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A, B, C, E, F: 3 neighbours

D: 4 neighbours

Length = AB + AD + AC + BD + BE +
CD + CF + DE + DF + EF

Average line length = length/10

# Points = 6

#Lines=10

Cyclomatic number=10-6+1=5

# Triangles =5

Mean cytoplasmic area =

(region A + region B + region C +

region D + region E + region F)/6

EQ D
3

A, B, E: 1 neighbour
D: 2 neighbours
C: 3 neighbours
MST length = AC + CB + CD + DE
Average line length =
(AC + CB + CD + DE)/4
Dmin =CD
Dmax = DE

Figure 5 Top, Schematic explanation of Voronoi’s tessellation. Block 1: field containing six
nuclei with their centroids marked. Block 2: using Delaunay’s triangulation, starting with
A, a triangle is composed with A, C, and D. The circumcircle of this triangle does not
contain other points than the triangle points, so it is accepted; D and C are neighbours of A.
Block 3: continuing to find neighbours of A, a triangle is composed with A, B, and E. The
ctrcumcircle of this triangle however contains point D, so this triangle is not accepted. Block
4: following the same process for all possible triangles for all combinations of points, the
triangles drawn have been accepted and the Delaunay graph is complete. Block S: the
complementary tessellation of the Delaunay graph is build by drawing a perpendicular
(tessellation) line from the middle of the connecting lines that go in both directions until they
touch another tessellation line. At the bottom right, the features drawn from the graph are
shown. Besides features based on Delaunay’s graph, the artificial mean cytoplasmic area is
computed. Bottom, Schematic explanation of the algorithm for building the minimum
spanning tree and calculation of spanning tree features. Block 1: field containing five nucle
with their centroids marked. Block 2: after calculating the distances between all the
centroids, the distance between C and D has been found to be the shortest, so C and D are
connected by a line. Block 3: of the remaining free centroids, B is closest to one of the
centroids already connected to the tree, namely C, so B and C are connected. Block 4: of the
remaining free centroids, A is closest to one of the centroids already connected to the tree,
namely C, so A and C are connected. Field 5: the last remaining free centroid, E, is closest to
D, so E is taken into the tree by connecting E with D. The minimum spanning tree is now
completed for this field, and the features calculated from it are shown at the bottom right.

Different histological patterns produce dif-
ferent graphs, and different graphs produce
different quantitative data. Syntactic structure
has its origin in the graph theory, a geometrical
discipline. In chemistry it has been applied to
study the configuration of complex
molecules."”

Counting objects

Counting objects of interest in tissue sections is
a widely applied form of image analysis. Most
of the time this concerns counting of prolifera-
tion markers in tumours. Greenbough, by
1925, found that the number of mitoses was
associated with survival in breast cancer
patients.'® A similar observation was made by
Grinnell for colorectal cancer in 1939." Today,
mitotic activity in breast cancer, next to lymph
node status, remains one of the most important
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prognostic factors. Moreover, this powerful
method in image analysis requires only a
microscope and a haematoxylin and eosin
stained slide.”

It became possible to obtain information on
proliferation from interphase nuclei with tech-
niques that, after incubation, introduced la-
belled nucleotide analogues in the DNA of
proliferating cells. Counting the proportion of
labelled cells, the labelling index, yielded a reli-
able measure of the proliferation fraction of a
cell population. At first radioactive labels were
used, like tritium thymidine labelling. Later,
non-isotopic labels such as bromodeoxyuridin
(BrDU) became available that could be more
easily visualised with antibodies.” In the past
decade, antibodies have been raised against
proliferation associated antigens such as Ki67
and proliferating cell nuclear antigen
(PCNA).?? In particular the possibility of
immunohistochemical detection of Ki67 in
formaldehyde fixed, paraffin wax embedded
material was a major improvement. Where
traditional counting meets with stereology is
the application of point counting methods to
score the proportion of immunohistochemi-
cally stained nuclei to obtain a highly reliable
labelling index; however, this procedure is
almost 10 times as fast as the traditional
method of counting the number of stained
nuclei per 2000 nuclei.”

Cytometry and pattern recognition

Cytometry refers to measuring the amount of a
given substance in tissue, cells or nuclei. The
observation of hyperchromatism in the nuclei
of neoplastic cells, reflecting increased DNA
content, is the subjective counterpart of DNA
cytometry in everyday pathology. Cytometry
depends on the ability to detect the substance
of interest by a specific dye and to measure the
concentration of that dye. The relation be-
tween the concentration of a dye and the opti-
cal density of that dye comes from the work of
Lambert in 1760 and Beer in 1854. The
history of cytometry actually is the history of
DNA cytometry. In the late 1890s, Koéhler and
Von Rohr at Carl Zeiss in Jena, Germany,
developed an ultraviolet microscope to prove
Abbe’s theory that the use of a lower
wavelength would increase the resolution of the
microscope. Kohler observed a high absorption
at 280 nm by the chromatin in cells, but
believed this resulted from the presence of
inorganic substances. It was Caspersson, at the
Karolinska hospital in Stockholm, Sweden who
attributed this absorption to DNA, or thymo-
nucleic acid, as it was then (fig 6). He
constructed a system for photographic pho-
tometry in 1933.” Some years later, the photo-
graphic detection system was replaced by a
photoelectric spectrophotometric system, fol-
lowed by photomultipliers. These were very
precise and well suited for high resolution
analysis of intracellular structures, but not very
fast. However, fed by the growing interest in
cancer research, and the observations by
Caspersson, Pollister, Mellors, Leuchten-
berger, Richards, Atkin, and several others, that
tumour cells and normal cells differed in their
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Figure 7 The Taxonomic Intra-cellular Analytic System (TICAS) developed by Wied et

Figure 6 Professor T Caspersson who was the first to
apply DNA cytometry in the 1930s, at the Karolinska
Hospital in Stockholm, Sweden. (Courtesy of the
Department of Pathology, Karolinska Hospital,
Stockholm.)

DNA content, systems were sought that could
easily measure the total amount of DNA per
cell in a large number of cells.*

Meanwhile, DNA cytometry using visible
light emerged. By 1933, Mainland had esti-
mated the amount of haematoxylin in cervical
normal and tumour cells.”” However, haema-
toxylin is not a stoichiometric stain for DNA,
contrary to the Feulgen reaction discovered by
Feulgen and Rossenbeck in 1924.”® This Feul-
gen staining proved to be specific for DNA, and
the amount of stain was proportional to the
amount of DNA present. Pollister and Ris, in
1948, built the first prototype of a simple
microphotometer using a microscope equipped
with a photomultiplier and a galvanometer to
measure the output current.” Also in 1948, Ris
and Mirsky measured the total amount of
DNA in a nucleus and Swift, in 1950, demon-
strated the doubling of DNA prior to
mitosis.” > In the years to follow, scanning
microscopes were introduced to cope with
inhomogeneities in the staining intensity within
nuclei. Moreover, these developments led to
systems that were able to measure large

al in the 1960s is an example of one of the first computer based image cytometry systems.
The system is composed of a microphotospectrometer (A-I) connected to a computer (F-M).
(Reprinted with permission of Dr GL Wied.)

Meijer, Belién, van Diest, Baak

numbers of cells. One of the first of such
systems was the cytoanalyser of Tolles et al
based on a scanning microscope.” This group,
in 1961, reported a study on 700 cervical and
vaginal smears in which they measured the
DNA content of 200 cells each.” **

The introduction of computers has been a
major influence on the evolution of image
analysis. In addition to enhanced measuring
performance, the use of computers has stimu-
lated the development of systems for automatic
cell classification based on pattern recognition.
In 1961 a system was designed for the
automatic  recognition of  binucleated
lymphocytes.”” Some years later, systems fol-
lowed by Prewitt and Mendelsohn, and Wied ez
al (fig 7).>° " At present, systems for automatic
classification of cells have been developed that
are used—for example, for prescreening of Pap
smears, and quality control.”® Furthermore,
systems have been developed capable of
automatic recognition of mitoses in tissue
sections.”

Computer based pattern recognition also
stimulated the analysis of chromatin texture in
cell nuclei.** Coarseness of chromatin is a fea-
ture widely used in the routine assessment of
nuclear atypia. However, by means of high
resolution image analysis, even in apparently
normal uterine cervix cells next to cervical
neoplasia, chromatin texture changes can be
detected.” These malignancy associated
changes, therefore, may be useful in screening
for cervical neoplasia.

DNA cytometry as research tool and in
clinical application was stimulated by the
development of the computer based flow
cytometer in the early 1960s by Kamentsky ez
al¥® Flow cytometers enabled the
measurement of the DNA content in thou-
sands of cells, and produced DNA histograms
as we now know them. With time, however,
image cytometry systems, thanks to the enor-
mous progression of computer technique,
could cope with an increasing number of cells.
Modern DNA image cytometry systems can
measure thousands of cells within minutes and
produce histograms like those from DNA flow
cytometry systems. At present, due to the
ongoing fall of prices of computer hardware
with a concurrent increase in performance, and
the availability of inexpensive high quality
video cameras for recording the images, DNA
image cytometry systems have come within the
reach of any modern pathology laboratory.

DNA cytometry measures the total amount
of DNA per nucleus. For this there are two
prerequisites. First, the complete nucleus
needs to be present in the image. This
condition in general is easily met in cytological
specimens, but not in standard 4 pm tissue
sections. Second, the nucleus must be discrimi-
nated from its environment to recognise it as
only one nucleus. This discrimination, or
segmentation, is easy when cells are loosely
dispersed but difficult when nuclei are overlap-
ping, as in thick cytological specimens and tis-
sue sections. Against this background it is clear
why many of the early studies of DNA cytom-
etry in tumours focused on cervical
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smears.”” > Later, cytological specimens of
disaggregated fresh frozen tissue were also
used,” and a tremendous step forward was
made by Hedley et al who developed a method
to disaggregate paraffin wax embedded mater-
ial to cell suspensions.” This discovery dis-
closed archival material as a source for DNA
cytometry, and greatly increased the opportu-
nities to study the clinical value of DNA
cytometry in retrospective studies.

However, it was felt that the possibility to
measure the DNA content of cells in tissue
sections could help to integrate DNA cytomet-
ric features with histomorphological infor-
mation, so this issue was still tempting.
Successful attempts in this area have been
reported for carcinomas in which generally
there is little overlap of nuclei such as renal cell
cancer and prostate cancer.” * In addition,
correction formulas have been proposed to
cope with incomplete nuclei due to
sectioning.”” Recently, the importance of a very
strict measurement protocol has been empha-
sised to obtain reliable results by DNA cytom-
etry in thin tissue sections.*® Another approach
to avoid problems with incomplete cells
because of section thickness has been to meas-
ure the DNA content in three dimensional
reconstructions of tissue, based on confocal
laser scanning microscopy in thick tissue
sections with advanced image processing.*

While DNA cytometry measures the genetic
alterations in tumours as a change in the total
amount of DNA, recently a new technique—
comparative genomic hybridisation (CGH)—
has been developed that measures in one
experiment the genetic changes (gain or loss of
DNA) at the level of individual chromosomes,
using digital image analysis.” *' In this proce-
dure DNA isolated from tumour specimens is
labelled with a green fluorochrome and mixed
with red labelled DNA obtained from cells with
a normal diploid chromosome complement.
The mixture is hybridised to normal met-
aphase preparations. Hybridised test and con-
trol DNA sequences compete in the annealing
process for their complementary spots on the
individual chromosomes, and are recognised
via the different fluorochromes. The ratio of
green to red fluorescence for each chromo-
somal region is a measure of the under or over-
representation of genetic material for that
region in the tumour studied. In this sense,
CGH can be regarded as a refinement of DNA
cytometry and, currently, research groups all
over world are employing this method to study
its clinical relevance in tumour pathology.”

Image cytometry is also used to measure the
amount of immunohistochemically stained
proteins in cells such as oestrogen receptors in
breast cancer.” At first sight this procedure
may closely resemble DNA image cytometry
but fundamental differences exist. While Feul-
gen staining of DNA is stoichiometric, immu-
nohistochemical staining of antigens is not; the
amount of staining is not proportional to the
amount of antigen present and is influenced by
many factors. Therefore, immunoquantitation
by image analysis in any case requires calibra-
tion of the staining result by using a specimen
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with a known amount of antigen, and tissue
processing is critical.

For the many cases in which one wants to
assess the proportion of cells positive for an
immunohistochemical staining, rather than the
exact distribution of staining intensities over
the cells, a point counting procedure could be
much more powerful.

This brief overview of the origins of image
analysis in pathology inevitably cannot be
comprehensive as the evolution in this field of
science has been tremendous. For example,
developments in the area of tissue handling and
sampling have not been addressed.”*”" For the
wide range of established clinical applications
we refer to the recent textbooks on this
topic.* *®
The help of the photographers from the Antoni van Leeuwen-
hoek Hospital, Amsterdam, The Netherlands, and from the

Department of Pathology, Karolinska Hospital, Stockholm,
Sweden in providing figures 1 and 6 is gratefully acknowledged.
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