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Abstract. Matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) imaging mass spectrometry
(IMS) is an evolving technique in cancer diagnostics and
combines the advantages of mass spectrometry (proteomics),
detection of numerous molecules, and spatial resolution in
histological tissue sections and cytological preparations. This
method allows the detection of proteins, peptides, lipids,
carbohydrates or glycoconjugates and small molecules.
Formalin-fixed paraffin-embedded tissue can also be inves-
tigated by IMS, thus, this method seems to be an ideal tool
for cancer diagnostics and biomarker discovery. It may add
information to the identification of tumor margins and tumor
heterogeneity. The technique allows tumor typing, especially
identification of the tumor of origin in metastatic tissue, as
well as grading and may provide prognostic information. IMS
is a valuable method for the identification of biomarkers and
can complement histology, immunohistology and molecular
pathology in various fields of histopathological diagnostics,
especially with regard to identification and grading of tumors.
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1. Introduction

Matrix-assisted laser desorption/ionization (MALDI) time-
of-flight (TOF) techniques are versatile analytical tools used
in various areas of medical diagnostics and basic research.
Mass spectrometry (MS) has been successfully applied to
study microbiological colonies (1-3), plants (4), insects (5),
vertebrates including whole animals (6-8), human cells (9,10)
and tissues (11,12).

This method allows the analysis of proteins (13,14),
peptides (15,16), lipids or phospholipids (6,17-19), carbohy-
drates or glycoconjugates (20) and exogenous or endogenous
small molecules, especially molecules involved in drug metab-
olism (21-27).

MALDI imaging mass spectrometry (IMS), first described
by Caprioli et al (28), links molecular evaluation of numerous
analytes and the high sensitivity and selectivity of mass
spectrometry with morphological information about spatial
distribution of molecules in cells or tissues (29) and thereby
provides unbiased visualization of the arrangement of biomol-
ecules in tissue (30).

Since cancer tissue contains all information on proteomic
and genetic changes, it represents the best possible sample
material for any molecular research (29). Thus, pathology is
not only a large field of medical research but also a basis for
the diagnosis of various diseases with direct impact on clinical
treatment decisions. The information contained in tissues
cannot be replaced by investigation of serum or blood (29).

MALDI IMS has been applied to various organ systems
and diseases such as cardiovascular- (31), neurologic- (32), or
joint disorders (11,33), amyloidosis (34) inflammatory bowel
diseases (35), renal diseases (36-38), the field of reproduc-
tive medicine (39) and various tumor entities (13,15,40-45).
The following review will focus on MALDI IMS in human
tumor tissues as well as applications that have a potential in
pathology (22).
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2. Technical considerations

Despite some technical limitations, mainly in the area of
detection limits and instrument sensitivity at high spatial
resolution, this method has the potential to improve cancer
diagnostics (42). There are several reviews addressing the
complete process of MALDI IMS, in particular regarding
experimental considerations: sample collection, sample prepa-
ration, matrix deposition, ionization process, instrumentation
and data processing (22,30,31,46-54).

IMS experiments can generally be performed in two related
modes, imaging (57) and profiling (58). Whereas imaging
allows correlation with histology, profiling is generally used
when tissues are completely homogeneous and, therefore,
different compartments do not have to be considered.

Concerning sample collection and sample preparation,
workflow solutions have to be exactly defined beginning
from the handling of various tissues in the operation theatre,
followed by dehydration and paraffin-embedding process as
well as deposition of sections onto conductive slides.

Sample handling and preparation are critical to achieve
good spectral quality and reproducibility. In the past few
years, several groups have worked on strategies to improve the
detection of peptides and proteins (55,56); however, optimiza-
tion and standardization in clinical application to minimize
variability of results are still needed.

IMS requires minimal sample preparation for analysis (59).
In the past years, there has been a significant improvement in
image spatial resolution that is in the range of 20-50 ym and
can be improved to up to 5 ym with special techniques (60,61).

Data processing and statistical analysis are of tremendous
importance for accurate and reliable results. In the processing
step MALDI datasets are typically subjected to smoothing,
baseline correction and calibration. Normalization is gener-
ally the next step intended to minimize the experimental
variation arising from day-to-day instrument fluctuations, or
artifacts related to sample preparation (62). Statistical analysis
is then performed in order to elucidate spectral features that
are consistently associated within a cohort for biomarker
discovery or for disease classification. Most statistical methods
can be performed using a supervised method requiring at least
two groups of spectral data that need to be discriminated or
an unsupervised analysis applied without any prior knowledge
of the samples to generate a classification model. Principal
component analysis (PCA) is a well known method used to
describe the variability in the dataset in a reduced number
of dimensions (63). The software for data analysis, such as
ClinProTools and SCiLS Lab (Bruker Daltonik), MassLynx
(Waters) and BioWorks (Thermo Fisher Scientific) is usually
commercially available and provided by the manufacturer
of the MALDI instruments. In addition, BioMap software
(Novartis, Basel, Switzerland) is freely available for calcu-
lating basic statistics of the full dataset. Despite the different
data analysis approaches that have been developed, there is a
need for more advanced biostatistical software in order to be
able to handle huge data files (5,000-50,000 spectra).

A new and emerging application is the three-dimensional
illustration of organ structures. It has been shown that MALDI
IMS can be combined with other imaging modalities such as
positron emission tomography (PET) and magnetic resonance
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imaging (MRI), improving the interpretation of the proteomic
data and providing 3D visualization of proteins that may not
be apparent with other imaging methods (64,65).

Another promising development represents MS for single
cell analysis to determine protein and peptide contents in
cells (47).

Combination of MALDI IMS with cytological preparations
of oral brush biopsies has been shown by Remmerbach et al (9).
These authors could discern non-malignant from malignant
cells by MS. Furthermore, IMS could be applied as a specific
diagnostic tool for routine cervical cytology specimen (10).
Thus, IMS as a relatively new technique is still at an early
stage, and technical advances concerning sample preparation
and instrumentation will certainly improve specificity and
sensitivity and enlarge the potential for further applications.

3. MALDI IMS as an adjunct to immunohistochemistry

Contrary to antibody-based methods, target structures do not
need to be known when MALDI IMS is applied (52) which
makes it a valuable discovery tool, since broad range of
proteins may be surveyed simultaneously (67).

Furthermore, MS techniques may have a higher repro-
ducibility between laboratories than immunohistochemistry
because human bias is abolished (68).

However, MALDI IMS cannot only be an adjunct tool
to immunohistochemistry but also to histochemistry. For
examle, it has been shown that the Berlin-blue reaction for the
detection of hemosiderin can be replaced by MALDI IMS of
ferritin chains (33). Likewise, mucous substances detected by
histochemical reactions could be identified applying MS (69)
as well as soft tissue constituents (70-72).

4. Frozen vs. formalin-fixed paraffin-embedded tissue
samples and analysis of tissue microarrays

The investigation of frozen tissues by MALDI IMS requires
immediate freezing, storage at -80°C and rapid cutting (48)
enabling the study of proteins, drugs or their metabolites and
lipids. Formalin-fixed paraffin-embedded (FFPE) tissues have
to be digested and, therefore, allow analysis of peptides only
(Fig. 1). Although frozen samples are easier to be analyzed
and imaged as they do not require multiple steps for sample
preparation (deparaffination and antigen retrieval), handling
and storage of frozen specimens has disadvantages, since
proteins are degraded during repeated freeze-thaw cycles and
there is a need for expensive freezers.

Despite the difficulties in sample handling, numerous
reports have described the application of MALDI IMS on
whole sections (12,13,43,44,57,73-78) and even on small biopsy
samples of fresh frozen tissue (79).

Millions of FFPE tissues of various diseases including
numerous cancer tissues are available in the archives of insti-
tutes of pathology. These samples are well documented and
include information on patient treatments, treatment response,
disease progression and other relevant clinical data (51).

One of the advantages of using fixed specimens is that FFPE
tissues are well suited for tissue microarray (TMA) construc-
tion, where multiple FFPE core biopsies can be assembled in a
single paraffin block. The direct analysis of FFPE TMA using
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Figure 1. Representative workflow for imaging mass spectrometry of FFPE tissues. The workflow incorporates deparaffination, antigen retrieval steps, on-
tissue trypsin digestion, matrix application and mass spectrometry signal acquisition. Images of the molecular species of the tryptic peptides can be produced

from multiple regions in the section.

MALDI IMS allows the analysis of multiple tissue samples in
a single experiment (67,80). This high-throughput method was
used to investigate gastric (16), pancreatic (81), non-small cell
lung (67), prostate (82), renal cancer (15) and to discriminate
pancreatic from breast cancer tissues (83). The correlation of
MALDI IMS data with histology can be performed by two
methods: either by staining a serial section with hematoxylin
and eosin (H&E) (67) or by staining the tissue after the
MALDI experiment, since the tissue is not destroyed during
the laser ionization process (47).

5. Identification of peptides and proteins

There are many techniques used in the study of proteins, such
as western blot analysis, liquid chromatography and reverse
phase protein arrays (84-87).

The most common approach to identify proteins using
MS technique is the bottom-up approach achieved through
protein separation/isolation, proteolytic digestion, sequencing
of peptides by LC-MS/MS, and matching the peptides to
genome-based protein databases (88-90). Another approach
is top-down, where proteins of interest are isolated from
a complex protein mixture and directly fragmented in the
mass spectrometer without previous digestion of proteins.
This approach provides direct measurement of the molecular
masses of the intact proteins (91,92). An alternative method
for protein identification is on-tissue digestion, where tissue
samples are in situ digested so that proteins of interest can be
isolated and directly fragmented from the tissue section using
MALDI MS/MS. This method offers the advantage to identify
proteins from a tissue section without separation or homog-
enization, while preserving the spatial integrity of the tissue
sample (30,67). However, protein identification directly from
tissue is not always straightforward due to sample complexity

and limited sample per unit area, unless peptides are present at
high abundance in the sample. Recently, an imagelD approach
has been developed where consecutive tissue sections are
processed in parallel to provide both, protein identification by
LC-MS/MS and spatial information by MALDI IMS simulta-
neously (83) (Fig.2). New public databases for the identification
of proteins such as MSiMass list (93) and MaTisse (94) have
been created enabling users to search either for proteins or for
m/z values and assign identities to the peaks observed in their
experiments. Such databases will improve implementation of
MSI in the histopathological and clinical setting.

6. Tumor heterogeneity

The biology of a tumor depends not only on tumor cells but also
on the interaction with stroma, blood vessels and the immune
system (e.g. tumor-associated macrophages and lymphocytes).
Homogenization of the tissue sample would lead to loss of
information (29). Moreover, when considering personalized
medicine, demonstration of tumor heterogeneity (Fig. 3) will
be one of the most challenging issues in the future and MALDI
IMS seems to be the ideal tool to solve this problem (29,40,95).
As an alternative to MALDI IMS in complete tissue sections,
captured cells can be mounted directly onto a MALDI target
following microdissection thereby maintaining the spatial
conformation for IMS (72). DNA- and RNA-based molecular
methods have limitations to show tumor heterogeneity since
spatial integrity is destroyed during the preparation process of
the nucleic acids.

The potential application of MALDI IMS in a clinical
workflow has been suggested by Caprioli (96) who stated in
2005 that this method may aid in diagnosis, prognosis and
therapy of cancer bringing a new dimension of molecular
information into pathological assessment of tissue specimen.
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Figure 2. ImagelD workflow. Serial tissue sections were processed in parallel to provide both protein identification and distribution simultaneously. On-tissue
trypsin digestion was performed in each section under identical conditions. Peptide imaging by MALDI IMS (right side of the figure) provides an image
peptide list, whereas peptide identification by LC-MALDI-TOF/TOF analysis (left side of the figure) provides peptide and protein IDs. ImagelD software
merged the IDs with the image peptide list to the ImagelD protein and peptide filter list to establish protein distributions in the tissue. Protein distributions
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Figure 3. MALDI IMS of one lung cancer tissue section displaying different areas defined from distinct molecular contents in the tissue. (left) Hematoxylin
and eosin staining of the section after MALDI acquisition. (right) Combined image of four masses defining a fibrotic region with tumor cells (m/z 1117.1,
yellow), a tumor region (m/z 1822.5, red), a non-tumor region (m/z 1530.4, blue), and an area with peritumoral inflammation (m/z 1429.1, green). Images were
acquired with a lateral resolution of 200 ym.
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Today, nearly 10 years later, MALDI IMS is considered
a powerful technique to evaluate tumor margins, and to
acquire information on tumor typing, grading, prognosis and
prediction.

7. Tumor margins

MALDI IMS is an objective method to demonstrate molecular
tumor margins (resection borders). This was first proposed
by Chaurand et al (97). Evidence has shown that adjacent
tissue that appears histologically normal may already be
molecularly compromised. For example, it has been shown in
tumors of the ovary that MALDI analysis could detect two
interface-specific proteins, plastin 2 and peroxiredoxin 1 as
differentially expressed in the interface zones between tumors
and normal tissues, suggesting these proteins as predictive
markers for the presence of residual disease (98). Another
study on tumor margins was conducted on kidney samples
by Oppenheimer et al (44). These authors demonstrated that
cells without phenotypic characteristics of tumor cells, have
malignant molecular features. Specifically, mass spectral
profiles were compared among four different regions of
tissue consisting of tumor, margin-tumor, margin-normal and
normal. Two statistical methods, the significance analysis
of microarrays (SAM) and permutation t-test, were used in
this work demonstrating the presence of patterns resembling
tumor in the margin-normal microenvironment outside of the
histological tumor border. For example, proteins involved in
the mitochondrial electron transport system were consistently
underexpressed in the tumor as well as in the histologically
normal tissue adjacent to the tumor. Another application of
MALDI MS dealing with surgical tumor margins has been
shown on liver tissue (99). These investigators detected
molecular signatures as classifiers of non-tumor and tumor
regions that could be applied to the interface between normal
liver tissue and hepatocellular carcinoma.

Thus, a potential advantage of IMS for the evaluation of
tumor margins is the ability to identify molecular changes that
are not detectable by histopathological evaluation alone (47).

8. Tumor typing

Numerous antibodies are often required for the correct diag-
nosis of a tumor. In the future, pathologists will be confronted
more frequently with small biopsies since minimally invasive
methods have been emerged in the past. Hence, effective and
tissue sparing molecular techniques are important for correct
classification of tumors. Despite the introduction of multi-
antibody stains in immunohistochemistry, numerous tissue
sections are often required for tumor typing. Since only one
tissue section is needed when MALDI IMS is applied, this
technique is perfect for the evaluation of very small tissue
samples, and the remaining tissue is available for further
molecular classification such as mutation screening (e.g. in
lung tumors).

The combination of MALDI IMS for tumor classification
with typing, grading and subsequent application of MALDI
TOF techniques for mutation screening would be a very fast,
sensitive and cost efficient workflow able to reduce human
bias.
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Published results indicate that MALDI IMS has the poten-
tial to develop into a valuable diagnostic technique that can
complement established histological and histochemical as
well as immunohistochemical methods. Biomarkers or signal
classifiers can be robustly reproduced in different biomedical
centers (73).

MALDI IMS for tumor typing has been demonstrated on
frozen (13) as well as on FFPE tissue (16,67). It has been shown
that classification of 6 common tumor entities was possible
using frozen tissue sections (13). Furthermore, squamous
carcinoma and adenocarcinoma of the lung (67), papillary and
clear cell renal cancer (15) and gastric carcinoma (16) have
been subclassified.

9. Grading and prognosis

MALDI IMS has been successfully used to identify subsets
of markers that correlate with cancer progression in several
cancers including non-small cell lung cancer (76) and
pre-invasive bronchial lesions (43), brain tumors (21,101),
breast (58), ovarian (102), renal cancer (15), Barrett's adeno-
carcinoma (103), intestinal-type gastric cancer (78), prostate
carcinoma (104) lymph node metastasis of melanoma (105),
prostate cancer (82), colonic cancer (13), papillary thyroid
carcinoma (14) and urothelial neoplasia (106).
The accuracy to discriminate normal, pre-invasive and
invasive lung tissues obtained by MALDI IMS was >90% (43).
MS studies have also been used to determine tumor grading.
In myxoid sarcomas high-grade tumors could be separated
from low-grade tumors. Likewise, MS/MS technique revealed
signals specific for poorly differentiated gastric cancer (16).
Additionally, proteomic tissue profiling improved the
grading of non-invasive papillary urothelial neoplasia (106).
Variation in the protein expression pattern of low-grade and
high-grade gliomas could also be demonstrated (107,108).
Besides grading, IMS has been employed to identify early
stage disease (79) as well as predictive proteomic signatures
for lymph node metastasis in gastric cancer (109). Since
hypoxia is related to poor survival and increased frequency of
metastasis, one study investigated hypoxia associated protein-
patterns and identified around 100 proteins that may serve as
prognostic markers (81). Notably, one group could also show
MALDI IMS as a tool to identify peptide signals to predict
tumor response to molecular targeted therapy in a breast
cancer mouse model (110). All of these applications have a
great potential to find their way into routine diagnostics, as
methods are needed that reduce human bias.

10. Identification of drugs and metabolites

IMS has been used to study drug localization in human
tissues as well as in animal models (54,111-119). The
visualization and quantitative analysis of the native drug
distribution by IMS techniques with enhanced resolution
and sensitivity is desirable for evaluating drug effects and
optimizing drug design as it has been shown for paclitaxel
in tumor-bearing mice (118). Fresh frozen tumor sections
from mice bearing BxPC3 pancreatic cancer xenografts,
were analyzed by MALDI IMS and LC-MS after paclitaxel
(PTX)-incorporating micelle (NK105) administration (50 or
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100 mg/kg) at various time-points (15 min, 1,24, 48 and 72 h).
These sections were compared with tumor sections from mice
treated with PTX alone at the same time-points as well as
untreated mice. MALDI IMS demonstrated that NK105
successfully delivered a large amount of the PTX within the
tumor tissue after NK105 injection compared with PTX injec-
tion alone. Quantification of PTX and NK105 were evaluated
by LC-MS analysis of the extracted drugs from serial tissue
sections for MALDI IMS. The content of the PTX released
from NK105 was significantly higher and retained for a longer
period of time than the free PTX and control (untreated),
suggesting that the antitumor activity of NK105 is superior to
that of PTX alone. The high sensitivity and selectivity of IMS
combined with visualization of molecular spatial distribution
in tissue provides a valuable platform in targeted drug and
untargeted metabolomic analysis in biological and clinical
research (115). IMS is useful in the comparison of different
ways of drug delivery to organs and tissues (120).

Another application is the identification of drugs and their
metabolites in the primary or metastatic tumor tissue (112).
Furthermore, IMS allowed the characterization of the distri-
bution of small molecules in the microenvironment of tissue
compartments of tumors isolated from lung cancer patients
and rat xenograft tissues (111). Three experimental models
were described in the present study for measuring drug
localization. In the ‘concentration gradient model’, an entire
solid xenograft tumor (lung adenocarcinoma A549) tissue
was immersed in a solution of the drug mixture containing
tiotropium and erlotinib for 2.5 h. A passive transfer of the
drug mixture into solid tissue samples displayed a decreasing
concentration gradient toward the center of the tissue. In this
model investigators wanted to show the efficiency of transport
of drugs through various cell types. For example, the signal
intensity of drugs from tumor cells was substantially lower
than that from stroma. In the ‘dispersion model’, 10-um tissue
section of resected lung adenocarcinoma specimens were
immersed into the drug solution, where either adsorption or
adsorption/absorption occurred. In this model, the distribution
of erlotinib localized well to the area of tumor cells identified
by the pathologist. Finally, in the ‘directed dosage model’ a
drug solution was evenly deposited in small spots (~150 ym
in diameter) on the tissue surface of adenocarcinoma tumors
using a microdispenser-based spotter apparatus. As in the
previous model, the localization of erlotinib was found in
tumor areas.

As tumor tissue can be resected during the course of
therapy, IMS is suitable for the evaluation of treatment efficacy
and the therapy may be optimized (113).

11. MALDI IMS in various organs or tissues

To enable readers of the present review a fast overview on
application of MALDI IMS to tumor tissue, Table I provides a
brief summary of the different studies and findings.

Brain. There are only a few studies applying IMS in neuro-
biological science. The reasons for this include limited
access to the technology, relatively low sample throughput
and difficult sample preparation. However, MS techniques
have been applied to a variety of brain tumors including
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oligodendrogliomas, astrocytomas, meningiomas and gliomas
(100,108,121,122). The technique was used in the differential
diagnosis, defining the tumor margins, the assessment of the
tumor grade and to distinguish different survival groups.
Schwartz et al (101) developed a peptide-based profile that
could sub-classify gliomas according to different histologic
grades on human brain biopsies. Moreover, a short-long
and long-term survival-group could be distinguished by the
investigators, using the weighted flexible compound covariate
method (WFCCM). A proteomic signature of 24 different
MS signals discriminated between patients from a short-
term survival group (52 patients with a mean survival of <15
months) and a long-term survival group (56 patients with a
mean survival of >90 months). These results were also veri-
fied as an independent predictor of patient survival using a
multivariate Cox proportional hazards model.

IMS has great potential in exploring biomolecular
mechanisms underlying disorders. An IMS study developed
a preliminary proteomic algorithm that could discriminate
meningioma, glioma and non-tumor tissue, although the
number of patients was very small (122). In the present review,
investigators used support vector machine models able to
classify meningioma spectra using a training set built from:
i) a single brain tumor class that compared both glioma and
meningioma with non-tumor tissue (including blood); ii) a
meningioma brain tumor class and non-tumor brain class; and
iii) a meningioma class, a glioma class, and a non-tumor brain
class. Training sets were built based on the gold standard of
WHO histopathology classification of tumors of the central
nervous system. Another group was able to discern glioblas-
toma and oligodendroglioma tumor biopsies by MS but not by
IMS (121).

In conjunction with proteomic approaches to assess brain
tumors, lipidomic signatures could also provide beneficial
information regarding diagnosis, grading and the resection
margins (100). Furthermore, pharmacokinetics and pharma-
codynamics studies have been performed. Salphati er al (119)
visualized and compared the distribution of PI3K inhibitors in
glioblastoma multiforme in mouse brain by IMS. Drug transit
through the blood-brain barrier (BBB) is essential for thera-
peutic response in malignant glioma and was studied by IMS
(114). In this review, three examples of drug transit through
the BBB were reported in mouse brain. Drugs and/or drugs
metabolites (BKM120, RAF265 and erlotinib) were imaged
in mouse brain tissue sections together with heme, used as a
molecular marker delineating the lumen of blood vessels in
the brain. In all cases, drugs were found to penetrate the BBB.
Specifically, RAF265 and erlotininb were localized within
tumor regions, whereas BKM120 distributed in the brain
parenchyma. Notably, drugs distributed independently of the
heme signal, indicating the escape of the drug molecules from
the tumor vasculature.

Breast. MALDI IMS has been applied in breast cancer
tissue (58,74,83,123). Additionally, other proteomic mass spec-
trometric techniques contributed to new insights into breast
cancer pathogenesis and prognosis (reviewed in ref. 124).
Dijda et al (63) used human breast tumor tissue for the
optimization of the protocol for detection of peptides in FFPE
sections.
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Table 1. Outline of MALDI MS-based studies and findings in the field of cancer research.

899

Tissue type/

organ/entity Content of the study/findings Authors (ref.)

Brain Peptide and protein patterns of primary glial brain tumors and Schwartz et al (108)
non-tumor tissue; discrimination of increasing tumor grade
Identification of protein pattern of gliomas, which could predict short-term Schwartz et al (101)
and long-term survival (prognosis)
Grading of meningioma based on different protein pattern Agar et al (122)
Classification of brain tumors based on lipid information; discrimination Eberlin et al (100)
of meningioma from gliomas
Demonstration of drug transit of small molecules through the Liuetal (114)
blood-brain barrier
Visualization of brain and tumor distribution of PI3K-inhibitors in models Salphati et al (119)
of glioblastoma

Breast MALDI IMS of normal breast tissue, ductal carcinoma in situ, Cornett et al (58)
invasive breast cancer and peritumoral stroma
Optimized tissue preparation for obtaining peptide mass spectrum profiles Ronci et al (123)

from FFPE tissue of breast cancer

Visualization of proteins specific for ductal carcinoma in sifu and invasive
ductal carcinoma (different stage of the disease)

Determination of lymph node status of breast carcinoma and prediction of
response to chemotherapy

Localization of choline metabolites and cations in viable and necrotic
tumor regions in a breast cancer xenograft model

Novel approach that combines MALDI-IMS and principal component
analysis for generating tumor classification

Protein identification to predict Her2-status of breast carcinomas-identified
cysteine-rich intestinal protein 1

IMS of acylcarnitines, phosphatidylcholines, and sphingomyelin in
breast tumor models

Discrimination of breast and pancreatic carcinoma based on the peptide profile

Comparison of protein signals of intratumoral and extratumoral stroma in
breast cancer; interlaboratory comparison of spectra

Gastrointestinal tract

Oral
Esophagus

Stomach

Colon

Pancreas

IMS of biopsy specimen of oral squamous cell carcinoma with

reproducible images

Detection of COX7A2, TAGLN2 and S100-A10 as prognostic markers

in Barrett's adenocarcinoma

Distinguished gastric cancer from normal mucosa; signals overexpressed

in tumor were defensins and calgranulins; stage of disease could be predicted
TMA with classification of signals which could discern between normal

gastric tissue and adenocarcinoma, signal specific to poor differentiation
corresponds to histone H4

Identification of prognostic seven protein signature in intestinal-type
gastric cancer

Identification of SIO0A8 and S100A9 as negative regulators for lymph node
metastasis of gastric cancer

Classification algorithm of six common tumors; liver metastasis of
colonic cancer was identified

Lipid signatures in biopsies of liver metastases of colonic cancer
IMS of platinum-based metallodrugs in colorectal and ovarian cancer

Discrimination of m/z species of normal pancreas, intraepithelial neoplasia,
and intraductal papillary mucinous neoplasms

Seeley and Caprioli (34)
Seeley and Caprioli (125)
Amstalden van Hove et al (127)
Djidja et al (63)

Rauser et al (74)

Chughtai et al (128)

Casadonte et al (83)
Dekker et al (73)

Patel et al (129)

Elsner et al (103)

Kim et al (79)

Morita et al (16)

Balluff et al (78)
Choi et al (109)
Meding et al (13)

Thomas et al (130)
Bianga er al (113)
Grtiner et al (77)
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Table I. Continued.

Tissue type/
organ/entity

Content of the study/findings

Authors (ref.)

Gastrointestinal tract

Pancreas

Liver

Lung

Lymphoma

Skin

Thyroid

TMA peptide profiles to discriminate pancreatic from breast cancer
Imaging of glucose-regulated protein in pancreatic adenocarcinoma
Demonstration of protein profiles of hepatocellular carcinoma and liver cirrhosis

Classification of protein peaks according to lung cancer histology;
distinguished primary tumor from metastases, discrimination of patients with
good and poor prognosis (frozen tissue)

Predictive accuracy of over 90% of normal tissue, preinvasive lesions and
invasive lung cancer based on proteomic profiles of proteins in frozen sections

TMA of lung tissues with distinction of adenocarinoma and squamous cell carcinoma

of the lung by peptide pattern; identification of peptides

Non-small cell cancers, classified according to the MALDI lipid profile
Erlotinib and gefitinib and tiotropium were localized in their microenvironment
Discrimination of Hodgkin's lymphoma and lymphadenitis with a sensitivity
and specificity of 83.92% and 89.37% by IMS

Detection of protein signatures for survival and recurrence in malignant melanoma
Differentiation of Spitz nevi from Spitzoid malignant melanoma by IMS
Identification of vemurafenib in malignant melanoma and provided evidence of
colocalization of drug and target

Identification of SI00A10, thioredoxin, and S100-A6 as biomarkers of papillary
thyroid carcinomas with lymph node metastasis

Detection of ribosomal protein P2 specific for papillary thyroid cancer

Good reproducibility of IMS data on cytological samples to distinguish different
thyroid lesions; characterization of the proteomic profile of medullary

thyroid carcinoma

Urogenital tract

Kidney

Bladder

Ovary

Prostate

Sarcomas

Analysis of tumor margins in renal cell carcinoma

Detection of race specific profiles in Wilms' tumors

Discrimination of papillary and clear cell renal cancer using TMA samples,
prediction of tumor survival

Proteomic tissue profiling improved grading of non-invasive papillary

urothelial neoplasia

Evaluation of signals associated with tumor aggressiveness, histologic phenotype
(growth pattern), and cell proliferation in bladder cancer

Investigation of the interface between serous ovarian carcinoma and normal tissue
Identification of a fragment of the 11S proteasome activator complex and Reg a
fragment as biomarkers for ovarian carcinoma

Platinum anticancer imaging in ovarian carcinomas

Integrated transcriptomic and lipidomic analysis of sulfatides in ovarian cancer
Presentation of a tryptic peptide reference dataset for IMS on FFPE ovarian
cancer tissues

Discrimination of cancerous from non-cancerous prostatic tissue based on
protein profile obtained by IMS

Identification of cancer and non-cancer tissue on the basis of specific fragment of
mitogen-activated protein kinase/extracellular signal regulated kinase

Detection of signals associated with favorable tumor phenotype, prolonged time
to PSA relapse; multiple signals associated with the ERG-fusion status and with
ERG expression

Identification of proteins and lipids in myxoid sarcomas specific to tumor type
and grade; could show intra-tumor heterogeneity

Casadonte et al (83)
Djidja et al (81)

Le Faouder et al (75)
Yanagisawa et al (76)

Rahman et al (131)

Groseclose et al (67)

Lee et al (132)
Vegvari et al (111)
Schwamborn et al (134)

Hardesty et al (105)
Lazova et al (135)
Sugihara et al (112)
Nipp et al (14)

Min et al (136)
Pagni et al (66)

Oppenheimer et al (44)
Axt et al (139)
Steurer et al (140)

Oezdemir et al (106)
Steurer et al (140)

Kang et al (98)
Lemaire et al (102)

Bianga et al (113)
Liu et al (141)
Meding et al (142)

Schwamborn et al (41)
Cazares et al (143)

Steurer et al (82)

Willems et al (40)
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Figure 4. Comparison of histology and MALDI IMS results. H&E stained section and mass spectral images are showed for breast (a-c) and pancreas (d-f)
cancer biopsy samples. Distribution of two m/z peptides, 1906.37 (identified as heat shock protein f3-1, HSPB 27) and 1849.9 (identified as SH3 domain-binding
glutamic acid-rich-like protein, SH3L1) differentially expressed between breast and pancreas carcinoma core biopsies. Ion density map of HSB 27 protein
show an exclusive distribution to a subset of breast biopsies (a-c), whereas SH3L1 is highly expressed in pancreas biopsies (d-f). H&E stains were performed

after MALDI analysis.

Cornett et al (58) described an automated workflow inte-
grating histopathology and breast tissue profiling of various
components in breast cancer tissue. A further IMS analysis
of human breast cancer sections revealed three proteins to
be specifically localized in different regions of the cancer
tissue (34). IMS of metastatic breast cancer in a lymph node
found protein signals specifically localized in histologically
defined regions (34). An IMS study comparing breast primary
tumors from patients with or without lymph node involve-
ment highlighted six differently expressed proteins that could
predict lymph node status (125). Besides efforts to elucidate
prognostic biomarkers, also predictive profiles have been iden-
tified. In a study of breast cancer patients IMS has been shown
as a new tool for HER2/neu receptor analysis (74). This is of
special interest since at present HER2 amplification status is
determined by immunohistochemistry or in situ hybridization
or both. These methods suffer from subjective interpretation
as well as from high costs and are time-consuming (126).

Dekker et al (73) were able to demonstrate mass signals
for stromal activation in breast carcinoma. Furthermore, IMS
has been utilized to assess the distribution of lipids in breast
cancer showing that heterogeneity is not only restricted to the
proteome (127,128).

Since most metastases are adenocarcinomas it might be
challenging for the pathologist to determine the origin of the
primary tumor. Casadonte et al (83) developed an algorithm
to discriminate metastases of breast and pancreatic cancer by
MALDI IMS (Fig. 4).

Gastrointestinal tumors. Various studies have addressed
MALDI IMS of gastrointestinal tumors including typing,
grading and prognosis (13,16,35,75,77,79).

Oral. MALDI IMS was applied to human oral biopsies
and revealed a proteomic signature for squamous cell carci-
nomas (129).

Esophagus. Several prognostic markers could be identified
in Barrett's adenocarcinoma (103).

Stomach. IMS was able to discern between the gastric
cancer and the normal gastric mucosa (79). Furthermore,
protein profiles from early stage gastric cancer were signifi-
cantly different from advanced stage gastric tumors (79).
Also, specific signals for poorly differentiated gastric
cancer were found (16). Choi et al (109) identified proteins
as negative regulators for lymph node metastasis in gastric
adenocarcinoma. A seven-protein signature was associated
with unfavorable overall survival independent of major clin-
ical covariates as demonstrated by MALDI IMS on frozen
tissues (78).

Colon. Thomas et al (130) applied IMS technique to detect
lipids in human colorectal liver metastasis biopsies. With the
help of a tissue based proteomic approach, a large panel of
proteins that are associated with regional lymph node metas-
tasis was identified (13). The penetration and distribution of
platinum-based metallodrugs was demonstrated in metastatic
tissue of colon cancer by IMS (113).

Pancreas. Djidja et al (81) identified a glucose-regulated
protein as a biomarker within pancreatic tumor tissue sections.
Griiner et al (77) detected several discriminative m/z species
that could distinguish between intraepithelial neoplasia, intra-
ductal papillary mucinous neoplasm and normal pancreatic
tissue in genetically engineered mouse models. Moreover,
metastatic tissue from breast cancer could be discerned from
pancreatic cancer with an overall accuracy of 83.38%, a sensi-
tivity of 85.95% and a specificity of 76.96% resulting in a more
accurate result than immunohistochemistry even when several
antibodies are applied (83).

Investigation of large tissue sections of duodenal mucosa,
normal pancreatic tissue and pancreatic carcinoma by MALDI
IMS could clearly discern the various tissue compartments
(Fig. 5). This method allows ‘painting’ of the different tissues
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Figure 5. Image correlation between MALDI IMS analysis and histochemistry of one pancreatic tumor tissue sample. (a) H&E stained section. (b) Shows
MALDI image distribution of peptide species specifically localized in the tumor (m/z 945), the duodenal epithelium (m/z 2264), normal pancreatic tissue (m/z
1506) and smooth muscle (m/z 1185). Pancreatic intraepithelial neoplasia (PanIN) is highlighted by a square.

by tissue specific peptide signals in tumor cells (m/z 945),
duodenal epithelium (m/z 2264), normal pancreatic tissue
(m/z 1506) and smooth muscle (m/z 1185).

Liver. Le Faouder et al (75) were able to distinguish hepa-
tocellular carcinoma from cirrhosis by IMS.

Lung. Rahman et al (131) and Yanagisawa et al (76) reported
proteomic patterns specific for normal alveolar and bronchial
tissues, pre-invasive lesions and invasive lung cancer. Analysis
of microarrays of biopsies from adenocarcinoma and squa-
mous cell carcinoma was performed by Groseclose et al (67)
and could clearly discern both tumor types without immu-
nohistochemistry. Besides the proteomic profile, lung cancer
could be subclassified also by lipid analysis (132). Proteomic
strategies in lung cancer diagnostics in tissue, blood and serum
are described elsewhere in detail (133). Notably, EGF-receptor
antagonists as target drugs in lung cancer were characterized
in lung cancer tissue (111).

Lymphoma.IMS was applied to Hodgkin's lymphoma and could
result in pinpointing differentially expressed molecules, which
might represent potential biomarkers. Schwamborn et al (134)
could distinguish between classical Hodgkin lymphoma and
lymphadenitis.

Skin. Skin malignancies, especially melanoma, are another
field where MALDI IMS has been applied successfully.
Hardesty et al (105) found peptides that discriminate prog-
nostic subgroups in melanoma patients. Additionally, this
group identified signatures associated with favorable and
poor survival. IMS has also been utilized to differentiate
Spitz naevus and melanoma, which is important due to the
completely different therapeutic consequences of both entities
(135). Sugihara et al (112) introduced IMS to provide new
information on one of the drugs (vemurafenib) currently used
in the treatment of malignant melanoma.

Thyroid. MALDI IMS studies have rarely been performed
on thyroid cancer tissue. IMS techniques have been used to
discriminate thyroid cancer specific peptides from normal
thyroid tissue (136). The authors found a thyroid cancer
specific protein, however, only five patients were included
in the study. Other investigators (14) identified not only a
specific proteomic pattern to discriminate non-metastatic
from metastatic thyroid cancers but showed also a func-
tional relationship between these proteins and a specific
pathway. Pagni et al (66) were able to distinguish between
different thyroid lesions applying IMS to fine needle aspira-
tion smears. In the present review, unsupervised statistical
analysis and principal component analysis were used to
cluster proteomic spectra between papillary thyroid carci-
noma, Hiirthle cell adenoma, medullary thyroid carcinoma
and hyperplastic nodules. Different proteomic signatures
were obtained between the histological types with a receiver
operating characteristic (ROC) analysis showing an area
under the curve >0.8, and a Student's t-test P-value <0.05. For
example, three different proteins detected at 4965, 6278 and
6651 m/z were downregulated in the Hiirthle cell adenoma,
medullary thyroid carcinoma and papillary thyroid carci-
noma patients, when compared to patients with hyperplastic
nodules. Nevertheless, by comparing the proteomic profiles
obtained from the Hiirthle cell adenoma patients with the
medullary thyroid carcinoma patients, proteins at 7263, 8294
and 8310 m/z were differentially expressed between the two
entities. With these results, investigators highlighted a poten-
tial role of MALDI IMS as a supporting tool to discriminate
malignant from benign thyroid lesions as well as between
different types of thyroid lesions.

Urogenital tract

Kidney. Oppenheimer et al (44) studied tumor margins
of renal cell carcinoma by IMS. Junker et al (137) analyzed
stage-related protein alterations in kidney cancer using
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MALDI TOF MS/MS but not IMS. Chinello et al (138) were
able to discriminate patients with renal cell carcinoma from
normal controls by MALDI TOF technique applied to serum.
IMS has been used to identify and map specific peptides that
accurately distinguished malignant from normal renal tissue
(72). Axt et al (139) identified spectra from both Wilms' tumor
blastema and stroma that independently classified specimens
according to race with an accuracy of >80%.

Bladder. Oezdemir et al (106) reported improvement of
grading of non-invasive papillary urothelial neoplasia applying
IMS. A recent report utilized IMS for the analysis of a bladder
cancer tissue microarray to evaluate prognostically relevant
molecules (140). From the analysis of 697 patients, numerous
m/z signals were found statistically associated with one or
several phenotypes including decrease (12 signals) or increase
(6 signals) of cell proliferation, papillary (3 signals) or solid
(5 signals) growth pattern, and tumor aggressiveness based on
stage, grade and nodal status (30 signals).

Ovary. Lemaire et al (102) not only discriminated between
benign and malignant ovarian tumors, but identified a new
candidate protein biomarker only present in ovarian carci-
noma.

Specific proteins in tumor interface zones associated
with ovarian serous cancer tissues, were described by
Kang et al (98). Liu et al (141) demonstrated that sulfatides are
more abundant in ovarian cancer than control tissues.

By analysis of tryptic digests of the FFPE tissue micro-
array cores by LC-MS/MS, various m/z species observed
in MALDI IMS experiments on ovarian cancer could be
correctly identified (142). Drug distribution of platinum-based
drugs was shown in peritoneal carcinomatosis of ovarian
cancer (113).

Prostate. Studies of prostate cancer have utilized IMS
to aid diagnosis and for the discovery of proteins relevant
to the underlying biology (41,82,143). The first clinical
study of human prostate cancer by IMS was performed by
Schwambor et al (41).

A specific fragment of mitogen activated protein kinase
could discriminate cancer from normal prostatic tissue (143).
Furthermore, a marker for early recurrence of prostate cancer
has been identified by Steurer et al (82).

Sarcomas. One report utilized IMS for the classification of
myxoid sarcomas. Willems et al (40) could discriminate
myxofibrosarcoma and myxoid liposarcoma that may share
a similar histology. Furthermore, intratumoral heterogeneity
was demonstrated in myxofibrosarcomas.

12. Summary

MALDI IMS is a versatile technique which had been applied
to various organisms including plants, animals and human
tissue. In human tissue and cells, tumor-associated alterations
were studied in various entities. MALDI IMS may improve
exact determination of tumor margins, tumor typing, grading
and prognosis and could have therapeutic implications.

Diagnostic procedures in pathology are based on histology,
histochemistry, immunohistochemistry and molecular
pathology and will include proteomic techniques like MALDI
IMS to improve diagnostic accuracy.
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13. Perspectives

MALDI IMS will extend or replace histochemical techniques
such as periodic acid-Schiff- and Prussian blue-reaction as
well as methods that highlight connective tissue compounds
as Masson's trichrome reaction. Additionally, we foresee that
immunohistochemical methods will be at least partly replaced
by IMS. This is of great importance, especially if molecular
testing is required for diagnostics and only small tissue biop-
sies are available for such tests. In this regard, MALDI IMS
requires only one tissue section for the analysis, thus adequate
remaining tissue is available for additional molecular testing.
In this scenario, elaborate molecular testing of DNA and
RNA alterations will be performed either by next generation
sequencing or by mass spectrometric techniques. Applications
of IMS in the clinic are growing as this technology has proved
its feasibility and versatility. The implementation of biocom-
putational tools combined with IMS will allow biostatistical
evaluation for determination of molecular signals able to
type or grade tumors and will provide information about
prognosis. Furthermore, drug distribution in different tissue
types and cellular components may be monitored by IMS.
To ensure similar sample preparation and processing, robust
standard operating procedures need to be developed for the
application of IMS in routine histopathology. Quality control
will be achieved by interlaboratory validation as well as by
sharing large databases of MALDI signatures of tumors or
other diseases.
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