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bstract

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) equipped with a gold ion gun was used to image mouse embryo sections and
ifferentiate tissue types (brain, spinal cord, skull, rib, heart and liver). Embryos were paraffin-embedded and then deparaffinized. The robustness

nd repeatability of the method was determined by analyzing ten tissue slices from three different embryos over a period of several weeks. Using
rincipal component analysis (PCA) to reduce the spectral data generated by ToF-SIMS, histopathologically identified tissue types of the mouse
mbryos can be differentiated based on the characteristic differences in their mass spectra. These results demonstrate the ability of ToF-SIMS to
etermine subtle chemical differences even in fixed histological specimens.
ublished by Elsevier B.V.
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. Introduction

Formalin-fixed paraffin-embedded (FFPE) tumor samples are
outinely used for disease diagnosis and are one of the most
mportant and most abundant sources of clinical samples avail-
ble in medical centers and medical schools. New technologies
or analyzing these samples that could be used to improve tissue-
ased diagnosis, predict response to specific modes of treatment,
nd aid in prognosis decisions have the potential to greatly
mprove decisions about therapeutic strategies.

Beyond the conventional histopathological methods, little has
een done to develop new methods to analyze FFPE tissues.
aremko et al. has applied MALDI-ToF MS to the genotyping
f low quality DNA obtained from FFPE tissues [1]. However,
o studies have been done to investigate the distribution of small
olecules in FFPE tissues. We are using bioimaging time-of-

ight secondary ion mass spectrometry (ToF-SIMS) to image

issues by their secondary ions in deparaffinized mouse embryo
ections. We then differentiate these tissues based on differ-
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nces in small molecules remaining after paraffin-embedding
nd fragments of the tissue proteins. These experiments serve
s a preliminary study for further investigation of human FFPE
amples from tumor and normal tissues.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
s a surface-sensitive technique that allows the detection and
ocalization of the chemical composition of sample surfaces.
he instrument uses a finely focused (∼300 nm), pulsed pri-
ary ion beam to desorb and ionize molecular species from a

ample surface. The resulting secondary ions are accelerated
nto a mass spectrometer, where they are analyzed for mass by

easuring their time-of-flight from the sample surface to the
etector. Displaying the mass spectra that were collected from
he sample surface generates chemical images. The resulting ion
mages contain a mass spectrum in each pixel of the 256 × 256
ixels in an image. These mass spectra are used to create sec-
ndary ion images that reflect the composition and distribution
f sample surface constituents.

Using ToF-SIMS technology, several groups have been
uccessful in identifying intracellular distributions of specific
iological ions such as sodium, potassium, calcium and mem-

rane lipid fragments [2–11]. Quong et al. showed that in human
reast cells exposed to the carcinogen PhIP, the target compound
as found in detectable amounts within the outer leaflet mem-
rane of the cells [12]. Similarly, analysis of yeast cells that had

mailto:wu17@llnl.gov
dx.doi.org/10.1016/j.ijms.2006.09.029
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een exposed to the drug clofazimine demonstrated the presence
f the drug within the cells [8].

Very little has been done to apply ToF-SIMS imaging to
ancer or tissue-specific problems. Mouse brain tissue slices
ave been analyzed using gallium, indium, or gold cluster as
source of primary ions [13–15]. Nygren and Borner demon-

trated localization of phosphocholine, galactosylceramide, and
holesterol in rat brain slices using a bismuth cluster ion source
16–18]. Imaging cancer cells grown in culture has also been
hown [19–21]. These studies illustrate the ability of ToF-SIMS
o sensitively analyze and localize small molecules and large

olecule fragments in cells and tissues.
A strength of the ToF-SIMS technique arises from the data

enerated; each ion image provides a highly detailed mass spec-
ral map of the sample being analyzed. However, the spectra
f biological samples are extremely complex and difficult to
nterpret. This complexity is derived from the contribution of
econdary ions that are generated from fragmentation of larger
olecules within the sample and matrix effects that influence

he secondary ion yield depending on the chemical environment
f the surface being sampled [22]. Further, because most of a
ell’s mass is comprised of proteins, which are composed of
nly 20 fairly homogenously distributed amino acids, there is a
ack of unique peaks among different biological samples. In fact,

ass spectra obtained from different types of biological materi-
ls qualitatively appear very similar. Therefore, data reduction
nd pattern recognition statistical analysis techniques must be
sed to differentiate similar biological materials.

Principal component analysis (PCA) is commonly used to
dentify similarities and differences in ToF-SIMS spectra and
lassify spectra into groups [19,22–26]. PCA is a standard,
nsupervised multivariate statistical technique which reduces
large data matrix to a few manageable variables called prin-

ipal components (PCs). Principal components represent linear
ombinations of the original data and capture the greatest vari-
tion in the data set. By plotting the resulting ‘scores’ and
loading’ plots, the relationship between samples and variables
an be visualized and easily interpreted. Wagner and Castner
ave used PCA and singular value decomposition to success-
ully cluster ToF-SIMS mass spectra generated from samples of
ingle proteins and from samples of alkanethiol self-assembled
onolayers, adsorbed onto gold substrates [22,27–29]. Statis-

ical analysis of ToF-SIMS spectra has also been employed to
istinguish three species of freeze-dried yeasts based on mem-
rane phospholipids [11] and to discriminate four yeast strains
ased on composite spectra from samples of yeast cultures
30]. Vegetative Bacillis cells were discriminated from spores
ased on ToF-SIMS analysis of phospholipid fragments [25]. We
ave shown that ToF-SIMS imaging and PCA can differentiate
hole cells and homogenates of three carcinoma-derived human
reast cancer cell lines (MCF-7, T47D and MDA-MB-231)
21].

This study extends the analytical capabilities of ToF-SIMS

nd PCA by imaging and differentiating histopathologically
dentified tissues from 16-day-old FFPE mouse embryos. In this
tudy we demonstrate differentiation of six tissue types and show
he reproducibility and robustness of the analysis. These experi-
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ents provide the foundation for work with human FFPE tissues
nd suggest new uses for ToF-SIMS for molecular pathology.

. Experimental

.1. Animals

Female C57BL/6BAC mice were purchased from the Jack-
on Laboratory (Bar Harbor, Maine) and bred with male
57BL/6BAC mice to generate the embryos used in this exper-

ment. The animals were maintained on a 12-h dark/light cycle
n a temperature and humidity controlled room. The care of the
nimals was in accord with the Lawrence Livermore National
aboratory (LLNL) Institutional Animal Care and Use Commit-

ee (IACUC) committee guidelines. Animals are anesthetized
ith isoflurane and killed through cervical dislocation. Embryos
ere harvested using standard techniques [31].

.2. Mouse embryo tissue slice preparation

Three 16-day-old mouse embryos from three different
ams designated with the numbers 1 to 3 were fixed in 4%
araformaldehye for 36 h and embedded in paraffin blocks
sing standard techniques [32]. Four-micron thick saggital slice
ections were cut from each embryo using a Leica RM2165
icrotome and were designated as sections 1 through 9. A fourth

lice was cut from the third embryo and was designated as sec-
ion 10. The sections were placed on 1.2 cm × 1.2 cm silicon
Si) wafer substrates and incubated at 40 ◦C for overnight. The
amples were then deparaffinized and dehydrated using xylene
nd 100% ethanol. The samples were allowed to air dry and
ere stored in vacuum at 1E−4 Torr for 24 h before ToF-SIMS

nalysis.
A fourth mouse embryo was prepared as described above for

ptical imaging. A 4 �m section was cut and stained with hema-
oxylin and eosin (H&E) using standard immunohistochemical
echniques [32]. The sample was placed on a glass slide and
valuated by the pathologist, Dr. Lu. The identified tissues in
his sample were used as a reference for the ToF-SIMS analysis.

.3. ToF-SIMS analysis

ToF-SIMS measurements were conducted on a PHI-TRIFT
II instrument (Physical Electronics USA, Chanhassen, MN)
quipped with a gold liquid metal ion gun (Au LMIG). The
on gun was operated at 22 kV and in an unbunched mode. Pos-
tive ion SIMS analyses were done utilizing Au+ ions at room
emperature, with a pulsed, low-energy electron gun providing
harge neutralization. For the tissue differentiation experiment,
ix tissue types were selected from section number 10: skull,
ib, brain, spinal cord, heart and liver. Tissues were identified
ased on the pathologist’s designation of similar tissue regions
n the H&E stained section. ToF-SIMS measurements were con-

ucted over a 300 �m × 300 �m area for 5 min; one average
ass spectrum was reconstructed for that specific region of the

issue section. Ten measurements were recorded for each tissue
ype. The mass spectra were calibrated using common hydro-
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arbon fragment peaks at CH3
+, C2H3

+, and C4H7
+. For the

issue reproducibility experiment, sections 1 through 10 were
nalyzed. Four tissue types were selected for analysis: brain,
ib, heart and liver. Two to ten measurements were recorded for
ach tissue type depending on the sizes of the tissue regions
vailable in each slice. Each of the ten samples was analyzed
wice over a period of 1 month in order to monitor the repro-
ucibility and stability of data. Spectra for background controls
ere acquired by analyzing clean silicon areas on the wafers.
ontamination peaks were identified from the background con-

rol spectra and excluded in the later PCA analysis. Excluded
eaks are attributable to primary ion source elements (m/z = 69,
33), polydimethylsulfoxide contamination (m/z = 73, 147, 207,
21, 281) and most likely deparaffinization and other sample
reparation steps (m/z = 71, 74, 83, 91, 97, 115, 117, 119, 125,
48, 149, 169, 191, 219, 242, 279, 282, 283, 325, 399, 421, 459).

.4. Principal component analysis

Principal component analysis (PCA) was used to analyze the
pectra and images obtained from the measurements. Specifi-
ally, data reduction was accomplished using MATLAB v. 7.0
MathWorks Inc., Natick, MA) along with PLS Toolbox v. 3.5
Eigenvector Research, Manson, WA). Unit mass binning was
pplied to each spectrum with the exception of m/z = 40, which
ontained only the calcium (Ca) peak. Masses from m/z = 60 to

00 and m/z = 40 (Ca) were used for data analysis. Identified con-
amination peaks were excluded from the PCA data reduction
s discussed above. The resulting spectral dataset was normal-
zed to that spectrum’s total ion counts and then mean-centered

F
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b

ig. 1. (a) Optical image of a 16-day-old H&E stained mouse embryo section. (b) Pos
f liver. (d) Positive total ion ToF-SIMS image of rib. (e) Positive total ion ToF-SIMS
mage.
s Spectrometry 260 (2007) 137–145 139

efore PCA. A scores plot with ninety percent data contours and
oading plot were then generated. Ninety percent data contours
ere drawn using the error ellipse.m code by J. Andrew Johnson
f Binghamton University, acquired from the MATLAB Central
ile Exchange.

. Results and discussion

.1. ToF-SIMS imaging of different tissue types

The optical image of a 16-day-old H&E stained mouse
mbryo section is shown in Fig. 1(a). Representative positive
otal ion ToF-SIMS images obtained from specific tissue areas of
comparable mouse embryo section are shown in Fig. 1(b)–(e).
hese ToF-SIMS images illustrate that there is sufficient chem-

cal information left in the fixed tissues to produce ion images
hat highlight the tissue structure. The ion images allow com-
arisons among the different tissues with regards to molecular
ensity and structural information.

Fig. 2 shows the positive ion images of tissue regions acquired
rom the rib and the heart. These images, which represent all of
he ions desorbed from the surface of the sample, can also be
resented to show the specific distribution of a particular mass
f interest. The distribution of m/z = 23 (sodium, (Na)) in the rib
s shown in Fig. 2(b). This Na image clearly shows the structure
f the developing rib bone within the matrix of other soft tissues.

ig. 2(d) shows the distribution of m/z = 70 in the heart section.
high mass resolution spectrum acquired using bunched mode

etermined that this peak is C4H8N, which we have shown to
e a fragment of the amino acids arginine and proline (data not

itive total ion ToF-SIMS image of brain. (c) Positive total ion ToF-SIMS image
image of heart. Arrows point to the corresponding tissue region in the optical
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ig. 2. (a) ToF-SIMS positive total ion image of a rib. (b) m/z = 23 (sodium) d
C4H8N) distribution of the region shown in (c).

hown). Univariate imaging analysis is helpful in defining the
egions of interest (ROIs) of tissues and for visualizing the distri-
ution of particular chemicals or molecular fragments. However,
he spectra from different tissues are very similar and impossible
o differentiate using univariate analysis. Multivariate analysis
s needed for differentiating tissue types.

.2. Differentiation of tissue types by PCA

To determine our ability to differentiate tissues using PCA,
ositive ion mass spectra from 6 different tissues of tissue sec-
ion number 10 were acquired and analyzed. Ten regions from
ach brain, spinal cord, skull, rib, heart and liver were converted
o spectra and used for the analysis. Low mass peaks (below
/z = 60, C4 and smaller hydrocarbon clusters) were removed

rom the PCA calculation to exclude these hydrocarbon peaks
hat carry no specific chemical information. Background peaks
ere identified and also removed from the analysis, as described

n the Experimental section. Fig. 3(a) shows the scores plot of the

rst principal component (PC1) and the second principal compo-
ent (PC2) axes. Together, these two PCs capture approximately
5% of the variance among the data groups. Each point in the
cores plot represents a mass spectrum acquired from one spe-

c
t
c
t

ution of (a). (c) Positive total ion image of a region of the heart. (d) m/z = 70

ific tissue area; spectra from different tissue types are denoted
y different color symbols. The ellipses surrounding each group
epresent the 90% data contour for that group. This plot shows
hat the spectra from each tissue type are tightly clustered and
hat the tissues are separated according to chemical composi-
ion. The bone-derived skull and rib groups, which contain a
igher mineral concentration, are well-separated from nervous
issue (brain and spinal cord) and the heart and liver. The cor-
esponding PCA loading plot illustrated in Fig. 3(b) shows that
/z = 40 (calcium (Ca)) is the variable primarily responsible for
ifferentiating the skull and rib from the less-mineralized tissues.

Further examination of the scores plot (Fig. 3(a)), shows that
he brain and spinal cord groups exhibit considerable overlap,
enoting the similar molecular composition of these two tissue
ypes. Nervous tissue contains a high concentration of phospho-
ipids, primarily from the myelin that surrounds the axons or
erve cells [33]. Although lipids are mostly lost during the tis-
ue fixation process, the chemical information that remains in the
olecular matrix that supports the phospholipids is sufficient to
learly differentiate these tissues from the heart and liver spec-
ra. Heart tissue, which is primarily made up of cardiac muscle
ells, and liver tissue, which is composed of hepatocytes, con-
ains a higher concentration of cellular protein. These molecular
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ig. 3. (a) Scores plot of PC1 vs. PC2 of spectra from six tissues with 90% dat
C2 of spectra from heart, liver, brain and spinal cord. (d) Loading plot of same

ifferences produce a different pattern of peaks in the ToF-SIMS
pectra that can be differentiated by PCA. Thus, the results seen
n the scores plot in Fig. 3 are confirmed by the known biology
f the various tissues.

In an effort to extend our ability to separate the soft tissues, we
emoved the skull and rib spectra from the PCA calculation and
epeated the statistical analysis. Fig. 3(c) and (d) show the result-
ng scores and loadings plots using only the spectra acquired
rom the brain, spinal cord, heart and liver tissues. Although
he scores plot (Fig. 3(c)) shows a slight overlap in the 90%
ata contours of the brain/spinal cord and heart/liver groups,
ssentially the four soft tissues are well separated. The nervous
issues, brain and spinal cord, are separated from the heart and
iver groups on PC1 and the heart and liver are separated on
C2. Given that the heart and liver are composed of different
ell types and have different physiological functions, this is to
e expected. More surprisingly, the brain and spinal cord are also
eparated on PC2. These two tissues, which are part of the cen-
ral nervous system, are both composed essentially of neurons.
he primary anatomical difference between the brain and the
pinal cord is the arrangement of the grey and white matter [34].

n the spinal column the grey matter (the neuronal cell bodies)
re on the inside and surrounded by white matter (axons, or the
bers that connect the neurons). In the brain’s cerebral cortex,

he grey matter surrounds the white matter. Depending on the

3

S

our of each tissue. (b) Loading plot of same tissues. (c) Scores plot of PC1 vs.
es.

xact location of the section through the embryo, it is possible
hat the spectra acquired from these two organs differed in the
mount of white or grey matter being sampled. It is likely that
he chemical composition of the white matter, which is covered
y a dense layer of myelin, would be distinctly different from
rey matter, which may account for the differences in the spec-
ral patterns. Because the lipids that would be associated with the

yelin in these tissues are lost during the fixation process, the
ifferences in the spectral patterns could be a result of differing
rotein compositions in the grey and white matter. Examining
he corresponding loadings plot (Fig. 3(d)) shows that peaks at
/z = 70, 72, 84, 86 and 120 are closely related to the brain and

pinal cord (which can also be noted in Fig. 3(b)). Although
he logical next step for this research is to assign the identity
f the peaks that drive the differentiation of the tissues, conclu-
ively determining the origin of these molecular species cannot
e done at this time. We are currently pursuing studies to iden-
ify these fragments; these studies will allow us to understand
he biological differences in the samples that give rise to the
hemical differences that we see among the spectra.
.3. Reproducibility and stability of the ToF-SIMS method

In order to understand both the reproducibility of the ToF-
IMS method, as well as the chemical stability of the samples,
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ig. 4. (a) Scores plot PC1 vs. PC3 for four tissues (brain, heart, liver and rib)
he four tissues. (c) Scores plot of PC2 vs. sample number (time) for the same d

e did repeated measurements of the embryos over the period
f 1 month. These studies are necessary in order to identify
otential sources of variation in that may occur during the anal-
sis of paraffin-embedded clinical samples. Clinical samples
re frequently stored under minimally controlled conditions for
xtended periods of time and may vary depending upon individ-
al laboratory sample processing procedures. Understanding the
eproducibility and stability of the method is essential for future
pplications of ToF-SIMS to paraffin-embedded samples.

To determine the stability and reproducibility of the experi-
ent, spectra from four tissue types: rib, brain, heart and liver of

en embryo sections, were acquired twice over a period spanning
month. This entire spectral data set (including the correspond-

ng spectra of the differentiating experiment above), composed
f 427 spectra, was then analyzed by PCA. Fig. 4(a) and (b)
hows the scores and loading plots of the first principal com-
onent (PC1) and third principal component (PC3) axes. The
cores plot, Fig. 4(a), shows a good separation of the four tis-
ue types. The variation within the sample dataset is mainly
rom three sources: (1) inherent biological variation within the
amples, (2) environmental contamination of the sections and

3) changes in the sample during storage. Biological variation
s to be expected in these samples; the spectra acquired from
he tissues were taken from three embryos that were obtained
rom three different dams. Although using the same strain of

p
d
o
s

90% data contours drawn for each tissue. (b) Loading plot of PC1 vs. PC3 for
picted in (a). (d) Loading plot of PC2 for the same data.

ice for the experiment assures a consistent genetic background
mong the mice, phenotypic variation among individuals con-
ributes to the sample variation. The second source of variation,
nvironmental contamination, is most frequently demonstrated
s differences in the amount of PDMS among the embryos. In
his experiment, there was a higher concentration of PDMS in
mbryos 2 and 3 (sections 4–9). The PDMS appears to have been
ntroduced into the sample before sectioning and deparaffiniza-
ion because all of the samples were handled and processed at
he same time, under identical conditions. Although the major-
ty of the sample scattering due to PDMS can be removed from
he analysis by removal of PDMS-related peaks (m/z = 73, 147,
07, 221, 281), differences in the samples due to the matrix
ffect of PDMS cannot be removed or accounted for and results
n variations among the samples.

The third source of variation is change in the samples during
torage. In Fig. 4(c) the scores on PC2 are plotted as a func-
ion of sample number. In these data increasing sample number
s also related to storage time; higher sample numbers corre-
pond to spectra that had been acquired from samples that had
een stored longer. We believe that changes seen in the sam-

les along PC2 demonstrate chemical changes in the samples
ue to storage. The corresponding plot, Fig. 4(d), indicates that
ver time the samples have a relatively decreased signal inten-
ity for the even number peaks (peaks that commonly represent
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Fig. 5. (a) ToF-SIMS positive total ion image of a region of the skull. (b) ToF-SIMS positive total ion image of a rib. (c) Three-color overlay of the skull image;
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ed color represents the Si substrate; green color represents the Na distribution
d) three-color overlay of the rib image, red color represents the Si substrate;
istribution. Na and Ca are plotted on the same scale: (e) Ca distribution with th

rganic materials) and an increased signal intensity for the odd
umber peaks (hydrocarbon peaks). Since samples were stored
nder vacuum, volatile organic compounds could be gradually
epleted over time, causing the relative decrease in the even
umbered peaks. Comparing background spectra from just the
ilicon areas of the sample wafers, taken at different times, indi-
ates that there was an increasing intensity of peaks attributed
o PDMS as well as some unknown peaks at m/z = 647 and 662.
hese contaminating peaks could have been introduced when

he vacuum was released and samples were exposed to air, or
hey could be contamination from the vacuum system itself, i.e.,
ump oil. Even through PDMS and other identified contamina-
ion peaks are removed from the PCA calculation, the matrix
ffects from those peaks may also affect the calculation results.
hese results demonstrate the need for a well-controlled sample
torage protocol for future studies.
.4. Differentiating the development of bone with time

ToF-SIMS positive total ion images obtained from sections of
kull and rib are shown in Fig. 5(a) and (b), respectively. These

q
c
r
i

color represents the Ca distribution. Na and Ca are plotted on the same scale:
color represents the Na; blue color (too low to be visible) represents the Ca

nal intensity increased 5×.

mages clearly demonstrate structural details and molecular vari-
tion between these two types of bones. Detailed analysis of the
mages was conducted by displaying three of the major chemical
omponents of the samples in the color overlay images illus-
rated in Fig. 5(c) and (d). The distribution of the background
ilicon ions (m/z = 28) is colored red, the distribution of the Na
ons (m/z = 23) is colored green and the distribution of the Ca
ons (m/z = 40) is colored blue. To provide direct visual compar-
son, the Na and Ca signal intensities were set to the same scale
n each overlay image.

Comparing the overlay images of the skull (Fig. 5(c)) and the
ib (Fig. 5(d)) shows that calcium is the most abundant element
n the skull whereas sodium dominates in the rib. The insert
n Fig. 5(d) (Fig. 5(e)) shows an image of the calcium distri-
ution with the signal enhanced (5× brighter than Fig. 5(d)).
his image illustrates that the calcium and sodium distributions
re co-localized, without significant spatial separation. A further

uantitative analysis can be done by calculating a ratio of the
alcium to sodium signal intensity for both images. The counts
atio of Ca/Na is 1.425 for skull and 0.209 for the rib, confirm-
ng the higher concentration of Ca in the skull. The differing
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ig. 6. (a) Scores plot PC1, PC2 and PC3 overlay of skull image. Red color is P
f PC2. (d) Loading plot of PC3.

evelopmental paths known to occur in these two types of bone
onfirm this observation. The flat bones of the skull develop
y intramembranous ossification and in an embryo 16 days old
hese fetal bones have begun to ossify and concentrate calcium
32]. In contrast, rib bones develop by endrochondral ossifica-
ion, a process of mineralizing hyaline cartilage into hardened
one. The rib bones of the embryos under examination are still
rimarily cartilage [32], which consists mainly of a matrix of
ollagen and proteoglycans [35]. The negative charges of the
ulfate and carboxylate groups within the proteoglycans attract
high concentration of Na ions to maintain overall electroneu-

rality. In normal cartilage the Na concentration is proportional
o the proteoglycan concentration [36]. Therefore the high con-
entration of Na in the rib image is a result of the cartilaginous
ature of this developing bone.

.5. Image PCA analysis of skull

As shown in Figs. 1–5, the most common method for inter-
reting ToF-SIMS images relies on univariate analysis to display
elected individual variables or peaks. In practice, due primarily
o the quantity of data, it can be difficult to identity important
ignals in the data using just univariate analysis methods. Fur-
hermore, establishing correlations among relevant masses in a
omplex spectral image setting is often arduous. For instance,
ecause different parent compounds produce similar molecular
ragments, specific organic species can be difficult to resolve in
oF-SIMS images. Poor chemical contrast in the images is a
irect consequence.

One approach to solving this difficulty is to apply multivariate

nalysis to the entire spectral image dataset. This reduces the
arge spectral image dataset to a physically realizable form that
ighlights the relevant chemical components of the image. Such
n approach is in essence conducting statistical analysis directly

o
P
r
t

reen color is PC2; blue color is PC3. (b) Loading plot of PC1. (c) Loading plot

n a large number of sequentially labeled mass spectra, which are
mbedded in the image. The result of the calculation is displayed
s a false-colored image with each color representing a group of
orrelated molecular information.

Fig. 6(a) shows the result of image-PCA analysis of the ion
mage of the region of the skull previously shown in Fig. 5. In
mage-PCA the colors represent the PCs and thus are correlated
o molecular information specific to each principal component.
n this analysis, the first three PCs are represented by three col-
rs: red (PC1), green (PC2) and blue (PC3). The plot Fig. 6(b)
hows the corresponding mass peaks that contain the varia-
ion in the dataset and drive the separation. In this image, the
ed area is correlated with the silicon substrate (m/z = 28), SiH
m/z = 29) and SiOH (m/z = 45); the green area is correlated with
a (m/z = 23) and hydrocarbon peaks (m/z = 27, 41, 43, 55, 57

nd so on); and the blue color is mainly correlated with Ca
m/z = 40). The distribution of Ca shows the structure of the
eveloping bone. The green areas, which represent the soft tis-
ues within the bone structure, are anti-correlated to silicon. This
tatistically derived false color image shows both the correlation
nd anti-correlation of important mass peaks within a certain
rea. In our example, the PCA image (Fig. 6(a)) is compara-
le to the overlay image (Fig. 5(a)). However, the PCA image
as created without a priori knowledge of the important mass
eaks that show the differences in the image. In more compli-
ated analyses, where the identity of the most variable masses
s truly unknown, image-PCA would be able to highlight differ-
nces within the image that are not apparent on visual inspection.
or FFPE tissues, application of this method could be used to

dentify changing regions within the tissues that are indicative

f disease. Further analysis of the diseased regions by imaging
CA could be used to improve tissue-based diagnosis, predict
esponse to specific modes of treatment, and aid pathologist in
heir prognosis decisions.
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. Conclusions

Even with processed tissues that were paraffin-embedded and
hen deparaffinized, ToF-SIMS and PCA can separate different
issue types from mouse embryos. Studies of the reproducibility
f the method show that the separation of tissues is reproducible
cross three different embryos and over the span of 1 month.
urther studies need to be done to determine the best way to
ontrol sample contamination and ideal storage conditions to
inimize the sample variation. This work shows that ToF-SIMS

nd image-PCA can be used to identify changes in the struc-
ure of highly processed tissues. The application of this method
n future studies could be to identify changing regions within
he tissues that are indicative of disease. Further analysis of the
iseased regions could be used to improve tissue-based diagno-
is, predict response to specific modes of treatment, and aid in
rognosis decisions.
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