up to 12 µm (ref. 36) and the capability
of protein analysis.37 LESA (liquid extraction surface analysis)
was reported for studying distributions of a wide range of ana-
lytes, including proteins, at the millimetre scale. LESA relies
on the formation of a liquid micro-junction with the tissue
and allows static extraction of analytes.38,39 LAESI (laser-abla-
tion electrospray ionization) combines a mid-infrared laser for
desorption and an orthogonal electrospray for transferring
multiple charges to the analytes. This promises to extract
larger biomolecules such as peptides and small proteins with
subsequent MS/MS identification in a single run.40 Finally, the
matrix-free laser methods LA-ICP (laser-ablation inductively-
coupled plasma), which enables analysing elemental distri-
bution in samples,41 and NIMS (nanostructure initiator mass
spectrometry),42 another matrix-free soft-ionization technique,
are also worth mentioning.

The three main techniques MALDI, DESI, and SIMS are
compared in Fig. 2 according to their working principle,
achievable spatial resolution, molecular coverage, and experi-
mental time investment, all of which are important for bio-
medical research studies.

Latest technical developments in
MS imaging
The quest for high throughput

Clinical research usually implies the analysis of hundreds of
patient samples, representative of large clinical cohorts. To
address clinical questions at relevant time scales, recent devel-
opments have enabled high throughput analysis with unpre-
cedented data acquisition speeds.43

While most MALDI-TOF instruments use a spot-by-spot
sampling technique in which the stage moves in discrete steps
under a stationary laser, recently developed systems utilize
continuous laser raster sampling to acquire data while conti-
nually firing the laser and scanning the stage.44,45 The per-
formance is further improved by faster laser repetition rates,
improving the acquisition rate to 50 pixels per second (50
times faster than that available in 2006) (Fig. 3a).46,47

To illustrate, if one wants to image a surface area of 10 ×
10 mm at a spatial resolution of 50 µm (i.e. with a pixel size of
50 × 50 µm, which is a total of 40 000 pixels), it would almost
take six hours using instruments operating at an acquisition
speed of two pixels per second. On the other hand, the same
experiment performed at an acquisition speed of 50 pixels per
second would only take 13 minutes.

Spraggins et al. obtained the distribution of lipids in a
sagittal rat brain tissue section within 10 minutes, obtained
from high speed MALDI-TOF MSI experiments combining a
high sample stage velocity of 5 mm s−1 in continuous laser
raster mode with a high laser repetition rate of 3 kHz.30 Using
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MS/MS, Prentice et al. were able to image drugs and common
kidney lipids in a complete section in less than 20 minutes at
a spatial resolution of 100 µm.47 With this next-generation of
high-speed MALDI-TOF MSI systems, it is now even possible to
use volatile matrices, which can improve the sensitivity for
certain molecular classes compared to commonly used
matrices.44 Combined with the use of tissue microarrays,
which can concentrate dozens to hundreds of patient biopsies

on one glass slide, a throughput of thousands of patients in a
few days has now become feasible (Fig. 3a and c).48

Although major improvements reported so far are related to
MALDI-MSI, recent developments have put DESI-MSI in a com-
petitive position with respect to speed, with acquisition speed
capabilities of 30 pixels per second.49 In addition, the absence
of time-consuming sample preparation contributes consider-
ably to reducing the overall analysis time (Fig. 2f).

Fig. 3 High-throughput character of MSI. (a) Technical developments in the last ten years have sped-up MSI systems by one and a half orders of
magnitude, as shown here for the number of analysable tissue cores per eight hours as a function of spatial resolution. (b) Tissue cores are punch-
outs from bigger tissue samples (usually formalin-fixed paraffin-embedded tissue blocks) with a diameter of 0.5 to 2 mm. As can be seen in the
depicted example (scale bar = 400 µm), high resolution scanning is recommended (i.e. here around 50 µm) to distinguish histological details within
a tissue core. (c) The experimental throughput can be increased by analysing a tissue microarray (TMA) which can contain hundreds of tissue cores –
i.e. hundreds of patients – on one microscopy glass slide (75 × 25 mm), as shown in the left panel. This allows correlating differential patterns of
molecular species within the clinical data of the patient tissue cores present on the TMA. Examples of visualization of two small molecules are
shown in the middle and right panels. Abbreviations used: H&E, haematoxylin and eosin staining.
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Altogether, these improvements offer the possibility of
answering clinical questions in short timeframes at high
spatial resolution.

Imaging at cellular length scales

Tissue is a highly complex system at the cellular level.50 High-
resolution imaging combined with molecular specificity would
thus be extraordinarily beneficial for a better understanding of
the construction of a cellular system, especially in small-scale
samples such as biopsies or tissue microarrays cores (Fig. 3b).
Developments in sampling techniques have enabled imaging
at cellular length scales.51 In cancer, for instance, this allows
for a more differentiated molecular analysis by separating
tumour cells from stromal components52 or inflammatory
infiltrates.53

In this sense, SIMS is particularly attractive for sub-micro-
metre resolution imaging,54 but at the expense of long acqui-
sition times. Advances in ion probe technologies have
increased the dynamic range and sensitivity of SIMS, allowing
2- and 3-dimensional localization of analytes in a variety of
cells.55,56 In 2011, Brison et al. used SIMS to create molecular
depth profiles of human HeLa cells treated with the anticancer
drug bromodeoxyuridine allowing imaging of molecular and
atomic species from BrdU inside the nuclei of the cells.57

While current commercial MALDI-MSI instrumentation
allows the acquisition of 10 µm pixels, 5 μm MALDI imaging
without oversampling has recently been reported.58 MALDI
sources operating at atmospheric pressure allow for the return
of subcellular pixel sizes below 2 μm.59,60 This is possible by
focusing the laser beam, which consists of a pre-focusing part
outside a vacuum and a final focusing part within the vacuum
directly above the sample manipulator.59,60 However, decreas-
ing the size of the sampled area affects the sensitivity nega-
tively and there is a compromise to make between resolution
and sensitivity.61

Laser-ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) offers nowadays a lateral resolution
down to 1 µm and has been applied in biomedical research
such as epitope-based MSI.41

Epitope-based MSI

Targeted epitope-based MSI utilizes laser cleavable mass tags
bound to specific antibodies for detecting multiple antigens in
a single tissue section.62 Imaging mass cytometry, based on
LA-ICP-MS, has emerged as a highly multiplexed epitope-
based imaging approach that uses rare earth metals as repor-
ters on antibodies enabling high-dimensional, single-cell
imaging of the cell type and state.63 Bodenmiller et al. demon-
strated the simultaneous imaging of 32 proteins and protein
modifications at subcellular resolution in human breast
cancer samples, allowing delineation of cell subpopulations
and cell–cell interactions and highlighting tumour hetero-
geneity.64 The advantage of this approach compared to un-
targeted MSI is its increased sensitivity and specificity at the
price of being able to target antigenic proteins alone.

Advances in sample preparation

MSI experiments have benefited from technical advancements
at the MS instrumentation level. However, sample preparation
is equally important, and therefore techniques and protocols
have also been improved to match the capabilities of new MS
instrumentation. It has been shown that optimized sample
washing protocols can significantly improve the overall spec-
tral quality of certain molecular classes such as lipids or
proteins.65–69 Furthermore, in MALDI-MSI, new matrix depo-
sition techniques that provide smaller crystal sizes and
decreased diffusion were necessary to match the reduced laser
focus. Today, new matrix coating systems, such as sublimation
devices, offer crystal sizes of less than 3 µm.23,70 Also, pre-
coated glass slides were introduced that decrease sample
preparation times and batch effects due to temporally very
distant matrix coating procedures.71 Sample preparation proto-
cols were further developed to enable the detection of pre-
viously unexploited molecular information.

Sample preparation can be specifically optimized by the use
of on-tissue derivatization agents. For target analytes such as
drugs, derivatization can be extremely useful to increase their
ionization efficiency and/or to avoid background interferences
by shifting their m/z signal in the spectrum. Barre et al., for
example, used GirT to derivatize triamcinolone acetonide, a
drug employed to ameliorate the inflammation and pain of
osteoarthritis.72 Recently, Liu et al. used diethyldithiocarbamate
to enhance the signal of platinum-based drugs, which are
widely used anti-cancer agents.73 But derivatization can also be
beneficial to enhance the signal of a group of molecules of
interest. Esteve et al. used three derivatives to enable imaging of
23 amino metabolite distributions such as glutamate or GABA
in mouse brains.25 Franck et al. have improved on-tissue
protein identification by derivatizing N-terminal peptides,
which increased fragmentation yields significantly.74 Finally,
the spray solvent of reactive DESI-MSI was loaded with a deriva-
tization agent to promote a selective and short chemical reac-
tion for signal enhancement of cholesterol in brain tissue.75

Another important on-tissue chemistry is digestion, in which
an enzyme is deposited onto the tissue’s surface. In situ proteo-
lytic digestion is key in the proteomic analysis of formalin-fixed
paraffin-embedded (FFPE) tissues, which constitute the vast
majority of archived tissues in a clinical setting. The develop-
ment of methods for the reversal of the formalin-fixation in
order to maximize the obtainable proteomic information has
hence been of interest to many MSI groups with clinical
aspirations.76–78 These different approaches have been further
investigated, compared, and optimized in terms of data quality,
tissue-type specific dynamics, and reproducibility.79–82 The use
of enzymes is not only restricted to the aim of detecting pep-
tides, but also specific post-translational modifications.
Glycosylation is one of the most important protein modifi-
cations involved in cell signalling and recognition. The use of
PNGase F to gain access to glycans has been transferred to MSI
of frozen and FFPE tissues and shown to reveal biomedically
relevant information.83,84 First, Holst et al. combined derivatiza-
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tion and subsequent PNGase digestion to distinguish the distri-
bution of glycan enantiomers in sarcoma tissues.85 Shortly
later, Heijs et al. sequentially applied different enzymes on the
very same FFPE tissue section to obtain information on both
N-glycans and peptides.86

These approaches show that the molecular information
contained in FFPE tissues on proteomic and protein-modifi-
cation levels is rich and can be extracted using appropriate
techniques. Recently, Walch et al. demonstrated that metabolic
information can also be extracted from clinical FFPE tissues
using high-mass resolution MSI.14 Running against the
assumption that metabolites are washed out during tissue fix-
ation, many metabolites with clinical value are retained.87

Advances in mass resolution, accuracy, and selectivity

MSI has not only advanced in terms of speed, spatial resolu-
tion, and sample preparation, but has also profited from
general improvements in mass analyser technologies in order
to increase mass resolution and mass accuracy.

Time-of-flight. Most MALDI-MSI instruments are still based
on time-of-flight (TOF) mass spectrometry (MS). TOF-MS offers
a high mass range and high throughput, and the latest devel-
opments have contributed to increasing its performance in
terms of mass resolving power and mass accuracy. Particularly,
the introduction of orthogonal acceleration geometry (oa-TOF)
allows for hybridization between TOF and quadrupole mass
analysers, i.e. QqTOF have been demonstrated to be particu-
larly suited to the analysis of small molecules, with mass resol-
ving power up to 50 000 and with MS/MS ability.88–90 TOF/TOF
instrumentation that enables multiple fragmentation events to
be performed in a single laser shot was also demonstrated to
be beneficial for the on-tissue quantitation of drugs.91

Fourier-transform ion cyclotron resonance mass analysers.
Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) provides the highest mass resolving power
(≫100 000) and accuracy (<1 ppm) and allows for multistage
MS/MS capabilities.92 FT-ICR MS is not routinely used for high
throughput/resolution imaging due to the long in-cell accumu-
lation required. But the use of FT-ICR MS for high mass
resolution MS imaging has enabled imaging of mass channels
with a bin size as low as Δm/z = 0.005, thereby revealing new
features that cannot be resolved with lower resolution
instrumentation.92–95 The increased mass accuracy provided
by FT-ICR MS has also improved identification capabilities in
MSI (see the section on identification strategies below).

Tandem mass spectrometry. Tandem mass spectrometry
provides additional information on the structure of the ana-
lysed molecules based on detecting their fragments. In MSI,
tandem MS has been performed directly from tissue to identify
peptides or lipids using either TOF/TOF, Q-TOF, or Orbitrap
systems.60,96,97 Tandem MS is also particularly suited for tar-
geted imaging and offers unique capabilities in monitoring
specific ion fragment transition(s) (“selected reaction monitor-
ing”, SRM) which provides unprecedented selectivity and
therefore sensitivity for given compounds. Despite their lower
mass resolution, quadrupole and ion trap mass analysers are

particularly suited for targeted imaging of small mole-
cules.31,98 Hence, especially drug imaging studies have bene-
fitted from the high selectivity and speed of SRM imaging on
MALDI and DESI systems.29,99–101 But recently also parallel
MS1 and MS2 have been introduced for SIMS.102

Ion mobility. The implementation of a post-sampling and
post-ionization gas-phase separation technique in an MS
imaging workflow is advantageous to differentiate isobaric
analytes based on their different structures and also to dis-
criminate between ions of interest and interfering biological
matrix ions.103 The interest in ion mobility separation (IMS) in
MSI has therefore increased considerably over the last few
years.104 IMS has proved suitable for the analysis of various
analytes, from small drugs,105 carbohydrates, and lipids106–108

to peptides,109,110 proteins,111,112 and protein complexes.113 In
MALDI-MSI, IMS helped spatially localize and structurally
identify acylcarnitines and a variety of lipid species present in
breast tumour xenograft models.106 In DESI, ion mobility
demonstrated its use in studying fragile species like ganglio-
sides, thereby generating complementary information to
MALDI-MSI.107 Recently, FAIMS (field asymmetric waveform
ion mobility) has been introduced and coupled with DESI-MSI;
it has been demonstrated to increase the sensitivity and signal
to noise of gangliosides and cardiolipins.114

Identification strategies for metabolites, peptides, and
proteins

The technical advances mentioned in the section before,
especially the availability of high mass resolution and
additional separation techniques such as IMS, have also
helped improve the ability to determine the identity (ID) of
detected m/z species. This is of key importance in MS imaging
when investigating potential new biomarkers, understanding
the biology and chemistry of a diseased system, or confirming
the identity of targeted compounds. In MSI, the identification
of certain compounds is either performed by MS/MS experi-
ments directly from tissue and/or by matching the measured
m/z value to a database. On-tissue procedures face the chal-
lenge of a small amount of analytes present in an imaging
pixel (in a 50 µm pixel there are about 25 cells). Ionization pro-
cedures that could increase the ion yield per pixel would be
valuable. Using a second laser to initiate a second ionization
wave in the gas phase, Soltwisch et al. increased ion yields by
up to two orders of magnitude.115 But this has been restricted
to lipids so far. The database approach makes use of either
public databases (e.g. METLIN or MSiMass list) or private data-
bases based on a set of compounds which have been pre-
viously determined to be present in that sample by separate
proteomics/metabolomics experiments from tissue extracts.116

Overall, there are different identification procedures, which
depend on the compounds of interest:

Intact proteins. The majority of intact protein MSI experi-
ments are performed on linear time-of-flight (TOF) mass ana-
lysers, which do not return structural information for direct
on-tissue identification. Consequently, one way of identifying
proteins has therefore been to first extract all protein content
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from the tissue, and then separate the proteins by HPLC frac-
tionation, and perform either top-down or bottom-up analysis
on the purified fractions containing the masses of inter-
est.117,118 Also, while TOF-MS offers the benefits of a wide
mass range and high throughput, it falls short in mass resolu-
tion in the higher mass range. FT-MS provides a significantly
higher mass accuracy than TOF analysers. Spraggins et al. have
used FT-ICR MS to image proteins up to 12 kDa and enable
their identification based on correlating the accurate protein
signals (<5 ppm) with top-down proteomics data.119 The
results of such experiments are very valuable input for public
protein MSI databases, such as the MSiMass list.120

Peptides. The database lookup approach can be applied to
peptides as well, where highly accurate masses can be cor-
related to the results of parallel bottom-up proteomics experi-
ments.78 This must, however, involve on-tissue digestion in the
MSI sample preparation. Heijs et al. have optimized the use of
several MALDI-compatible proteases, which enabled assign-
ment of 630 peptides, corresponding to 280 proteins, to peaks
found in the FT-MSI data sets.78 In the mass matching
approach, the confidence in identification is directly depen-
dent on the mass accuracy of the MSI experiment. Schober
et al. have determined the necessary mass tolerance to be less
than 3 ppm.121 But in contrast to proteins, peptides can also
be identified directly from tissue by using MS/MS experiments.
The use of TOF/TOF analysers for on-tissue identification has
also been demonstrated, where the first TOF is used to select a
precursor ion for fragmentation and the second TOF is used
for the rapid and parallel analysis of fragments allowing the
identification of the isolated compound of interest.122–124 The
identification from tissue is challenging due to the lack of
chromatographic separation in an imaging experiment.
Adding an additional separation step after surface sampling,
either based on gas-phase ion mobility or liquid-phase chrom-
atography (LC), can provide improved selectivity and hence
confidence in analyte identification. To illustrate, LESA-MS
combined with bottom-up proteomics provides a way to
increase the number of identifications to around 500 proteins,
but comes at the price of lower spatial resolution.38

Small metabolites and lipids. Due to a lack of comprehen-
sive MALDI and DESI MS/MS databases and search algorithms
for lipids and small metabolites, high mass accuracy provides
an important indication of identity. A common approach is to
first match the measured molecular weight with a small mass
tolerance to a public database, such as HMDB (http://www.
hmdb.ca/), METLIN (https://metlin.scripps.edu), or lipid maps
(http://www.lipidmaps.org/), and then check if the observed
fragmentation spectra are in line with the structure of the pro-
posed match.125 The final confirmation can be obtained by
comparing the fragmentation pattern with the one from a
corresponding standard compound.87

Three-dimensional MSI

The reconstruction of analyte abundances in an entire three-
dimensional (3D) volume allows delivering contextual infor-
mation to 2D images and reducing the possibility of neglecting

small anatomical structures. 3D MSI data can be created in
two ways: (i) by the sequential acquisition and registration of
multiple 2D tissue sections followed by combination into a
single 3D representation achievable with MALDI126–128 or
DESI,129 or (ii) by depth profiling using secondary ion mass
spectrometry.130–134

For the first approach, accurate coregistration of a stack of
consecutive 2D MSI images is the most critical and difficult
step. In addition, comparison with other modalities (e.g.
MRI135) can be required. Chughtai et al. have developed a co-
registration technique which consists of using fiducial markers
with optical and molecular properties. These markers allowed,
on the one hand, accurate coregistration of multimodal data
from MSI with histological and fluorescent microscopy
images. On the other hand it also allowed coregistering a set
of serial tissue sections to reconstruct 3D MSI images of a
breast cancer sample.136 Also, recently, Patterson et al.
described how open-source software can be used to obtain
high-quality visualizations and multivariate segmentations
from 3D MSI data.137 By analysing atherosclerotic plaques,
they also demonstrated the added value of 3D MSI for the
investigation of samples where the volumetric spatial organiz-
ation is important. Furthermore, 3D MSI has been used suc-
cessfully in the field of microbiology to characterize microbial
metabolic exchange127 and also for 3D single cell
imaging126,130,134

Advances in bioinformatics

The success of a MSI study is strongly dependent on down-
stream data analysis capabilities. Clinical MSI usually involves
the analysis of dozens to hundreds of samples to achieve the
required statistical power. With the advent of high mass and
high spatial resolution data sets and therefore individual data
set sizes in the gigabyte range, the processing and handling of
data in a clinical MSI study has become computationally
demanding. While vendors are incorporating on-the-fly data
reduction and processing methods during acquisition, soft-
ware developers have come up with intuitive and efficient MSI
software packages to facilitate the analysis of clinical MSI data.
Commercial software packages, such as Multimaging
(Imabiotech, France) or SCiLS (Bruker Daltonics, Germany),
can handle terabyte-sized, multi-sample data sets and include
many statistical tools for biomarker discovery. Open-source
software is also available, such as MSiReader,138 Cardinal,139

Biomap,140 msiQuant,141 or SpectralAnalysis,142 but is less
focused on the simultaneous analysis of several samples.

A special interest of researchers has also been to further
develop data analysis techniques, which account for the very
special nature of MSI data, i.e. multivariate data in a spatial
context. Van de Plas et al., for example, correlated the multi-
variate patterns of a low resolution MSI image with the histo-
logical entities from a higher resolution optical image in order
to create super-resolution MSI images at the resolution of the
optical image.143 In this way they were able to increase the
resolution of an MSI image by a factor of ten. Our group also
exploited the spatial context of MSI data in another study.
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So far, classical statistical tests, such as a t-test, within a
sample have not been valid due to the spatial dependence of
the single spectra. We showed that using conditional autore-
gressive models, which account for the spatial autocorrelation
of mass signals, within-sample statistical comparisons can be
performed. This is useful, for example, in determining signifi-
cant differences in drug distributions in a tissue.144

Clustering is a powerful tool in MSI and has been demon-
strated to be capable of differentiating tumour types, visualiz-
ing intratumor heterogeneity, and segmenting anatomical
structures.145 Also, clustering algorithms have been improved
by incorporating the spatial information of the data.146

Likewise, the project MetaSpace uses the spatial infor-
mation of the detected isotopic patterns to increase the confi-
dence of metabolite identification.147 The MetaSpace project is
an open-data repository where every active user can see the
data of other users. The open design also enables the sharing
of knowledge represented by manual annotations of
molecules.

Sharing data and knowledge

Sharing data and knowledge is becoming more important, in
general, in MSI. This is particularly critical for clinical MSI
studies, where different scientific disciplines, represented by
clinicians, biologists, chemists, and data analysts, have to
work side by side. Therefore, platforms to share data and
knowledge (and the capability of processing and analysing
data together) are becoming vital for the success of projects.

Building blocks for these platforms are common standards
and open data repositories. Introduced in 2012, imzML has
become the de facto data exchange format in MSI, which is
now also supported by most instrument vendors.148 Data repo-
sitories for MSI data followed, such as the open
ProteomeXchange platform149 and MetaSpace, which allows
online viewing of MSI data sets.147 The commercial SCiLS lab
cloud (scils-cloud.de) goes a step further, allowing all collabor-
ators including clinicians to contribute their knowledge on the
same data online, similar in function to a Google document.

Other building blocks for sharing knowledge are common
standards for reporting and guidelines for setting up and
interpreting the results from clinical MSI experiments. Steps
towards this have been taken by proposing guidelines for
reporting MSI data and results based on the MIAPE (minimum
information about a proteomics experiment) standard.150

Finally, Lou et al. have reported a comprehensive manual for a
successful biomarker discovery in histologically complex
tumour tissues. The aspects ranged from tissue preparation
and data acquisition to data quality control, histology-defined
data selection, data processing, and statistical analysis.151

Highlights of clinical research performed with MSI

Historically, clinical MSI was mainly represented by
MALDI-MSI, orientated towards protein biomarker discovery,
given the fact that results can be validated by existing tech-
niques such as LC-MS/MS, SDS-PAGE, or immunohistochemis-
try. With the advent of ambient ionization methods, many

studies have used DESI-MSI for clinical tissue classification
based on lipid profiles. These two MSI-techniques have already
proved useful to provide relevant information in several clini-
cal research areas. Focusing on the accomplishments in oncol-
ogy – which are summarized in Fig. 4 – this section will review
major past and present highlights of clinical MSI, also in
various other research areas such as neuropsychiatry and neu-
rology, nephrology, ophthalmology, and finally rheumatology.

MSI in oncology

Biomarker discovery. Biomarker discovery has the aim of
identifying patterns or single signals of biomolecules that can
stratify patients according to their diagnosis, disease state
(staging), and prognosis to enable a more personalized
therapy. In 2003, Yanagisawa et al. were the first to report the
successful use of MALDI-MS tissue profiling combined with
class-prediction models based on differentially expressed pro-
teins to accurately determine lung cancer histology, dis-
tinguish primary tumours from metastases, classify nodal
involvement, and predict the prognosis of patients.118 This
study was not an imaging study, but was an MSI landmark
paper as it gave evidence of the potential of biomedically rele-
vant information that can be obtained when interrogating
tissue directly by MALDI-MS. The same group showed a few
years later that MALDI-MS imaging was also able to obtain
similar information from archived tissues where peptide pro-
files were found in 112 biopsies from lung-tumour patients to
discriminate adenocarcinoma from squamous cell carci-
noma.97 In the following years many oncological studies have
exploited the potential of MSI to find biomarkers for diagno-
sis, prognosis, or therapy response prediction.

Diagnosis. Some of the first cancer MSI studies were inter-
ested in finding diagnostic markers, where the tumour profiles
were compared to the healthy tissue correlate. One of the first
studies in 2007 used MALDI-MSI to find the protein fragment
Reg alpha as the potential biomarker for ovarian cancer, which
has been confirmed in a second study by immunohistochemis-
try (IHC) on 179 tissue samples.152,153 In 2009, Cazares et al.
found m/z 4355 to accurately discriminate cancer from unin-
volved prostate tissue. The molecule was identified by on-
tissue MALDI tandem mass spectrometry as a fragment of
mitogen-activated protein kinase/extracellular signal-regulated
kinase kinase kinase 2 (MEKK2). The knowledge of the identity
enabled investigating and confirming the discriminatory
power of MEKK2 orthogonally by IHC.154

Classify preneoplastic lesions. The correct classification of
preneoplastic lesions during screening or surveillance is
crucial for initiating a curative treatment. For example,
patients with intestinal metaplasia in the oesophagus are at
higher risk of developing cancer. Elsner et al. have shown that
the histological specificity of MSI provides a powerful tool to
distinguish Barrett’s adenocarcinoma from its premalignant
stages based on several differentially expressed proteins.155

Another group at risk is patients with cirrhosis since they
might develop liver cancer (HCC). Laouirem et al. investigated
the mechanisms associated with the transition from cirrhosis
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to HCC and found increased ubiquitin truncation catalysed by
an elevated de novo expression of KLK6 along cancero-
genesis.156 Similarly, Rebours et al. identified ubiquitin and
thymosin-beta 4 as markers of malignant intraductal pancreatic
mucinous neoplasms, which are precancerous cystic
lesions.157 The robustness of the results was further corrobo-
rated in larger cohorts using TMAs and endoscopic ultrasound
fine-needle aspiration.

Staging. Once the diagnosis of the presence of cancer has
been made, the disease stage has to be determined. The first
examples of MSI for tumour staging go beyond classical histo-
pathological examination where MALDI-MSI was used for the
classification of Her2 receptor status in breast and gastric
cancer tissues.117,158 Since both routine immunohistochemistry
and fluorescence in situ hybridization suffer from subjective
interpretation, automated signature-based classification opens
new options for an objective Her2 status annotation. The
results of Rauser and co-workers also demonstrated that
MALDI-MSI can reveal biologically significant molecular
details from tissues which are not limited to traditional high-
abundance proteins.117 While the Her2 status is an important
determinant for therapy decision-making, the presence of
lymph node metastasis is the strongest determinant for
patient prognosis. Hence its determination is of utmost impor-
tance. In colon cancer tissues, protein expression patterns as
detected by MALDI-MSI were able to distinguish between
patients with and without metastasis formation.159

Prognosis. While patients may share the same diagnosis and
tumour stage, they might differ in their prognosis after

therapy. MALDI-MSI has been used in many studies to find
markers or signatures that can stratify patients according to
their survival time after treatment. Several protein signatures
were found indicative of unfavourable overall or disease-free
survival in intestinal-type gastric cancer,160 colon cancer,161

sarcomas,162 oesophageal cancer,155 and lymph node positive
breast cancer.163 With respect to tumour recurrence, Hardesty
et al. were the first to show that protein signatures can be
found that can predict relapse in metastatic melanomas.164 In
another study, modified forms of histone H4 were found
indicative of microvascular invasion in hepatocellular carci-
nomas (HCC) – a major risk factor in postoperative tumour
recurrence and mortality in HCC, usually missed in routine
examination from liver biopsy.165

Response prediction. Many patients undergo chemothera-
peutic treatments, such as neoadjuvant to reduce tumor size
before the surgery or adjuvant to reduce cancer recurrence
probability after surgery. However, this is a stressful procedure
for the patient, which should be avoided for patients who are
not responsive to chemotherapeutic treatment. For this
reason, there is a strong need for accurate chemotherapy
response markers. In breast cancer, MALDI-MS tissue profiling
and imaging enabled identification of proteins in pre-treat-
ment biopsies that predict response to neoadjuvant taxane-
based therapy.166 The knowledge of molecules that are associ-
ated with therapy response might also allow insight into the
therapy resistance mechanisms of the tumour. This was
shown in a study on oesophageal adenocarcinomas where a
protein signature was first found to be correlated with the

Fig. 4 Highlights and breakthroughs of MALDI- and DESI-MSI in oncology. (a) Highlights in oncology for MALDI-MSI in chronological order and
their corresponding references.17,18,52,76,87,118,167,168,170 (b) Highlights in oncology for DESI-MSI in chronological order and their corresponding
references.173,175,186,253,254
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chemosensitivity to fluorouracil and cisplatin administration.167

This finding initiated subsequent in vitro experiments, which
showed that the chemosensitivity to the treatment was cor-
related to pre-existing defects in mitochondrial respiratory
chain complexes of cancer cells, caused by the loss of specific
cytochrome C oxidase subunits.

Molecular histology. Tissue diagnostics can be challenging
due to the presence of confounding factors such as inflam-
mation or the lack of a minimum level of differentiation of
tumour cells. To illustrate, high-grade sarcomas are diagnosti-
cally challenging because of their numerous subtypes that
possess overlapping morphology. MALDI-MSI was able to
differentiate high-grade osteosarcomas, leiomyosarcomas, and
myxofibrosarcomas, and to predict the precursor (and there-
fore appropriate therapy) of undifferentiated pleomorphic sar-
comas.151,162 Another pathological challenge is the distinction
between atypical Spitzoid neoplasms and melanomas. Based
on histology-guided MALDI-MS profiling of the tumour areas,
a peptide signature, including signals from actin and vimen-
tin, was able to distinguish Spitz nevi from poor prognosis
Spitzoid malignant melanomas with high accuracy.168 This
study remains unique in MSI clinical applications, since the
signature has proved so robust that the study was extended to
11 centres.169

Intra-tumour heterogeneity. Tumours are very complex
tissue systems and intra-tumour heterogeneity can be per-
ceived as the sum of sub-histological segments. These seg-
ments may react differently to therapeutic interventions (e.g.
chemo- and radiotherapy) and therefore show characteristic
phenotypic behaviour regarding aggressiveness and metastasis
formation, thus contributing to the overall clinical disease
phenotype. It was demonstrated early on that MSI constitutes
a unique tool for the investigation of intra-tumour hetero-
geneity.170 But only recently MALDI-MSI investigations have
been extended to the characterization of intra-tumour hetero-
geneity.171 In that study, unsupervised clustering revealed
those tumour subpopulations in gastric and breast cancer
patients that are associated with different clinical phenotypes
such as overall survival or the presence of loco-regional metas-
tases, respectively. This will allow their more in-depth mole-
cular characterization for deriving new tumour subpopulation-
tailored therapeutic strategies.

Lipid and small metabolite markers. If most of the appli-
cations reviewed so far rely on protein signatures (Fig. 4a), it is
noteworthy that – especially with the instruction of DESI in
2006 – an increasing number of investigations focus on lipid
and metabolic MSI to characterize tumours and surrounding
tissues (Fig. 4b). It has become evident already that these sig-
natures can harbour rich information for oncologic research
similar to that of proteomics. The prospective collection of
samples for metabolic profiling is beneficial as the tissue con-
servation procedure can strongly influence metabolic activity/
degradation.172 In 2015, for instance, Guenther et al. con-
ducted a prospective DESI-MSI study to fingerprint 126 human
breast cancer biopsies.173 They found substantial differences
in fatty acid and phospholipid composition between tumour

and healthy glandular tissue and between tumour-associated
stroma and normal stromal tissue. Moreover, profiles were cor-
related with tumour grade and hormone receptor status. The
ability of lipid-based DESI-MSI profiles to predict a molecular
status of therapeutic relevance was corroborated in a study on
colorectal adenocarcinoma, where a multivariate model
showed proper separation of the KRAS mutation status in
primary tumours and liver metastases.174 Eberlin et al. further
exploited the ability of DESI-MSI for tumour subtyping in
36 human gliomas. Classifiers based on lipid data showed a
high predictive power for subtyping gliomas into oligodendro-
glioma, astrocytoma or oligoastrocytoma, and assessing the
histological grade and tumour cell concentration features.
Interestingly, DESI-MSI was also able to distinguish samples
characterized by the presence of a specific cell type, namely
gemistocytic cells which presented a distinctive lipid profile
with abundant fatty acid and fatty acid dimer signals.175 In
another study, DESI-MSI was used to investigate the lipid com-
position of human oncocytic, non-oncocytic thyroid tumours,
and normal thyroid tissues (n = 45). Oncocytic tumours are
characterized by an excessive accumulation of mitochondria.
The results revealed high abundance of many oxidized cardio-
lipins in oncocytic tumours. For the first time, an organelle-
specific biomolecular lipid subclass has been associated with
pathological cell subtypes as a cluster for cancer classification
on human samples.33

MALDI-MSI was also successfully applied for the metabolic
profiling of cancer tissues. In a study by Patterson et al., lipid
data were obtained from neoadjuvantly-treated colorectal
cancer liver metastases.176 The signatures were found to accu-
rately compare with histopathologically important features,
including different types of necrosis, to assess therapy
response objectively. For confirmation, these MSI response
scores were also found to correlate with the survival probability
of the patients. Shortly afterwards, Lou et al. also ascertained
the prognostic value of several small molecules in a cohort of
frozen sarcomas.177 Buck et al. showed that even in FFPE
tissues, clinically relevant information can be conserved in the
form of metabolites. They found signatures for the diagnosti-
cally challenging separation of oncocytomas from chromo-
phobe renal cell carcinomas, and deoxy sugar acids with sul-
phate esters for prognostication in patients with oesophageal
cancer (Fig. 5b).87

Characterization of cancer margins for supporting intrao-
perative diagnostics. The emergence of ambient ionization
techniques and high-speed analyses (Fig. 2f and 3a) has placed
MSI in a very competitive position to characterize cancer
tissues in a very short time compatible with diagnostic routine.
Consequently, MSI has the potential to support decision-
making based on frozen sections in a perioperative setting. In
cancer surgery, the evaluation of resection margins for residual
tumour cells is considered to be of utmost importance to avoid
a later recurrence or metastasis.35 In 2010 and 2014,
MALDI-MSI investigations on colorectal and renal tumour
margins revealed differences between tumour-adjacent healthy
tissue and tumour-remote healthy tissue on both a metabolic
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and a proteomic level,178,179 showing the necessity to comp-
lement classical histopathological inspection of the tumour
margins by a molecular technique. Based on these findings,
several DESI-MSI studies followed that made use of these
tumour-specific profiles to assess tumour margins (Fig. 5c).

The majority of meningiomas are benign tumours, but
their resection quality is limited by a proper assessment of the
invasion extent of the dura matter by meningioma cells.
DESI-MSI could not only distinguish meningioma from dura
matter to precisely define the surgical margins, but also deter-
mine the meningioma subtype (fibroblastic or meningiothe-
lial) and its NF2 genetic aberration status.180 The feasibility of
a tumour margin assessment by classifying cancerous and
non-cancerous tissues based on molecular signatures in perio-
perative settings by DESI-MSI was also demonstrated for
breast,181 gastric,182 and pancreatic cancer.183

In addition, DESI can also be used to trace known adminis-
tered or endogenous markers. With respect to the first, Tata

et al. used DESI-MSI to detect the contrast agent Gadoteridol
in order to image the tumour margins and vasculature in
breast cancer xenografts.184 An example of the successful visu-
alization of specific endogenous tumour markers by DESI-MSI
is 2-hydroxybutyrate, which is generated by isocitrate dehydro-
genase 1-mutant gliomas only.184 In the same study, the
measured data were also fused with an MRI reconstruction of
the tumour to improve decision-making. This example shows
how ambient MSI techniques can be integrated with other
imaging modalities with the ultimate goal of improving intrao-
perative decisions.

Another important factor for cancer resection is the dis-
persion of the tumour to the lymphatic system. During surgery
the regional cancer dissemination from its primary site can be
monitored by a histopathological ex vivo evaluation of sentinel
lymph nodes. The presence of metastases in these lymph
nodes determines the extent of clearance of the remaining
regional lymph nodes. In two DESI-MSI studies on gastric and

Fig. 5 Range of translational research areas covered by MSI studies. We refer to the definition of “translational research” as proposed by Rubio et al.
where translational research integrates basic, patient-oriented, and population-based research, with the long-term aim of improving public
health.255 MSI can be found across the whole span of translational research. (a) Grüner et al. recently published a pre-clinical study on imaging erloti-
nib in transgenic mice. This study demonstrated the importance of spatial MS, since the overall survival was only correlated with levels of erlotinib
(lower panel) when the drug was localized in the glandular structures of the pancreas (upper panel). Adapted with permission from Grüner et al.198

Copyright (2016) American Association for Cancer Research. (b) Buck et al. conducted a biomarker discovery study in formalin-fixed paraffin-
embedded tissue tissues and found a metabolite (a deoxy sugar acid with sulphate esters), which is located in mucinous areas, with prognostic value
for patients with oesophageal cancer. Reprinted with permission from Buck et al.87 Copyright (2015) John Wiley and Sons. (c) The type of clinical
MSI research with the highest translational character is the perioperative assessment of tumour margins. Eberlin et al. convincingly demonstrated in
several studies the accuracy of spatially resolved lipid profiles for detecting tumour residues in surgical specimens, here shown for pancreatic
cancer, and its potential superiority, compared to classical histological evaluation, to predict recurrence.183
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oesophageal cancer, Abbassi-Ghadi et al. found lipid profiles
for accurate recognition of affected lymph nodes.185,186 While
these lipid signatures achieved similar accuracies (100% and
97.2% positive and negative predictive values, respectively) as
the gold standard immunohistochemistry,186 DESI-MSI is
much faster and hence could give feedback during the time
course of the surgical intervention about the detection of
lymph node micrometastases bigger than 200 µm.

Touch spray and in vivo MS. MSI affiliated techniques are
also garnering strong interest for use in surgical diagnostics
because they can quickly and accurately classify macroscopic
regions on biological samples by exploiting the specificity of
local molecular signatures. One of these techniques for the
local profiling of tissues is touch spray, where a tiny sample is
taken with a needle from tissue and its compounds are
exposed to spray ionization in the needle.187 Two extensive
studies on prostate (n = 170) and renal cell cancer (n = 29) have
investigated the potential of touch spray to distinguish tumour
from tumour-free tissues.188,189 In both studies touch spray
achieved comparable accuracies (>90%) to DESI-MSI while pro-
viding faster analysis times. This calls into question the need
to image the tumour margin.

Another interesting technology for surgery is rapid evapora-
tive ionization mass spectrometry (REIMS), which allows near
real-time characterization of human tissue in vivo by analysing
the smoke released during electrosurgical dissection of the
tissue.190 Being compatible with current electrosurgical pro-
cedures, REIMS has demonstrated great potential for in situ,
in vivo and real-time tissue evaluation to improve intraoperative
decision-making. Recently, REIMS has been adapted to endo-
scopic interventions during gastroscopy or colonoscopy, where
tissue-specific molecular fingerprints allowed differentiation
between healthy mucosa, adenomatous polyps, and cancerous
tissue.191,192 In colon cancer, REIMS was also able to deter-
mine the degree of a tumour’s differentiation, lymphovascular
invasion, extramural vascular invasion, and lymph node micro-
metastases.191 Based on this first successful evidence, compar-
able techniques are being developed, such as SpiderMass,
which promises equal readout of biomedically relevant infor-
mation while reducing the invasive condition.193

Cross organ studies. Pirro et al. compared DESI-MSI data on
both cancerous and corresponding healthy tissues from
different human organs including the bladder, kidney (papil-
lary and clear renal cell carcinoma), germ cell, and prostate.
This has led to both the identification of cross-tissue cancer
markers such as the lipids PI(18 : 0/20 : 4) and PS(18 : 0/18 : 1)
as well as the identification of tissue-specific markers such as
cholesterol sulfate for prostate cancer and seminolipid for
germ tissue.194 Meding et al. have further demonstrated the
usefulness of cross-organ molecular profiling in classifying
cancers of unknown primary (CUP).195 CUP is a clinically chal-
lenging diagnosis and a better therapy can be applied if the
origin of a metastatic tumour is known. Therefore, proteomic
profiles were obtained from six primary cancer types by
MALDI-MSI and a classifier was created to distinguish primary
tumours. The potential of this classifier for CUP origin deter-

mination was successfully demonstrated on colon cancer liver
metastasis.

Preclinical models of diseases and drug imaging. While
MS molecular profiling of tissues linked with histopathology
can be a valuable tool for cancer biomarker discoveries on
human samples, MSI is also applied in preclinical research
studies where animal models are used in a controlled setting
to better understand the mechanisms of pathological
disorders.

MYC is one of the most common oncogenes implicated in
human cancerogenesis and its relationship to the presence of
certain lipids is unknown. Therefore, MYC-induced lympho-
mas in transgenic mice were investigated by DESI-MSI and a
MYC-specific pattern of complex phospholipids was observed.
Moreover, this pattern of MYC-induced mouse lymphomas
was found to be similar to that of human lymphomas with
high MYC expression.196 This study shows that in some cases
MSI-derived profiles may be translatable from preclinical
animal studies to the classification of human tissues. In
another study, Grüner et al. used MALDI-MSI to characterize
250 µm small precursor lesions of pancreatic ductal adeno-
carcinoma (PDAC) in genetically engineered mouse models.
The analysis of these lesions identified the two proteins ALB1
and TMSB4X as being highly upregulated in the preneoplastic
stage compared to a healthy exocrine pancreas.197 The
validation also showed that TMSB4X was found to be signifi-
cantly increased in sera of mice with lesions, and that ALB1
upregulation was accompanied by an increased expression of
liver-restricted genes. The same researchers also used
MALDI-MSI to study the delivery, spatial distribution, and
effect of the anti-cancer drug erlotinib on this PDAC mouse
model.198

For the pharmaceutical industry, compared to autoradio-
graphy and LC-ESI-MS/MS on tissue homogenates, MSI rep-
resents an unrivalled tool to monitor without labels not only
the drug distribution, but also the products of its metabolisa-
tion in a tissue or a whole small animal.89,90 Even if MSI faces
some limitations in the detection and quantification of mole-
cular classes, the endogenous molecular changes linked to the
drug and its metabolite distributions may lead toxicological
pathology to a new level. For example, a TOF-SIMS study on
benzalkonium chloride, a commonly used preservative in eye
drops and a reported ocular surface toxin, revealed its pene-
tration deep into ocular structures, with potential deleterious
effects.199 Likewise a MALDI-MSI nephrotoxicity study on the
effects of the anti-cancer drug dabrafenib reported accumu-
lation of the drug’s carboxylic acid metabolite in regions of
tubular deposits, but not of the drug itself.200 This kind of
information can be valuable for drug efficiency tests with
respect to tissue affinity of the drug and its metabolites. Most
of the MSI studies performed so far have been oriented more
towards imaging the drug or its metabolite within their histo-
pathological context. As mentioned before, Grüner et al. con-
ducted an MSI study on erlotinib, which was the first drug
imaging study to investigate the effect of a drug’s distribution
on the survival time of mice.198 The study also shows the
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importance of the integration of histological information into
the analysis, since the overall survival was only found to corre-
late with the erlotinib levels found in epithelial structures
(Fig. 5a). Similarly, AIMS (affinity imaging MS) targets screen-
ing of new drug candidates by analysing the specific affinity of
compounds to particular tissue regions after in vitro incu-
bation with a mixture of small molecules.201

MSI in non-cancer clinical research

Besides in cancer, MSI has been applied to many other clinical
research questions where diseased tissue exhibits a certain
spatial complexity.

MSI in neurological diseases. Because of the anatomical and
molecular complexity of the central nervous system, MSI has
gained wide interest in the investigation of brain-related psy-
chiatric, neurological, and neurodegenerative diseases such as
amyotrophic lateral sclerosis,202 Alzheimer’s disease,203,204

migraine,205 neurotraumas,206 Parkinson’s disease,207–209

schizophrenia,210 hunter’s disease,211 and brain ischemia.212

Two reviews have summarized the application of MSI in neuro-
logical diseases213,214

MSI in cardiovascular diseases. Atherosclerosis is one of the
main interests in cardiovascular research, and MSI has given
the opportunity to study the molecular content of atherosclero-
tic plaque and the arterial layers in order to shed light on the
molecular processes during plaque formation. It has been
shown that high spatial resolution215 and 3D imaging137 of the
plaque is beneficial for the study of the atherosclerotic plaque.
Martin-Lorenzo et al. recently reviewed the current status of
atherosclerosis investigations by MSI.216 Also cardiac tissue
has been analysed such as after myocardial infarction217 or
aortic stenosis, the most common valve disease.218 Angel et al.
have reviewed MSI of cardiac tissue.219

MSI in rheumatology. Investigations into rheumatic dis-
orders by MSI have recently been summarized.220 One of the
most studied pathologies in rheumatology is osteoarthritis
(OA). The pathogenesis involves a progressive degradation of
the extracellular matrix of the cartilage, which is formed by
chondrocytes, and a remodelling of the synovial membrane
and subchondral bone. MSI has been used to study the OA car-
tilage, synovial membrane, and chondrocytes on metabolic,
lipid, protein, and N-glycan levels.221 In this way, markers have
been found that are able to distinguish healthy from OA
tissues,222,223 as well as markers for chondrogenic differen-
tiation224,225 and aging of cartilage.226

MSI in nephrology. In nephropathology, MSI has been
mainly applied to glomerulonephritis and amyloidosis. The
former is a group of kidney diseases which are characterized
by the inflammation or scarring of the glomeruli. Magni et al.
found in two MALDI-MSI studies several signatures that could
distinguish between healthy and diseased glomeruli and
between different glomerulonephritis diseases.227,228

In contrast, amyloidosis is a disease not exclusively related
to the kidney. It is a heterogeneous group of protein misfold-
ing diseases characterized by deposition of amyloid proteins,
and diagnosed at the histopathological level with Congo red

staining and electron microscopy. Amyloids are fibrillar aggre-
gates of polypeptides in a cross-β-sheet structure involved in
the pathogenesis of amyloidosis. MSI seems promising for
subtyping amyloidosis with the aim of revealing amyloid-
associated proteins that may provide insights into the patho-
genic process of amyloid formation. Casadonte et al. used
MALDI-MSI to find peptides in Congo red-positive areas of the
kidney.229 One of these was identified as vitronectin, which
was also found by another MALDI-MSI study and validated
using immunohistochemistry across 175 patients with diverse
types of amyloidosis and affected tissues.230

MSI in ophthalmology. MSI investigations in ophthalmology
were recently summarized.231 All of the studies show the
importance of obtaining spatially defined molecular infor-
mation from ocular tissues to better characterise several
vision-threatening diseases, including age-related macular
degeneration,232,233 Stargardt’s disease,234 glaucoma,235 and
cataracts.236 But MSI has also been used to study the biology
of the healthy eye, such as the metabolic changes associated
with light- and dark-treated retina.237

Characterization of the wound healing process. Wound
healing appears to be a particularly interesting pathological
process to be explored locally by using MSI. Taverna et al.
studied cutaneous wound healing in human frozen skin biop-
sies of decubitus ulcers with different stages and responses
of healing.238 The spatial character of MALDI-MSI allowed the
extraction of proteomic content from the wound bed, adja-
cent dermis, and hypertrophic epidermis. A signature mainly
composed of calcium binding proteins (S-100 molecules) was
able to delineate wounds that favourably responded to thera-
peutic interventions versus those that remain stagnant or
intractable in their healing status.238 The same authors
further investigated the molecular changes during burn
wound healing, i.e. from the acute period (days after trauma)
to the later hypertrophic scar (months after trauma).239 This
histology-directed tissue analysis found that the expression of
several inflammatory proteins was correlated to the wound
healing process, which could be used to predict whether
human burn victims are at risk of disfiguring hypertrophic
scar formation.

Immunology. Finally, Holzlechner et al. demonstrated that
MALDI-MSI can also be used for an in situ molecular character-
ization of immune cells in human colon tissue, which is by
nature strongly infiltrated with immune cells.53 In this
example, several proteinaceous markers were identified that
co-localized with CD3+ T-lymphocytes and CD206+ macro-
phages. Because different types of immune cells can be visual-
ized and molecularly assessed in their natural environment,
further studies of the cross talk between lymphocytes and
their tissue microenvironment will be enabled by this method.
In a previous study of autoimmune liver diseases, it was
already shown that protein profiles of inflammatory infiltrates
were different from bile ducts and hepatocytes.240

Interestingly, the authors could not find any proteins that
could distinguish, with certainty, between the three major
forms of autoimmune liver.
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The present challenges in translational research performed
with MSI

As shown in the previous section, MSI contributes novel and
valuable information on many biomedical research questions.
But all of these applications of MSI have also revealed specific
limitations with respect to the requirements of clinical
research which has two main interests: first, improving the
diagnostic certainty through biomarker discovery, and second,
improving the understanding of the biological mechanisms of
the studied pathology with the final aim of being able to
develop novel therapies.

Biomarker discovery is all about reproducibility and accu-
racy, i.e. to find hidden markers that most exactly stratify
patients according to a certain clinical feature in different labs
with the same precision. Similar to other omics techniques,
MSI produces high-dimensional data sets on a sample number,
which is usually orders of magnitude lower than the number of
detected features. In this scenario, the resulting data will suffer
from the so-called “curse of dimensionality,” which can lead to
potentially false-positive discoveries and to overfitting of multi-
variate classifiers. The final consequence of both is non-repro-
ducibility.241 A suitable validation of the results can overcome
this problem.242 There are different levels of validation, each
providing a different level of evidence for the original finding.
Validation approaches range from technical replicates, the use
of independent methods or sample cohorts to multicentre
studies, which provide the highest level of evidence as it
removes biases based on laboratory conditions (Fig. 6).243

Many MSI studies have validated their results in different
ways. If protocols and antibodies are available, protein bio-
marker findings have been mostly validated using immunohis-
tochemistry as an independent technique.244 However, when it
comes to multivariate patterns, the classificatory combination

of single signals is only replicable by the same methodology.
In this case, either a computational solution can be employed
(e.g. by using cross-validation),244 or the classifier must be
tested on a second independent sample cohort.117 But the ulti-
mate step from the clinical exploratory phase to the phase of
clinical assay validation is a multicentre study.

So far only one MSI biomarker publication has been based
on a multicentre study with the aim of identifying markers for
the activation of tumour stroma in breast cancer.52 There are
some conclusions that can be drawn from this study. First,
three out of four univariate protein signals were found repro-
ducible between the two centres. This indicates high speci-
ficity in the MSI results, which might be attributed to the
histological specificity of the MSI approach. Second, the multi-
variate classifier’s accuracy (a non-significant drop from 100%
in the first to 81% in the second centre) exhibited the highest
difference between centres, which is in line with the experi-
ence from gene-expression studies and hence suggests a more
rigorous validation over more centres or the involvement of
more samples.245 Lastly, the biological effect was robust
enough despite minor differences in the experimental proto-
cols between the centres and composition of the patient
cohorts. However, future multi-centre studies should standar-
dize their protocols in order to become more reproducible for
clinically relevant questions based on smaller biochemical
changes at danger to be masked by inter-centre variance.

To overcome inter-centre variance MSI experiments can
also be centralized for the analysis of samples from difference
centres. This has been done for a study on over 250 atypical
Spitzoid neoplasms, which was able to find clinical associ-
ations of MSI data across centres from 11 countries and 11 US
institutions.169 This is remarkable as the study was performed
not only on FFPE specimens but also on full sections of those
samples. To put this into context, most MSI biomarker studies
reporting results that involve FFPE samples in this magnitude
have been performed on tissue microarrays to reduce the inter-
sample technical variance caused by FFPE sample preparation,
which is chemically intense due to antigen retrieval and in situ
enzymatic digestion. Measures of reproducibility have there-
fore been proposed with the aim of assessing the level of
reproducibility of FFPE sample preparation.79,82

Another important factor in on-tissue digestion is the chemi-
cal microenvironment of different regions within a tissue, which
has been shown to cause differences in digestion dynamics.80

Furthermore, these differences in the chemical nature of the
tissue extend to all chemical surface reactions, even beyond
digestion. It has been demonstrated that regional differences in
molecular compositions can also affect ionization efficiency due
to ion suppression effects.26 Although all of these effects must
be better characterized to draw better quantitative conclusions,
ion suppression effects are not necessarily negative as they are
specific to each tissue and therefore help to differentiate tissue
types and enable tissue classification. However, these effects
might become a problem for validation by other analytical plat-
forms that try to reproduce the same results but are not “posi-
tively” affected by the on-tissue ion suppression (e.g. LC-MS).

Fig. 6 Measures to assess the clinical evidence levels of potential bio-
markers. For a successful translation, results from clinical research have
to prove reproducible by a proper validation. There are different strat-
egies, which provide different levels of evidence for the correctness of
the original finding. The lowest level of evidence is provided by technical
replicates. But most of the validations performed in biomarker discovery
studies make use of either an internal validation or external validation
step. The internal validation can involve the testing of the accuracy of a
uni- or multivariate marker using cross-validation techniques, or the use
of another assay for trying to read out the same information from the
same samples. An external validation includes an independent sample
set and may be performed by another assay. But the highest level of evi-
dence is provided by multi-centre studies on several independent
sample cohorts.
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All the factors mentioned above influence reproducibility
and hence measures or quality controls are desirable that
could correct for these effects, or at least indicate the quality of
the tissue. The description of a sample’s properties can also
be extended to its quality in terms of conservation of the mole-
cular state of the tissue at the time of sampling. A few labora-
tories have investigated the effects of degradation and aging
on MSI data on the molecular content of the samples.246,247

Significant changes have been found to occur in tissues within
30 s at the protein level when exposed to room temperature,248

and even in lipids after 7 months of storage at −80 °C.249

The second goal of clinical research, namely the under-
standing of biological and pathological mechanisms, depends
on the coverage of the studied molecular class, e.g. the
number of detected proteins from the whole proteome. This is
currently hampered by the limited analytical depth of MSI in
terms of coverage and identification capabilities. The lack of
analytical purification and separation steps makes direct on-
tissue identification through parent ion isolation and fragmen-
tation challenging.

In consequence, small molecules and peptides are now
mainly identified by mass matching of the observed m/z value,
usually determined with high-mass resolution and accuracy
mass spectrometers such as FT-ICR, with public or sample-
specific databases created from parallel extract-based LC-MS/
MS experiments.78,87 However, the number of identified mole-
cules is still one or two magnitudes lower than that from the
state-of-the-art bottom-up proteomics and metabolomics
experiments. A promising way of combining the analytical
depth of liquid extraction techniques and MSI is local extrac-
tion such as LESA. It has already been successfully applied in
the spatial profiling of proteins and metabolites on tissue sur-
faces.38,250 However, there is still a trade-off between spatial
resolution and analytical depth.

Another issue in MSI is data analysis and management.
With the availability of high-throughput MSI systems, high
spatially resolved 2D or 3D data sets will become standard,
including in clinical research. As the data gain in quantity, the
full exploitation of these data sets will require many inno-
vations in processing software. For instance, single-cell MSI
must be matched by single-cell virtual micro-dissection. The
latter can only be enabled by new, accurate routines for the
coregistration of the histological image in order to lower
recent coregistration error,251 and by the automated annota-
tion of the histological images by algorithms, as manual anno-
tation will become unfeasible on a single-cell level. This is
especially true for 3D-MSI data sets, which face an additional
challenge at the single-cell level: improving the alignment
between the different consecutive slides in order to make the
alignment error smaller than the MSI pixel size.

Conclusions

The cytological and histological specificity offered by MSI
(Fig. 1), while leaving tissue intact, has made it a unique tool

in biomedical research. As shown in this review, many studies
have made use of this property to address research questions
which deal with complex structures in tissues such as brains,
eyes, joints, wounds, atherosclerotic plaques, etc. But the
driving field of activity in MSI is and has been oncology, where
MSI has allowed the extraction of tumour-specific molecular
information for various purposes, such as biomarker discovery
for diagnosis and prognosis, investigation of intratumor
heterogeneity, classification of tumour margins, and the
imaging of anticancer drugs in animal models (Fig. 4), thereby
covering all stages of translational research from pre-clinical to
clinical research (Fig. 5). Particularly because of its capability
to visualize exogenous compounds and their metabolites in
tissues, MSI has become extremely valuable for pharma-
ceutical and biotechnology companies. Therefore, the interest
in the technology is growing, which also drives technical
developments in the field.

MSI has undergone many technical improvements in the
last few years. New atmospheric pressure ion sources have
gathered interest in MSI, especially with the introduction of
DESI (Fig. 2). Sample preparation-free measurements make it
possible now to obtain MSI data minutes after sectioning. But
MALDI-MSI has also caught up. MALDI-TOF systems are now
able to deliver in the same timeframe even higher spatially
resolved molecular images, though at the expense of sample
preparation. Both developments now allow clinical research
involving large sample cohorts in a high-throughput manner
(Fig. 3). If MSI can overcome its final limitations, by proving
sufficient reproducibility in between-centre studies (Fig. 6) and
improving its molecular coverage – especially the proteome –

and identification, then it will not only continue to have a
large impact on clinical and pre-clinical research, but will also
make the final step from research to clinical application.
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