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We have investigated the use of spectral imaging for multi-
color analysis of permanent cytochemical dyes and enzyme
precipitates on cytopathological specimens. Spectral imag-
ing is based on Fourier-transform spectroscopy and digital
imaging. A pixel-by-pixel spectrum-based color classifica-
tion is presented of single-, double-, and triple-color in situ
hybridization for centromeric probes in T24 bladder cancer
cells, and immunocytochemical staining of nuclear antigens
Ki-67 and TP53 in paraffin-embedded cervical brush mate-
rial (AgarCyto). The results demonstrate that spectral imag-
ing unambiguously identifies three chromogenic dyes in a
single bright-field microscopic specimen. Serial microscopic
fields from the same specimen can be analyzed using a spec-
tral reference library. We conclude that spectral imaging of
multi-color chromogenic dyesisareliable and robust method
for pixel color recognition and classification. Our data fur-
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ther indicate that the use of spectral imaging (a) may increase
the number of parameters studied simultaneoudly in patho-
logical diagnosis, (b) may provide quantitative data (such as
positive labeling indices) more accurately, and (c) may solve
segmentation problems currently faced in automated screen-
ing of cell- and tissue specimens.

Figures on http://www.esacp.org/acp/2001/22-3/macville.
htm.
Keywords: Spectral imaging, Fourier-transform spec-
troscopy, multicolor, in situ hybridization, immunocyto-
chemistry, bright-field microscopy, absorption, optical den-
sity, pathology

Abbreviations

SKY, spectral karyotyping; | CC, immunocytochem-
istry; ISH, in situ hybridization; RGB, red-, green,
and blue; HE, hematoxylin and eosin; PO, peroxidase;
AP, akaline phosphatase; DAB, diaminobenzidine;
AEC, amino-ethylcarbazole; TMB, tetramethylbenzi-
dine; FR, Fast Red; NF, New Fuchsin; nm, nanometer,
10~ m; OD, optical density; SPY, spectral pathology;
CCD, charge coupled device.

1. Introduction

Spectral imaging of fluorescent dyes has been suc-
cessfully applied to spectral karyotyping (SKY) for the
genome-wide screening of chromosomal aberrationsin
metaphase cells [18], and is now being used in clin-
ical and tumor cytogenetics [7,19,20,25]. Dedicated
software for SKY and spectra FISH enables analy-
sis of combinatorial labeled nucleic acid probes in
metaphase and interphase cells, respectively. Spectral
imaging may also be used for conventional transmis-
sion light microscopy using chromogenicdyes[10,16].
Such an application might be of great clinical impor-
tance, because diagnosis of neoplasms frequently re-
quires application of immunocytochemistry (ICC) and
in situ hybridization (ISH) for the assessment of phe-
notypic and genetic biomarkersto complement the cy-
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tomorphologic diagnosis [1,2,14]. Enzyme-mediated
cytochemical detection procedures for bright-field mi-
croscopic analysis of cell- and tissue preparations
have been under continuous development in the last
decades. In the mid 1990s technical breakthroughs
have been made for multi-color bright-field analysis
of ISH, ICC, and combinations thereof [4,13,21,22].
Bright-field microscopy optics can be used to detect
up to three ISH targets simultaneously, together with
a nuclear or cytoplasmic dye for morphology assess-
ment. Examination of a higher number of ISH or ICC
markers is hampered by broad absorption spectra of
enzyme precipitates which makes color discrimination
by eye or color cameras difficult. Advancesin digital
image analysis based on three-chip CCD red-, green-,
and blue- (RGB) color cameraimages enable discrim-
ination of up to three different stains simultaneously
[9,15,24,26]. However, color recognition of weak or
small ISH signals, such as for chromosome locus-
specific probes, has been impossible.

The aim of this study was to explore spectral imag-
ing for the analysis of bright-field multi-color inter-
phase ISH and ICC in combination with cytomorpho-
logical staining in specimens of T24 human transi-
tional cell carcinoma cells, spermatozoids, and cervi-
cal scrapings.

2. Materialsand methods
2.1. Sample preparation

Multi-color ISH experiments were performed on
T24 human transitional cell carcinoma cell line ob-
tained from ATCC (Manassas, Virg.), and spermato-
zoids obtained from a healthy male (provided by the
Department of Obstetrics & Gynecology, University
Maastricht, The Netherlands). ICC experiments were
performed on an AgarCyto preparation [6] of acervical
scraping collected at the Department of Obstetrics &
Gynecology, University Nijmegen, The Netherlands.

T24 cells were cultured, trypsinized, and fixed in
suspension with 70% ethanol. Cell preparations were
made by applying afew dropsof the cell suspension to
amicroscopic dide. Pretreatment steps for removal of
cytoplasm and improving accessibility of 1SH reagents
were performed as described [5,23]. Single-, double
and triple ISH experiments on T24 cells utilized cen-
tromeric alpha-satellite probes for chromosome 1, 7,
and 15. Spermatozoids were fixed in 70% ethanol and
smeared on a microscopic side. Pretreatment and 1SH

procedures with probes for X- and Y-chromosome-
specific loci were essentially as described [13]. All
probes were labeled by nick-trandation with biotin-
dUTP, digoxigenin-dUTP, or FITC-dUTP according to
manufacturer’sdirections (Boehringer-Mannheim).
The novel AgarCyto cell-embedding technique [6]
was applied to a cervical scraping from a woman
with severe dysplasia. Cells obtained from the cervical
brush were fixed with Unifix (Klinipath, Duiven, The
Netherlands) and subsequently embedded in agarose
and paraffin. Four-pm thick sectionswere cut for stain-

ing.

2.2. In situ hybridization, immunocytochemistry, and
cytomorphological staining

Chromogenic dyes included the enzyme-substrates
diaminobenzidine (DAB, brown; Sigma), amino-
ethylcarbazole (AEC, red-brown; Sigma), tetramethyl-
benzidine (TMB, green; Sigma), Fast Red (FR, red;
Sigma) and New Fuchsin (NF, red; Sigma). Counter-
stains included hematoxylin, eosin, and eosin-deriva-
tive Diff-Quik (Baxter, Utrecht, The Netherlands).

We used spectral imaging on specimens subjected to
(a) single-color 1SH without counterstaining, (b) sin-
gle-color ISH with hematoxylin counterstaining, (c)
double-color ISH without counterstaining, (d) double-
color 1SH with Diff-Quik counterstaining, (€) triple-
color ISH without counterstaining, (f) hematoxylin and
eosin (HE)-staining, and (g) single-color immunocyto-
chemistry with hematoxylin counterstaining.

All ISH procedures were essentially performed as
described in atechnical review [4]. Immunocytochem-
istry of AgarCyto specimens was performed as de-
scribed previoudly [6].

For single-color ISH of T24 cells, a biotin-labeled
probe was detected with peroxidase (PO)-conjugated
avidin (Vector, USA) and visualized with PO-substrate
DAB, AEC or TMB. Alternately, probeswere detected
with alkaline phosphatase (A P)-conjugated avidin (Vec-
tor) and visualized with AP-substrate FR or NF. For
double- or triple labeling of T24 cells, the first and
second probes were labeled with biotin and digox-
igenin, respectively. Double-color 1SH experiments
were visualized consecutively as described for single
ISH in the combinations DAB/AEC, DAB/TMB and
DAB/NF. Thetriple-color |SH experiment was visual-
ized in DAB, TMB and NF. The third probe was la
beled with FITC-dUTP and detected with mouse anti-
FITC monoclonal antibody (Dako, Denmark) followed
by AP-conjugated anti-mouse (Boehringer, Germany).
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In double- and triple-color detection, antibodies were
selected on epitope specificity and on host animal to
prevent interspecies reactivity between the antibodies
of the different detection systems. Furthermore, en-
zyme activity was blocked before proceeding to the
next antibody detection and enzymereaction [22]. Nu-
clel were counterstained with hematoxylin, except in
preparations for pure dye spectra measurements and
triple-color ISH.

For double-color | SH of spermatozoids, the chromo-
some X probe was labeled with biotin, and the chro-
mosome Y probe with digoxigenin (Boehringer) and
visualized with DAB and TMB, respectively, as de-
scribed [12,13]. Sperm structures were counterstained
with Diff-Quik.

Immunocytochemical staining of AgarCyto cell
block specimens were performed with a mouse anti-
TP53 monoclonal antibody (DO-7; Novocastra, New-
castle, UK) and a mouse anti-Ki67 monoclonal an-
tibody (MIB-1; Dianova, Hamburg, Germany) using
standard laboratory protocolsand DAB precipitation as
end-product. Cell nuclei of immunostained specimens
were counterstained with hematoxylin. A consecutive
section was stained with HE.

2.3. Microscopy and general principle of spectral
imaging

A Leica DM RBE light microscope (Leica, Wetz-
lar, Germany) was equipped for transmission light mi-
croscopy including a 63x Plan-Apo objective (nu-
merical aperture 1.32), and a 100 W halogen light
source (Xenophot HLX; Osram, Berlin, Germany).
Spectral images were acquired with Fourier-transform
spectroscopy combined with CCD-imaging using the
SpectraCube SD200 system (Applied Spectral Imag-
ing, Migdal Ha Emek, Israel). The general principle of
spectral imaging for bright-field microscopy has been
described before [8,10,16,17]. In spectral imaging,
each pixel of the CCD cameraisactually one of several
hundred thousand of microspectrometerswhich act si-
multaneously and independently. Light from the object
is collected and collimated by the microscope, enters
a Sagnac common-path interferometer [3], is split into
two beams which interfere with one and other after a
small and variable optical path difference (OPD) has
been introduced, and is then focused on the CCD de-
tector. Theinterference characteristics at each pixel are
generated frame by frame by optically changing the
OPD, and by recording in memory the digitized signals
of each pixel of each frame. All the frames together

make up the “cube” of interferogram data, which is
subsequently transformed by Fourier-transform cal cu-
lation into a spectral image “cube’, containing the
spectrum of each pixel. The computer then processes
the spectra with application-specific algorithms, and
stores and displays the results.

2.4. Spectral imaging of bright-field microscopic
objects

Sample illumination was optimized for spectral
imaging by operating the light source at 12 V for day-
light color temperature and adjusting the intensity with
neutral density filters (Melles Griat, Irvine, CA). Spec-
imenswereilluminated predominantly by wavelengths
in the human visible range (450-700 nm) by placing
aWG360 UV cut-off filter and a BG38 infrared cut-
off filter in the illumination pathway. Spectral images
were acquired using Spectral I|maging acquisition soft-
ware (version 1.2; Applied Spectral Imaging) at default
factory settings for bright-field specimens. Absorption
spectra were retrieved by spectral pathology software
(SpyView 1.0; Applied Spectral Imaging), which can
calculate and display the optical density (OD) of the
specimen at each wavelength within the chosen range
for every pixel in the spectral image. A reference clas-
sification library was built by acquiring spectral images
of microscopic specimenscontainingonly asingledye,
and entering each “pure-dye” spectruminto thelibrary.
The single-color reference specimens were processed
and stained simultaneously with the multi-color test
specimens and were of the same biological material.
For analysis of test specimens, SpyView decomposed
the acquired spectral images of multi-stain samples
into their basic absorbing components[3]. These com-
ponentswere further quantitatively represented in a set
of gray-level images in which intensity is proportional
to the concentration of the dye. Merging multiple gray-
scaleimagesin RGB pseudo-colorsthus createsaclas-
sification image in which the relative concentrations
of different pure dyes are readily discernible. At least
10 randomly sampled microscopic fields per specimen
were acquired and color classified with SpyView.

3. Results

3.1. Single-color ISH with and without nuclear
counterstaining

The absorption spectraof PO-substrates DAB, AEC,
TMB, and AP-substrates FR and NF were measured in
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single-color |SH experimentson T24 cells without nu-
clear counterstaining (Fig. 1A). The spectra of PO sub-
strates were generally broader than of AP substrates.
DAB and AEC spectra were quite similar and so were
FR and NF spectra, but they all differed from TMB. In
specimenswithout nuclear staining, spectral classifica-
tion was accurate for al spots visible by eye (data not
shown).

When hematoxylin nuclear stain was used (Fig. 1B),
it was present throughout the nucleus, also overlaying
the ISH signals. Therefore, the absorption spectrum
measured at the | SH signalswas mixed with the hema-
toxylin spectrum (data not shown). Nevertheless, spec-
tral analysis correctly discriminated the DAB-, FR-
and NF ISH signals from hematoxylin nuclear stain-
ing (Figs 2A—L). The colors of small ISH signals, mi-
nor binding sites, and large background spotsthat were
not recognizable by eyein heterogeneously stained nu-
clei, were correctly identified (Fig. 2B). The classi-
fication of weak ISH signals was prone to error be-
cause of low OD values, or —in case a nuclear stain-
ing has been used — low “signal-to-counterstain” ra-

tios. We estimate that the | SH signal OD should exceed
the counterstain OD at least with a factor 2 to be clas-
sified correctly by spectral decomposition. Reversibly,
overstained | SH signals compromise recognition of the
underlying counterstain (Fig. 2C). When the ISH sig-
nalswere not overstained, hematoxylin was recognized
throughout the nucleus (Figs 2G and K).

3.2. Double- and triple-color ISH without nuclear
counterstaining

In double ISH experiments on T24 cells with-
out nuclear counterstaining using the combinations
DAB/TMB and DAB/NF as reporter dyes, ISH spots
could be well distinguished. Only the combination
DAB/AEC did not result in a correct classification of
the ISH spots because the dyes have too much spec-
tral overlap (Fig. 1A). Ultimately, spectral analysis of
atriple ISH on T24 cells using DAB, TMB, and NF
asreporter dyesfor the centromeres of chromosome 1,
7, and 15, respectively, resulted in good spectral sepa-
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Fig. 1. Chart of pure dye absorption spectra used in ISH and ICC experiments expressed in relative optical density (OD) for all wavelengths

between 450 and 700 nm of (A) enzyme precipitates, and (B) counterstains.
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Fig. 2. Spectra analysis of a single-color 1SH experiments on T24 cells using a specific probe for the centromere of chromosome 1 visualized
with (A-D) DAB, (E-H) New Fuchsin, (I-L) Fast Red, and counterstained with hematoxylin. Panels A, E, and | show the raw microscopic image
before spectral analysis. Panels B, F, and J show detection of the ISH signals after spectral decomposition in gray-scale images in which the
intensity is proportional to the concentration of the dye. Panels C, G and K show the detection of hematoxylin counterstained nuclei. Panels D,
H and L are merged gray-scale images in pseudo-colors showing |SH signals in red and nuclei in blue.

Fig. 3. Spectral analysis of one nucleus of a T24 cell without counterstaining from a triple-color 1SH experiment using specific probes for
centromeres of chromosome 1, 7, and 15 visuaized with DAB, NF and TMB, respectively. The three different colors of the nine ISH signals are
difficult to discernin (A) the raw microscopic image before spectral analysis. After spectral decomposition each dyeisdetected and represented in
agray-scale image (B) DAB, (C) NF and (D) TMB. Merging the three detection images in RGB pseudo-colors resultsin (E) a color classification
image showing DAB in blue, NF in red and TMB in green.

ration and correct classification of the individual dyes
(Figs 3A-E).

3.3. Double-color ISH with counterstaining

In a double labeling experiment on sperm cells us-
ing X- and Y-chromosome-specific probes visualized

with DAB and TMB, respectively, and cytologically
stained with Diff-Quik, clear spectral signatures of all
three dyes could be defined (Fig. 4A). Diff-Quik isan
eosin derivative (Fig. 1B) that mainly stains the con-
tours of the sperm head and tail. Overlapping sperm
cells and minor nuclear staining caused a peak in the
spectra of the ISH signals attributable to Diff-Quik
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Fig. 4. (A) Chart of DAB and TMB, and Diff-Quik absorption spectra used in an ISH experiment for chromosome X and Y specific loci on
spermatozoids expressed in relative optica density (OD) for all wavelengths between 450 and 700 nm. Note that the absorption spectra of DAB
and TMB measured in the ISH signals contains a pesk attributable to Diff-Quik resulting from minor nuclear staining. (B) Raw microscopic
image shows a group of overlapping sperm cells. After spectral decomposition the three components are detected and represented in gray-scale
images (C) DAB, (D) TMB, and (E) Diff-Quik. Merging the three images in RGB pseudo-colors results in (F) a color classification image

showing DAB in blue, TMB in green, and Diff-Quik in red.

(Fig. 4A). Spectrum-based classification using the
measured spectraof this specimen—i.e., not of the pure
dyes — showed either one X- or one Y-chromosome
ISH spot in each sperm nucleus (Figs 4B—F).

3.4. Immunostaining for nuclear antigens Ki-67 and

TPS53

AgarCyto cell block sections of cervical scraping
material were stained with HE, and immunostained for
Ki-67 or TP53 using DAB and hematoxylin nuclear
staining. Spectral analysis of HE staining showed the
hematoxylin staining confined to the nuclei whereas
the eosin staining was predominantly found in the cy-
toplasm, but also co-localizing with hematoxylin in
the nuclei (Figs 5B—E). DAB immunostaining and
hematoxylin reference spectra were defined in single-
stained AgarCyto specimens. Immunopositive nuclei

were clearly distinguished from the negative nuclei
(Figs 5FM).

3.5. Reproducibility

SpyView utilizes a linear decomposition algorithm
for spectral classification. The spectra reference li-
brary was built from single-color reference specimens,
which were of the same biological material, and pro-
cessed and stained simultaneously with the multi-color
test specimens. This alowed correct classification of
every microscopic field (more than 10) from the refer-
ence specimens and the multi-col or test specimen con-
taining those dyes. Reproducibility of spectral classi-
fication using reference spectra from specimens pro-
cessed and stained at a different time or from different
biological material has not been determined.
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Fig. 5. (A) Chart of DAB, hematoxylin, and eosin pure dye absorption spectra used in ICC experiment on AgarCyto of a cervical scraping from
a woman diagnosed with severe dysplasia, expressed in relative optical density (OD) for al wavelengths between 450 and 700 nm. Spectral
classification of HE stained paraffin section (B—E) showing the raw microscopic image (B), separate eosin- (C) and hematoxylin- (D) detection
in gray-scale images, and merged into an RGB false color image (E). Eosin is shown in purple and found predominantly in the cytoplasm
but also in the nucleus. Hematoxylin is shown in green and only found in the nucleus. Pixels in which both eosin and hematoxylin have been
detected are shown in white. Spectral analysis of immunodetection for Ki-67 (F-I) and TP53 (3-M). The raw microscope images (F, J) show the
brown DAB precipitate for immunopositive nuclei and the blue hematoxylin for immunonegative nuclel. Pixel-by-pixel spectral decomposition
resulted in the DAB detection images (G, K), hematoxylin detection images (H, L), and the merged images in RGB pseudo-colors, showing DAB
immunopositive nuclei in blue and immunonegative nuclei in red (1, M).
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4, Discussion

Cytological and histological specimensareroutinely
stained with permanent dyes that often contain hema-
toxylin and eosin. The morphology as reveaed by
these dyes under a transmission light microscope has
been the fundament for a pathologist’s diagnosis for
decades. In particular for the diagnosis of cancer, mor-
phologic screening has been the golden standard for
many tissue types and worldwide-standardized diag-
nostic criteria have been established and implemented
into clinical practice.

With increasing knowledge of molecular mecha
nismsinvolved in (the cause of) cancer, new possibili-
ties are emerging to refine pathologic diagnosis. Com-
plementing the morphologic data with molecular data
in situ can refine the diagnosis and staging of certain
types of cancer. These include (a) phenotypic protein
expression data obtained by means of immunocyto-
chemistry (ICC) with antibodies against products of
commonly deregulated oncogenes or tumor suppres-
sor genes, (b) protein function assays by enzyme his-
tochemical procedures, and (c) molecular cytogenetic
detection by in situ hybridization (ISH) of genomic al-
terations of chromosomesor chromosomeloci. For the
simultaneous assessment of morphologic and molec-
ular data in situ, specimens must be prepared using
multiple stains that can be distinguished based on their
color under alight microscope. Advancesin cytochem-
ical detection methods and microscopic imaging have
enabled the application of ICC and ISH for multiple
targets on the same specimen. The obvious method
of choice for multi-color analysis could be fluores-
cence microscopy, but for routine pathological diag-
nostic purposes fluorescence microscopy is not pre-
ferred because (@) fluorescent dyes bleach fast, ham-
pering long-term storage, revision, and retrospective
studies, (b) crucial morphological information might
be missed because combinations with routine stains
are often not possible, and (c) some tissue types show
high auto-fluorescence obscuring the cytochemical de-
tection signas. To circumvent these problems, multi-
color bright-field microscopy using enzyme precipi-
tates of different color has been developed in the past
few yearsfor simultaneous detection of multiple genes
and gene-products[21,22].

Digital microscopy, using three-CCD color video
cameras, and advanced software packages for color
recognition based on red, green, blue (RGB)-ago-
rithms and derivatives thereof such as hue, saturation,
intensity (HSI)- , and hue, saturation, density (HSD)-

algorithms are able to identify up to three non co-
localizing colors correctly. The HSD method provides
the best classifiers for proper segmentation and object
recognition [24]. Despite the advances in color image
analysis, the spectral resolution of three-CCD color
video images remains limited.

In the present study, we explored the possibilities of
spectral imaging for pixel-by-pixel color classification
of multi-color ISH and ICC specimens. Our present
data show that spectral imaging is able to accurately
discriminate dyes with partial overlapping spectra, en-
abling, thus far, the color-classification of pathologi-
cal specimens containing three different chromogenic
dyes.

Pixel-by-pixel color classification and pseudo-
colorization greatly facilitates interpretation of the
multi-color specimen compared to microscopic exami-
nation with the human eye. Color discrimination by the
unaided eye of small ISH signals in a counterstained
cell or nucleus, as performed on the sperm cells, of-
ten faces problems. The dyesincluded in our study are
the most commonly used in immunostaining and 1SH
for bright-field microscopy. Other chromogenic dyes
are available that may even have more favorable spec-
tral characteristics to increase the number of detection
targets. Future experiments should show the possibili-
ties and limits of spectral imaging concerning (a) co-
localization of immunostains and/or 1SH spots (spec-
tral resolution), (b) classify spots with lower density
(sensitivity) or smaller size (topographical resolution),
and (c) discrimination of morethan three targetssimul-
taneoudly (multiplicity). A study in which these issues
are being addressed and compared to image analysis of
three-color CCD video imagesis underway.

In previous reports on bright-field spectral imaging
[8,11,16], specimens were analyzed by basic spectral
analysis software SpCube. This software uses pixel
classification by a minima square error agorithm,
which in our experience does not alow the spectral
analysis of multiple microscopic views from the same
specimen using the same spectral reference library.
The new SpyView software uses a “pure dye” spec-
trum library acquired from single-color reference spec-
imens, for pixel classification by a linear decomposi-
tion algorithm [3]. This enablesthe analysis of a series
of images of different test specimens, on the condition
that the reference and test specimens were processed
and stained simultaneously and contain the same bio-
logical material. SpyView also features “spectral un-
mixing” for true-color representation of a classified
image, as well as pseudo-colorization and separate vi-
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sualization of each color component of the imagein a
gray-scale or true-color image (not shown).

The differences in spectrum of TMB in T24 cells
and in sperm cells (Figs 1A and 4A, respectively) un-
derline the fact that variations in spectral character-
istics may occur in specimens which were processed
and stained under different circumstances. In this case,
color differences were due to different Tungsten sta-
bilization conditions. It cannot be ruled out that spec-
tral differences could also be introduced by different
types of tissue, different conditions for ISH, immuno-
cytochemistry, or enzyme reactions, or possible other
unknown factors.

For widespread use of spectral imaging in quanti-
tative pathology, the pixel-by-pixel spectral informa-
tion should be adapted to a segmentation algorithm for
stained object identification, such as tissue compart-
ments, cell populations and subcellular components.
Correct segmentation could be a starting point for com-
prehensive quantitative image analysis of multi-color
stained specimens used in pathologic diagnosis. In this
study, the detection of differentially stained nuclei and
ISH signals was performed with high accuracy and
might allow enumeration of multi-color interphase | SH
signals. Also, our data show that accurate and com-
prehensive quantitative measurements of differentially
immunostained cellular features might become feasi-
ble.

In summary, bright-field spectral imaging analyzes
absorption spectra with a high precision and main-
tains spatial information. The use of cytological stains
doesn’t hamper spectral analysisand will greatly facil-
itate microscopic evaluation. Spectral imaging offers
a higher color resolution than RGB-color video CCD
imaging, providing the requirements for reliable and
user-friendly color discrimination of multi-color spec-
imens. Spectral imaging of pathological specimens, or
spectral pathology (SPY'), hasgreat potential for multi-
parameter analysis of pathological specimens and may
provide a solution for automated object segmentation
in digital microscopy.
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