FIGURE 332  Result examples of DHB spray coating with
the airbrush [41]. A. A properly handled spray-coaling step
created a uniform matrix crystal laver, and awareness of
certain technical points Teads to a successful coating step. B.
Too small a distance between the airbrush and the tissues
(<10 cm) often creates large droplets of matrix solution and
results in inhomogeneous crystals. C. Humidity is also an
important factor. Room humidity was held under 25% at
room temperature (25°C). High humidity tends to cause for-
mation of needle-like crystals (>80%. at room temperature).
The upper panel shows stereoscopic microscope images, and
the lower panel shows phase-contrast microscopic images of
the matrix laver formed on the glass slides,

and it in turn results in spot-to-spot variance of signal
intensities [75,76].

This problem was at least partially solved using a
spectrum-normalization procedure with total ion
current {TIC) (Figure 3.33). We previously studied the
effectiveness of spectrum normalization with TIC: the
obtained spectra were multiplied with arbitrary vari-
ables such that all spectra had equal TIC values (i.e.
equal integral values of the measured m/z region [m/z
400-9001). Such TIC normalization is available with the
“Normalize Spectra”™ function of Fleximaging 2.0 soft-
ware (Bruker Daltinics) with filter function to exciude
a number of noise spectra [rom the normalization
process (see details in the software manual).

To evaluate the effect of the normalization proce-
dure, we prepared a section of mouse brain homogenate
that had a uniform distribution of biomolecules. Figure
3.34A shows the ion images for m/z 772.6 corresponding
to PC(diacyl-16:0/16:0), with and without spectrum nor-
malization. After the normalization procedure. the
image was corrected such that the ion distribution was
uniform throughout the section. The signal intensity was
then plotted and found to have a Gaussian distribution.
Spectrum normalization with TIC improved the results
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SEM images of DHB crystais
{x100}

FIGURE 3.33  Size companson of DHB crystal and typical
MALDIaser spot. DHB solution was sprayed onto the
mouse brain scetion and the crystals were observed by SEM.
The white ellipse represents the typical size of MALDI laser
spot. Each matrix cryvstals typically have 20-60 um length, and
they did not distribute helerogeneously on the tissue surface,

of the IMS of mouse brain sections. Figure 3.34B
shows the ion images of a mouse brain section for
PC(diacyl-16:0/16:0), with and without spectrum nor-
malization. In the ion image without normalization, the
ion distribution was heterogencous, even between adja-
cent pixels. Furthermore, the signal iniensity was found
to decrease with time {arrowhead). In contrast, when
the normalization procedure was used, a clear ion-
distribution pattern that correlated well with the ana-
tomical features of the brain section was obtained [411.
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FIGURE 3.34  Spectrum normalization using TIC improves hoth the quantitative ability and visnalization quaity of IMS. A.
IMS results for PC(diacyl-16:0/16:0) on a section of mouse brain homogenate, processed with or without TIC normalization (upper
panel), and plot of ion intensity distribution for PC{diacy-16:0/16:0) obtained from s brain homogenate section, with or without
TIC normalization (lower panel). B. lon images of PC(diacyl-16:0/16:0) on an adult mouse brain section, in which speetra were

processed with or without TIC-normalization.

Another way of the spectrum normalization is using
an external standard (ES) compound spiked in the
matrix solution. We have also studied this normalization
method for phospholipid imaging: the methylcarbamyl
platelet-activating factor {C-PAF) (C-16) was used as
the ES compound by considering the {olowing two cri-
teria: (1) no other mass peaks overlap the peak of the
ES compound and {2) the ES compound has sufficient
jonization capability on the tissue section, in which
numerous biological compounds compete 1o ionize. All
obtained spectra were multiplied 1o equalize the inten-
sity of the ES and such normalization produces improved
ion images of biomolecules by eliminating the varia-
tions in ionization efficiency.

First, we determined the optimal concentration of
C-PAF for spectrum normalization. The spectra were

normalized so that the C-PAF peaks at m/z 561.4 have
equalintensities during the normalizing process. Figure
3.35A shows the ion images of C-PAF (n/z 361) with
and without spectrum normalization. Regarding the
brain section spraved with the matrix solution contain-
g .55 and 25 mg/mbL of C-PAF spectrum normaliza-
tion could not be performed successiully at some data
points because of insufficient intensity of the ES peak,
since mass peaks with insufficient intensity of C-PAF
could not be recognized by the software as ES peaks.
On  the other hand, successful normalization wag
achieved for the section spraved with 30 mg/ml of
C-PAF since 1on signals of C-PAF equalized among the
data points.

Figure 3.35B shows the ion images of PC{diacyl-
16:0/18:1) (/2 782 with and without spectrum normal-
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Comparison of unnormalized and normalized ion images. These images are successive mouse coronal brain see-

tions. The ion at m/z 361 is derived from ES and a7z 782 s devived from PC{diacyl-16:(¢/18:1).

ization. While the inner structure of the brain such
as the hippocampus region could not be distinguished
in the unnormalized ion images. normalized images

(50 mg/mL of C-PAF) showed a clear borderline of

the hippocampus, indicated by the absence of PC
(diacyl-16:0/18:1) in the corpus callosum (arrowheads).
The normalization process with C-PAF clearly improved
the ion distribution rmages, providing sharply defined
tissue edges and increased dynamic range.

34 STATISTICAL PROCEDURES FOR IMS
DATA ANALYSIS

341 MALDEIMS with Statistical Analyses
Revealed Abnormal Distribution of Metabelites
in Colon Cancer Liver Metastasis

In the following chapter. a medical application of
MALDI-IMS to colon cancer liver metastasis with use

of the presented procedures is described. In addition to
the shown procedures, here we employed statistical pro-
cedure for efficient analysis of complex IMS data sets.
The goal of this study is to discover potential biomark-
ers which are specifically found in normal or diseased
cells.

The IMS capability to simultaneously detect multiple
metabolites at a time, even with spatial information,
facilitates this emerging technique as an effective tool
for biomarker discovery, within surgically resected
tissues. In fact. a previous study has shown that IMS can
discriminate cancer types {such as primary or nonpri-
mary cancer) based on their molecular signature, and
can even predict survival rate among human patients
[77]. For this kind of purpose, it is necessary to utilize
statistical analyses to extract useful information from
enormous IMS data sets. The MS of tissues gives an
extremely complex spectrum with hundreds of o a
thousand peaks obtained from a single data point, and
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furthermore, several thousands of spectra with spatial
data are obtained at one IMS measurement. Because of
the complexity and enormousness of the IMS data set,
for discovery of biomarkers, manual processing of the
data set in order 1o obtain significant information is not
a realistic procedure. In this regard, today, multivariate
analysis becomes a powerful tool in IMS data analysis.
Here, we applied the statistical procedure to the IMS
results of the pathological specimen. colon cancer liver
metastasis.

Colon cancer is a challenging worldwide clinical
problem and the incidence rate of colon cancer has been
rising rapidly in Japan {78]. Genealogy is known to be
a risk factor [79] and as environmental factors, aging
[80] and diet, particularly a high intake of animal protein
and fat along with alow intake of fiber [81]. increase the
incidence of colorectal cancer. Until today, a number of
approaches including a cDNA microarray have revealed
characteristics of cancer cells with some success, such as
the discovery of specific gene expressions for drug resis-
tance [82]. In addition to this, IMS approaches presented
here which enable comprehensive analysis of metabo-
lite expression patterns in tissues might improve our
ability to understand the molecular complexities of
tumor cells.

In this chapter, we will show altered composition of
metabalites in the cancerous tissue revealed by IMS,
with both manual data processing and statistical data
management. In particular; as a statistical strategy. an
unsupervised multivariate data analysis technique that
enables us 1o sort the data sets without any reference
information 1s described. A major method that is related
to IMS, namely principal component analysis (PCA),
will be deseribed in detail.

3.4.2 Materials and Methods

3.4.2.1 Chemicals TFA was purchased from Merck
{Darmstadt, Germany). Methanol was purchased from
Wako Pure Chemical Industries (Osaka, Japan). 2.6-
dihydroxy acetophenone (2,6-DHA) was purchased
from Bruker Daltonics. A calibration standard for the
low m/z region was preparced by mixing angiotensin Il
([M+H]":899.47) and Leu-Euk ({M+H]:556.28). All the
chemicals used in-this study were of the highest purity
available.

3.4.2.2 Conductive Sheet The conductive sheet was
purchased from Tobi Co., Lid. {Osaka. Japan}. This sheet
has a thin I'TO laver on a polyethylene terephthalate.
The sheet was 125 um thick and its conductivity was
100 €. The transparency was 80% (A = 550 nm}, so that
we could observe stained tissues with transmitted light.

This flexible sheet made sample handling casy, because
the sheet could be cut to an arbitrary size with a paper
cutter and samples did not crack easily. which was some-
times problematic with glass slides.

3.4.2.3 Tissue Block Preparation A ussuc block
with colon cancer liver metastasis was removed from a
Japanese patient during an operation, and rinsed with
PBS buffer. The tissue was then immediately frozen in
liquid nitrogen to minimize degradation. and was kept
at ~80°C. Informed consent was obtained before the
operation.

3.4.2.4 Sample Preparation Before sectioning, the
liver block was left for 30 min at ~20°C. The tissue sec-
tions were sliced to a thickness of 3 pum using a cryostat
(CM 305(3; Leica) and mounted onto the 1TO sheet. A
thin matrix layer was applied to the surface by an air-
brush. A 2-min spraying of 2,6-DHA solution (30 my/
mbL i 70% methanol/0.1% TFA) was iterated twice.

- During spraying, the distance between the nozzle and

the tissue surface was kept at 15 cm. After drying, the
I'TO sheet was attached to a metal-coated glass slide by
conductive tape to facilitate electrical conduction.

3.4.2.5 Conditions of MS and MALDI-IMS The
tissue section was analyzed using a matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
{(MALDI-TOF)/time of flight (TOF)-type instrument,
Ultraflex 11 TOF/TOF (Bruker Daltonics), which was
equipped with a Nd'YAG laser with a 200 Hz repetition
rate. External calibration solution was deposited on the
surface of the ITO sheet to minimize mass shift. In this
experiment, an acceleration voltage was set to 25 kV.

3.4.2.6 IMS A raster scan on the tissue surface was
performed automatically. Laser irradiation consisted of
100 shots i each spot. The interval of data points was
100 um, giving a total of 445 data points in the tissue
section. The spectra shown in the resulis section were
accumulated 1n  square sections {300 % 300 gm}) . of
normal and cancerous areas. Here, we did not apply data
processing such as smoothing or baseline subtraction.
The reconstructions from the spectra were performed
by FlexImaging {Bruker Daltonics).

3.4.2.7  Sraristical Anglysis  Statistical analyses were
carried out using the ClinProTools 2.2 Software (Bruker
Daltonics). For the statistical analyses, the mass spectra
were internally recalibrated on common peaks {also
known as spectral alignment) and normalized on the
TIC. An average spectrum created from all single
spectra was used for a peak picking and to define mte-
gration ranges. These integration ranges were used (o



obtain the intensities or areas on the single spectra. The
signal intensities were used for all caleulations

3.4.3 Results and Discussion

3.4.3.1 Comparison of Averaged Mass Spectra in
Normal and Cancerous Areas Al first, a tissue section
with colon cancer liver metastasis was stained with HE
for histological observation (Figure 3.36a). The histo-
chemical staining enables us to distinguish the normal,
stroma, and cancer cells which were localized on the left,
middle. and right locations of the tissue section, respec-
tively. A successive tissue section was used for MALDI-
IMS and after the measurement, according to the
histological observation. two quadrate arcas—one from
the normal area and the other from the cancerous
area—were selected to collect and average the obtained
mass spectra (Figure 3.36b).

FIGURE 3.36 Histological observation of HE-stained liver
tissue section with colon cancer metastasis. A. The HE-stained
section allows us to distinguish the normal. stroma. and cancer
cells which were localized on the left. middle. and right loca-
tions of the section, respectively. B. Photograph of the tissue
section prepared for MALDI-IMS. From the data points in
white squares represented in B, mass spectra were collected
and averaged. Bars: 1 mm.
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Figure 3.37 shows the averaged mass spectra from
the cancerous (Figure 3.37a) and normal area (Figure
3.37b). Numerous differences on the mass signals were
observed between the normal and cancerous cells. In
particular, we found that the signal at m/z 725 showed
a massive increase in the cancerous region while the ion
at m/z 616 almost disappeared in the cancer cells.

3.4.3.2 Visualization of Molecules Specifically
Localized in Normal and Cancerous Region Having
demonstrated the cancerous/normal tissue specific loca-
lization of ions at m/z 616 and 725, respectively. we
proceed to the visualization of their distribution patiern.
As expected. the ion distribution images shown in
Figure 3.38 demonstrate that they are expressed in the
normal/diseased region specific mannertion at m/z 725
was clearly localized in the cancerous region while fon
atm/z 616 was found only in the normal cell region. The
merged image demonsirates that these two ions were
complementarily distributed in the specimen.

3.4.3.3 Molecular Identification with MS/MS Next
question is the origin of these two:ions. As shown in
previous chapters, MS/MS provides the structural infor-
mation of interest ions and therefore, it enables the
molecular identification. The result of MS/MS with
regard to m/z 725 is shown in Figure 3.39A. In the
product ion mass spectrum, peaks at m/z 666.5 and
542.5, which correspond Lo neutral loss {NL) of trimeth-
viamine (59 u, C;HoN) and NL of trimethylamine and
cyclophosphate {124 u, CHsO.P), respectively, were
detected. This result indicates that #/z 723 contained an
alkali metal adduct phosphocholine, therefore ion at
m/z 725 is suggested to be PC or sphingomyelin (SM)
[#1]. According to the nitrogen rule, ion at m/z 725
having odd nominal mass should contain additional
gitrogen in its structure, thus indicating presence ol a
sphingosine. We concluded that m/z 725 was attributed
to be a sodiated molecule of SM (16:0).

$I0 820 B30 840G BEO €80 870 B0 690 VUG 71T 720 U

FIGURE 3.37 Comparison of averaged mass spectra from the (A) cancerous and (B) normal areas.
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FIGURE 3.38  Visualization of molecules specifically localized in normal and cancerous region. lon distribution images and
corresponding mass spectra demonstrate the strong distribution of 1on at 2z 616 in the normal area (A, while the jon at vz
725 showed higher expression in the cancerous arca than in the normal area (B).

Regarding the ion at #v/z 610, the first generation of
product ion mass spectrum from m/z 616 showed con-
secutive NLs of 73, 39, and 45 Da (Figure 3.39Bla]).
From the previous literature [83.84], 1t is suggested that
nr/z 616 corresponded to heme B and that these NLs
were derived from Joss of the CHZCHZCOOH (73 Daj,
CH2COOH (59 Daj. or the COOH (43 Da) group.
respectively. The molecular structure of heme B is dis-
plaved as an inset. Figure 3.39B(b) shows the second
product ion mass spectrum generated from nv/z
an additional NL of 39 Da was observed. This fragment
was considered 1o be derived from another CH2COOH
in heme B,

Here, we demonstrate that SM(16:0) was sirongly
expressed in the cancerous area. Previous studies
reported that in colon cancer, the cancerous cells contain
elevated amounts of total phespholipids [85]. and in
addition. the phospholipid composition of the cellular
membrane is altered [85.86] even between cancer cell
types. that is. metastases and nonmetastatic cancer [86].
Brasitus et al. studied a relationship between the malig-
nancy and altered lipid composition of the colon cancer,
and reported significant accumulation of SM, consistent
with the presented result [87]. On the other hand, heme
B consisis of an iron atom and porphyrin, and is known
as a prosthetic group in hemoglobin. which is a protein
in erythrocytes. Presented results indicate the difference
between the blood-rich organ liver and the ischemic
metastatic colon cancer [88.89].

3.4.3.4  FMS Linked ro Multivariate Analysis Up o
this point. we showed that two small metabolites were
specifically  expressed between the cancerous and
normal tissue areas, In the described data analysis pro-

cedures without statistical methods. we usually aver-
aged the spectra of cach region and visually compared
the mass peaks between the speetra one by one. Ay seen
in Figure 3.37. with such visual comparisons of spectra,
we were certainly able to find differences among the
peak expressions: However, such methodology is inef-
ficient especially when one is analyzing a large number
of mass peaks and/or many tissue samples.

Below, we will describe the IMS-linked PCA 1o
compare the metabolite composition of the normal/
cancerous regions. Here, we will not describe the detailed
mathematical theory due to the space limitation, but
i brief, PCA s a statistical method that merges the
data containing multiple elements into low-dimensional
data. It reduces a large set of variables to a small set of
variables called “principal components” which are linear
combinations of the original variables. In the PCA-
coupled IMS data analysis. spectra obtained by IMS are
processed to peak defection and based on the generated
peak list. PCA decomposition was performed. PCA
images {i.e.. 2D intensity map of principle component
score on the tissue section) were often utilized to find
differences of molecular: composition among regions/
tissues.

PCA calculation results in several parameters and
below, the component score and fucior loading are par-
ticularly important for the interpretation of results. A
component score is caleulated for each mass spectrum;
all are defined for each principal component (e.g. for
PCY. PCZ. ete). Those component scores are often
plotted two-dimensionally, to facilitate interpretation of
the PCA resuits. In Figure 3.40. component scores for
each principle component are plotted on the x- and v-
axis. and each dot in the graph represents a spectrum
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FIGURE 339  MS/MS enables the molecular identification of interested ions directly on the tissue surface. A. Product ion mass
spectrum on the liver section of iz 725, The NL of 39 and 124 u observed in the spectra is trimethylamine and ceyelophosphate.
indicating phosphocholine structure. This fragmentation occurred when alkali metal adducted to the precursor ion. The biomol-
ecule of m/z 725 was suggested to be the sodiated molecule of SM{16:0). B. Product 1on mass spectra on the liver section of vz
616.2 {ay and 357.2 (b). The m/z valoe and fragment patierns indicate that the product jon of »/z 616 18 heme B. Consecutive NLs
of 73,39, and 45 Da correspond 1o CH2CH2COOH, CHZCOOH. and COOH, respectively. The molecular structure of heme B

1s shown as an inset in (oL

from a distinct data point on the tissue section. What 15
important 10 note is whether two {or several) popula-
tions of spectra (= dot) are obtained from distinet
regions, for example. normal versus diseased. they are
spatially separated on the graph. or not. If they are

separated (Figure 3.40A), it means that the molecular
expression patterns of these two regions were statisti-
cally distinct from cach other. If not, PCA failed to
extract the statistical differences between the popula-
tions (Figure 3.40B).
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FIGURE 340 Example of data interpretation of IMS-linked
PCA . In this study, dots seen in the 2D plot represent the case.
that is, the specurum from distinet data points. If dots from
distinct sample are separated (A}, it means that the molecular
expression patterns of these two regions were statistically dis-
tinet from each other. If not, PCA failed to extract the statisti-
cal differences between the two populations (B).

(A)

Figure 3.41 shows the result of imaging mass
spectrometry-principal  component  analysis  (IMS-
PCA) for the colon cancer tissue, In this case. this unsu-
pervised analysis revealed that the largest spectral
difference (i.e., the largest difference in metabolite
composition) was observed between the normal and
the other tissue areas {i.e.. normal vs stroma/cancer
area}, and the second largest difference was observed
between the stroma and normal/cancer area. The overall
interpretation of PCA was shown in Table 3.6.

In the graphs shown in Figure 3.41B. the circles indi-
cate mass spectra obtained from the normal, stroma,
and cancerous regions {colored white, gray, and black,
respectively). Notably, the three populations are spa-
tially separated by the component scores for PC2 and
PC3. but not for PCL. This indicates that PC2 and PC3
particularly contain the statistical differences among
these three regions.

In detail, along with the PC2 scores (yv-axis). the
spectra from normal and the others are clearly sepa-
rated. The PC2 image also demonstrates a large differ-
ence of PC2 score value between normal and the other
regions (Figure 3.41C). On the other hand, along with
the PC3 scores {y-axis}, spectra from stroma and the
other regions are separated and the PC3 tmage also
shows much higher PC3 score value of stroma region
than the other regions (Figure 3.41C).

@ Cancer

Component score for

: Camponeht scae fn;)' ’PC‘E '

FIGURE 3.41 IMS-linked PCA of colon cancer liver metastasis section revealed altered metabolite compositions among normal
stroma and cancer regions. A. Optical images of HE-stained section after IMS measurement r&pwsgnting the normal, stroma, and
cancer regions. B, Graphs in which priaciple component scores for PCLPC2, and PC3 are plotted. C. Principal component images.
According to the value of the prineiple component score caleulated for the spectrum at each tissue Jocation, pixels are indicated

with gray value.
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TABLE 3.6 The Results and Interpretation of PCA of the Liver Section with Colon Cancer Metastasis

Primary Comtributing PCs

Interpretation of the Component

Component Negative miz 6162 miz 828.4 ¢/t
2 (heme B) [PC{diacyl-
16:0722:6)+Nal)
Positive miz 7444 miz 754.4
Component Negative miz 7220 -
3 Positive miz 760.4 miz 766.4

miz 844.4 oft
[PC{diacyl-
16:0/22:6)+Nal")
miz 768.4
- Representing altered metabolite
composition between stroma
and other regions,

Representing aliered metabolite
compaosition between normal
and other regions.

3.4.3.5  Analysis of Loading Factor for Each Principle
Component Facilitates Identification of “Responsible™
Molecules Which Differentiare Control and Diseased
Samples  As n next step, an analysis of the factor
loading plot would identify peaks that were differen-
tially expressed between regions. Since a component
score defined for cach spectruny is a sum of the value of
the factor loading value. multiplied by peak intensity.
when numbers (= m) of mass peaks were used in the
analvsis. the component score will be:

ScorePCl{xv,v) = Z foad(nyxInt.(m).

szl

where

ScorePCl{xy) = component score against PCH.
obtained from {x, v).

load(n) = factor loading value against a
mass peak for n,

Int.(n) = mass peak intensity for n.

m = number of mass peaks used for
calculation.

According to this equation, in the spectra from the
normal tissue region. the mass peak with large negative
value regarding PC2 factor loading is supposed to be
intense. On the other hand. it was also indicated that
peaks with large positive values for PC2 factor loading
would be specific molecules to the stroma/cancerous
regions. In other words, such mass peaks with a radical
absolute value for PC2 factor loading are suggested (o
be major contributors to differentiate these regions.

3.4.3.6 PC2 Represents Difference of Metabolite
Composition berween Normai versus Other Region  In
Figure 3.42. the factor loading values for PCI and PC2
are plotted on the x- and y-axes, respectively. Each dot
indicates a distinct mass peak. Such a graph makes it
very casy to find the peaks with the intended factor
loading value against each PC. Since peaks that have
negative loading values regarding PC2 are supposed to

be specifically expressed by the normal liver cells, we
thus picked up mass peaks with large negative loading
values for PC2, and obtained their distribution image,
As a result, we found that jon at m/z 616.2, which is
already demonstrated as a normal region-specific mol-
ecule, was statistically classified into the normal region
specific category (Figure 342, lower part). Furthermore,
by this procedure. other mass peaks corresponding
to sodiated and potassiated molecules of PC(diacyl-
16:0/22:6) were identified as the normal cell specific
metabolites (Figure 3.42, lower part), Oun the other
hand, through the same procedure, we also successfully
identified the molecules which localized in the cancerous/
stroma region (Figure 3.42, upper part).

3.4.3.7 PC3 Represents Difference of Metabolite
Compeosition between Stroma versus Other Region  In
Figure 3.43, the factor loading values for PC1 and PC3
are plotted on the x- and y-axes. respectively. In this
case, since mass peaks that have a large positive loading
value regarding PC3 are supposed to be specific mole-
cules 1o the stroma region. we picked up the mass peak
at /7 722.0 and obtained a distribution image (Figure
343, upper part). As a result, we identified jons at n/z
72240 as stroma-specific molecules, and on the other
hand. with same procedure, we revealed that ions atm/z
760.4 and 766.4 almost disappeared in the stroma region.

3.4.4 Conclusion

Biomarkers are objective indicators of particular patho-
genic processes. pharmacological responses, or normal
biological states: they can involve any kind of molecule
in living organs, for example, proteins, peptides, DNA,
and/or metabolites. Biomarkers are essential for the
diagnosis and prediction of diseases: IMS can provide
distribution information regarding various biomole-
cules at the cell and tissue levels, and thus it s expected
to become a powerful tool for in situ biomarker
discovery.
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FIGURE 342 PC2 represents difference of metabolic composition between normal and other region. In the center graph, factor
loading values for PC1 and PC2 are plotied on the x< and y-axes, respectively. Bach dotindicates the distinct mass peak. The peaks
witha ia:ge positive/negative value for loading factor 2 (i.e., major contributors to differentiation among the groups) were chosen
and their distribution images are visualized. ¢/t. corresponding to.
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factor loading values for PC1 and PC3 are plotted on the x- and y-axes, respectively. The mass peaks with large positive/

Loading factor 3

STATISTICAL PROCEDURES FOR IMS DATA ANALYSIS
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PC2 represents difference of metabolic composition between normal versus other region. In the center graph,

value for loading factor 3 were chosen and their distribution images are visualized.

negative
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In this chapter. we showed the identification of
potential biomarkers, which are molecules that differ-
entiate among the normal, cancerous and even stroma
cellsin the colon cancer liver metastasis. For this purpose,
we showed that the statistical strategy is quite effective
to deal with the large volume data set of IMS:

The volumes of IMS data sets continue to increase
because of current improvements to 1IMS with regards
to high-resolution [90]. three-dimensional (3D) imaging
[71]. and reconstruction from 3D mass spectra contain-
ing ion drift times in ion mobility MS [29]. Data analysis
of such large data sets will increasingly depend on the
statistical analysis, and therefore the development and
application of such analyses will be a more important
issue.
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1. INTRODUCTION

The ability to visualize the molecular distribution in biological material
such as tissue samples has helped scientists to provide a better under-
standing of the principles of life. The study of biomolecule distribution in
organs and its alterations with disease remains one of the most challeng-
ing and intriguing scientific issues of recent times. Various techniques are
used in laboratories around the world to visualize molecular systems—
techniques such as magnetic resonance imaging (MRI) technology (Hurd
and Freeman, 1989) and positron electron tomography (PET) (Ametamey
et al., 2008). The Nobel Prize-winning MRI and PET technologies are
known as noninvasive techniques for medical diagnosis. Nuclear mag-
netic resonance spectroscopy (NMRS) is also helpful for imaging and
identification of biomolcules in tissue sample (Hiltunen ef al., 2002). The
limitations of these techniques are the relatively poor resolution, sensitiv-
ity, and requirement of labeling of molecules for detection (in the case of
the PET method).

Imaging mass spectrometry (IMS) was introduced for spatial distribu-
tion analysis of biomolecules without the need for extraction, purification,
separation, or labeling of biological samples. Recent developments in
molecular imaging have created new opportunities to perform molecular
diagnostic and therapeutic procedures. The technique can be exploited to
visualize cellular and molecular processes that occur in two-dimensional
(2D) or three-dimensional (3D) fashion without perturbing the structure
of the system (Caprioli ef al., 1997; Setou et al., 2010).

Mass spectrometry (MS) is a technique based on the measurement
of the charged ions in an electric or magnetic field. Generally, a mass
spectrometer contains three distinct parts: (1) an ion source producing
ions from sample molecules; (2) a mass analyzer separating the dif-
ferent molecules with respect to their mass-to-charge ratios (m/z), and
(3) a detector, registering the ion m/z and the intensity at which the
ions were detected. Data are collected and visualized in a mass spec-
trum where the different m/z ratios are displayed as a function of their
signal intensity (Gross, 2004). MS is a great scientific tool because of the
wide range of molecules that can be accurately detected and identified:
large organic compounds and biomolecules of low molecular weight.
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In the beginning, mass spectrometric analysis was limited to samples
that had undergone excessive preparation procedures, such as purifi-
cation, separation, and concentration steps. These procedures not only
jeopardize sample integrity, but also lead to the complete loss of any spa-
tial distribution information. MS instruments are equipped with different
ionization methods, including electron ionization and chemical ioniza-
tion (Fales et al., 1972), fast atomic bombardment (Morris ef al., 1981),
electrospray ionization (ESI) (Fenn ef al., 1989), and matrix-assisted laser
desorption/ionization (MALDI) (Karas ef al., 1985) for the analysis of a
wide range of organic and bio-organic molecules. The introduction of the
“soft” ionization sources such as ESI and MALDI transfigured MS, as it
offered the capability to analyze large intact biomolecules.

At present, IMS is a well-recognized technique for profiling the dis-
tribution of biomolecules in tissue sample at micrometer to nanometer
resolution (Caprioli et al., 1997; Goodwin et al., 2008; McDonnell and
Heeren, 2007; Pol et al., 2010; Shimma et al., 2008). Data acquisition is per-
formed through scanning a tissue section with a laser, thereby obtaining
one mass spectrum for every pixel. The main principle of IMS is based
on desorption and ionization of biomolecules from the surface of the
tissue sample. There are currently four important desorption/ionization
methods: desorption electrospray ionization (DESI) (Takats et al., 2004),
secondary ion mass spectrometry (SIMS) (Benninghoven, 1973), MALDI
(Tanaka et al., 1988) and laser ablation electrospray ionization (LAESI)
(Nemes and Vertes, 2007).

2. IONIZATION METHODS FOR IMAGING MASS
SPECTROMETRY

2.1. Desorption Electrospray lonization

DESI was introduced by R.G. Cooks in 2004. In DESI, the molecules are
ionized at atmospheric pressure without the use of any organic matrix
(Dill et al., 2009) in a combination of ESI and desorption ionization (DI).
The charged droplets of solvent generated during the electrospray stage
are used to ionize molecules from the surface of the sample and the ions
produced thereby are directed into an atmospheric inlet of the MS. The
components and use of DESI in IMS are presented in Figure 1a. The spatial
resolution obtained by this method is 0.3-0.5 mm, which is a low resolu-
tion of tissue sample in IMS studies. DESI has been successfully applied
to IMS for the identification of lipids, drug metabolites, and antifungal
molecules in seaweeds (Dill et al., 2009; Lane et al., 2009; Wiseman et al.,
2008).
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FIGURE1 Desorption-ionization techniques used in mass spectrometry imaging.

(a) Desorption electrospray ionization (DESI). (b) Secondary ion mass spectrometry
(SIMS). () Matrix-assisted laser desorption ionization (MALDI). UV, ultraviolet;

IR, infrared. Reprinted from Pol et al. (2010) with permission from Springer. (See Color
Insert.)
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2.2. Secondary Imaging Mass Spectrometry

SIMS is a sophisticated technique that uses ion beams from metal ions
such as Ar™, Ga™, and In™ (here denoted primary ion beams) to produce
secondary ions from molecules on the surface of a sample. Ionization
is performed in high vacuum to avoid a collision with surrounding gas
molecules, and the primary ion beams can be focused down to 50 nm
on the sample surface, with the resolution depending on the current and
charge state of the ions. SIMS coupled with time-of-flight (TOF-SIMS) is a
superior tool for high-spatial, submicron resolution (< 10nm). Thus SIMS
can be applied for the differentiation of biomolecules that are present
all the way down to the cellular level. However, fragmentation of larger
molecules on the sample surface is observed when strong laser energy
is applied for the primary ion beam. Hence, SIMS is primarily applica-
ble for the analysis of small molecules (<1000 Da) (Heeren et al., 2006;
Slaveykova et al., 2009). Figure 1b shows the process of SIMS ioniza-
tion of molecules from the sample surface. SIMS has been applied for
imaging of samples such as single cells, embryos, brain, cocaine, and cin-
namoylcocaine in coca (Colliver et al., 1997; Jones et al., 2007; Wu et al.,
2007). The fragmentation of molecules in SIMS can be overcome through
the treatment of an organic MALDI matrix; this approach is known as
matrix-enhanced (ME)-SIMS (Altelaar et al., 2007).

2.3. Laser Ablation Electrospray lonization

LAESI was developed by Nemes and Vertes (2007) and is a method for MS
analysis of tissue samples without sample preparation under atmospheric
pressure (Nemes and Vertes, 2007). Laser ablation from a mid-infrared
(mid-IR) laser is combined with a secondary ESI process. The spatial res-
olution for tissue samples using LAESI technique is better than DESI and
can be used for imaging of biomolecules from the surface of tissue sam-
ple at a lateral resolution of <200 wm. The technique has been applied for
imaging and identification of plants, tissues, cell pellets, and even single
cells (Nemes et al., 2010; Shrestha et al., 2010; Sripadi et al., 2010). Recently
it has also been used in 3D imaging of molecules from the sample (Nemes
ef al., 2009).

2.4. Matrix-Assisted Laser Desorption/lonization

MALDI was introduced as a soft ionization technique that causes little
or no fragmentation of the target molecules, allowing for the analysis
of molecules at several hundred kilodaltons (i.e., high m/z values). This
allows for mass spectrometric analysis of a wide range of molecules such
as amino acids, peptides and proteins, carbohydrates, and nucleic acids
and drugs and has proven to be one of the most powerful MS technologies



