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4bsiract Image analysis of the structural organization of cells in histological sections has becn shown to be useflul for the quann-
latne charictenzation of hssue The organization may be expressed in the farm of a tree or a graph structure Feualures denived
from the graph along with the cell features can be used efTeclively for case classsfication and diagnosis The papee descnibes teche
niques af gencrating the tree and graph as well as derving features from them. Results of applying the techmiyues to cenical

©SSUC seCTION Spevimen imuges are also presented.
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1. latroduction

in cyto- and histopathology. cellular specimens
and histological sections are investigated to search
for pathological changes in cell and tissue morpho-
logy. In many cases the diagnostic goal is not only
1 binary qualitative decision, but also the grading
ol a continuous changing situation. This can be as-
ssted by applying quantitative imaging methods es-
Wbhshing new possibilities in analytical and quanti-
tative cytometry and histometry.

The standard approach in image cytometry is to
segment the cell images in the specimens and derive
useful features for the single cell classification. Spec-
men classitication is normally a two-stage ap-
proach where the individual cells are classified at
fist and then the results are aggregated by some
ke 10 obtain the class status of the specimen
tBurger and Jutting, 1986). The local distribution of
the cells in common cytological specimens is gene-
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rally considered to be less important for classifica-
tion and hence ignored in mosl cases for featuring.
In the histological section imuges. on the other
band. the arrangement of the cells provides a very
important clue for the diagnosis of pathological
tissue growth and differentiation.

Onc of the arrangement properties is the topolo-
gy. It may be characterized by defining object
ncighbourhoods. A gruph can then be constructed
where the cell nuclei denote the graph vertices and
the ncighbourhoods the praph edges. From the
graph. features for the characterization of the tissue
may be derived. The present paper describes the
general steps of the histometric procedure.

2. General featuring concepts

It is convenient to classify the characteristic fea-
tures of histological sections into individual cell fea-
tures and features representing the local arrange-
ment of the cells in the histological section. The
latter may be called ‘topological’ features (Roden-
acker, 1987b).
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2.1. Cell level features

Cell level features are not directly related to the
goal of this paper and will only be mentioned bricl-
ly. One can distinguish several types of cell features
that are uscful for characterization. Besides color.,
these are (a) morphological fcatures. such as the
projected arca or perimeter, shape and oricntation
features, etc. (Preston. 1981). The relative coordi-
nates of the center of gravity of the cells may also
be treated as cell features. (b) photometric features
such as the integrated optical density (IOD) and (c)
textural features, describing the staining pattern of
the cell (Rodcnacker, 1987a).

Using ILIAD procedures (Eriksson et al., 1982)
more than 150 cell level features are derived at this
laboratory for the analysis of smear specimens.
Most of them are not directly applicable for frac-
tions of objects appearing in sections. We have cho-
sen a few for our purposc. They are all related to
the segmented cell nuclei. These are the arca and
perimeter, IOD, center of gravity coordinates, ba-
rycentric coordinates and the angular orientation of
the line of best fit through the center of gravity,
called the major axis direction. At the next section
we shall describe how they are useful for the charac-
terization of the tissue topological features.

2.2. Topological features

One of the possible ways of representing the local
arrangement of objects is the use of ‘graph” or ‘tree’
structures. Informally speaking, a graph is a set of
‘vertices' and ‘edges” where an edge represent the
connection between two vertices according 1o cer-
tain property. We can think of traversing [rom one
veriex to the other through a concatenated set of
edges called “path’. A path is a “loop’ if it is closed.
A tree or ‘spanning tree' is a graph without any
loop and is connected i.c.. having a path from any
vertex 1o any other. Il the vertices are defined over
a metric space then an edge may be characterized
by its length which is the distance between cor-
responding verlices. A ‘minimum spanning tree' is
a tree where the sum of the lengths of the edges in
the tree is minimum.

To represent the histological section image as a
graph or tree structure, the segmented cell nuclei
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(nuclear proliles) are used to represent Lhe verlices.
which are located at the “centers of gravity™. In addi-
tion the vertices carry the cell features as labels or
markers.

The most common topological property used in
choosing the edges is the neighbourhood of cell
Onc possible way 1o define neighbourhood s the
Voronoi tesselation (Voronoi. 1902y of the section
area considering the graph vertices as a marked
random point process (Stoyan and Mecke, 1983)
With the Voronoi tesselation cach vertex s ep-
closed by a polygon. The neighboured vertices are
those which have a common polygon side. To gen-
crate the graph all neighbouring vertices are con-
nected by edges. Prewitt (1979) and Sanfeliu et al
(1981) used this approach for muscle tssue analysis
An alternative definition of neighbourhood due to
O'Callaghan (1975} is based on two constraints
namely the distance constraint and the direction
constraint. A moditied version of this neighbour-
hood is used by Kayser and Hollgen (1984) to gen-
erate graphs for the analysis of colon mucosa. In
this paper we describe t(wo other techniques of
graph generation. They are based on the nearest
neighbourhood and the zone of influence neigh-
bourhood.

From the generated graph or tree a set of features
is derived. The total graph (or trec) may also be dis-
sected into subgraphs (or subtrees) which are then
subject to featuring. Derived features may include
the number of edges per vertices. the number of
loops and also higher statistics from frequency dis-
tributions of edge and vertex features of certain sub-
sets.

3. Minimum spanning tree

In a Euclidean space the minimum spanning tree
(MST) is sequentially formed as follows. Let 37 de-
note the set of vertices. Starl at any vertex in 1 and
connect it by an edge with the veriex ncarest to 1t
Include these vertices in a set, say . Now, at cach
stage connect a vertex in U with another vertex in
¥ — U for which the distance is the minimum of .l
such pairwisc distances. Include the newly con-
nected vertex in U and repeat the process unul
V — U is empty. The MST has some interesting
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Figure |. (a) Minimum spanning trec corresponding to Figure 4(a): (b) with oricatation weighted dislance. (Dircction of orientation
of each nucleas profile is also shown.)

propertics. One of them is that its generation does
nol depend on any parameter other than the start-
ing verlex. Also. the subtrees of a MST are again
MST In Figure 1(a) a MST is shown where the
centers of gravity of the nuclear profiles are chosen
for the vertices. [t corresponds to the microscopical
field of a histological section from the ectocervix,
shown in Figure 4(a).

We have also donc a modification of the MST
where the distance between the vertices is weighted
by a factor that depends on the relative orientation
of the nuclear profiles at the vertices. Let 0 be the
smaller of the angles between the major axes of two
cells. If d denotes the Euclidean distance between
the cells than the modified distance d’ is defined as

d' = d() + sin (8)). )

Now the minimum spanning tree is constructed us-
ng d' for finding the nearest neighbours, The idea
15 to connect primarily those cells with each other
which are more aligned and therefore more likely to
oclong the same gencration layer of cells. As an
cxample, the minimum spanning (ree with the mo-
dified distance for the Figure 4(a) is shown in Fig-
ure I(b).

4. Zone of influence tesselation graph

Consider the two-tone segmented image consis-
ting of the cell nuclei and their background. The
zone of influence (ZOI) tcsselation is formed by the
skcletonization or medial axis transformation of the
background image. There cxists a wide variety of al-
gorithms for the skeletonization of a two-tonc im-
ape. The basic idea is to blow cells in a grassfire
fashion. Where the borders of neighbouring grow-
ing cclls mect, skeleton pels are defined. If the back-
ground image is topologically simply connccted
then the skelctonization results in the partitions of
spaces each of which contains a cell nuclcus (zone
ol influence ZOI). The algorithm used here is the se-
quential application of the so-called hit or miss
transformation widely used in mathematical mor-
phology (Serra, 1982). The result of tesselation for
Figure 4(a) by this approach is shown in Figure
2(a).

From Figurc 2(a) it is secn that the border of ZO1
of a ccll is common to the border of ZOI of other
cells which we call neighbouring cells. A graph is
generated if the neighbouring cell vertices are con-
nected by edges. As in the case of minimum span-
ning tree we can use the center of gravity as the cell
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Figure 2. (a) Zone of infl
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(b) Cor

ding ZOI graph.

vertex. The resultant graph structure for Figure 2(a)
is shown in Figur 2(b).

There are some advantages of generating neigh-
bourhood graphs by this method as compared to
those defined by O'Callaghan's method and the
Voronoi diagram. In O’Callaghan’s method it is
necessary to fix some parameters such as maximum
possible distance and the minimum angular separa-
tion of the neighbours with respect to the candidate
point, which is not necessary in this method. Also,
both O'Callaghan’s method and the Voronoi dia-

p=10f1.0 0.1
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Figure 3. Contrast enhancement function [t = 128]).
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gram work on points and no information about the
shape of the cell nucleus is utilized in dehning s
neighbourhood. On the other hand. shape inform..-
tion is important in ZOJ tessclation. However, (e
neighbourhood defined by this method would ke
similar to the Voronoi neighbourhood if the cells
are represented as points and circular propagatien
is used for skeletonization and this approach muy
be termed as gencralized Voronoi tesselation
(Arcelli and Samiti di Baja, 1986).

5. Clinical application
5.1. Material and method

A set of cervical tissue section images arc taken
in order to test and find the useful and important
features for characterization. The sections are ob-
tained from conisations and they arc usually 4 t0 8
microns thick. They are stained with haematoxilin
and the digital image is obtained with the Basixs
system (Gais ct al., 1984) by this laboratory.

Image aquisition is performed by a TV-scannig
microscopc with 25 x or 50 x objective. using a
narrow band optical filter of 546 nm average wan -
length. The field sizes are 500 x 500 micron® ur
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250 x 250 micron? and digitized, according to the
German TV-norm, into 512 x 512 pixels. The local
resolution is then nominally | micron or 0.5 micron
pixél distance.

The spatial resolution chosen is a compromise on
«ll and tissue region size. In the examples shown
the pixel size is 0.5 micron. The image to be pro-
wssed contains 256 x 256 pixels only (with 256
eray levels). The pathological diagnosis of the re-
wwon for this investigation are divided in two groups
namely, carcinoma in situ (CIS) and normal (N).

i.2. Preprocessing and segmentation

To characterize a histological section image it is
firsl-nceessary to segment the cell nuclei from the
hackground. Because of various factors of prepara-
uon and imaging there is a considerable variability
of gray levels in the cells and the background. The
main problems in normal sections are caused by the
occluding cells distributed in depth. Use of local
and global segmentation techniques (Rosenfeld and
Kak. 1976) which are available in standard soft-
ware packages (SPIDER. 1983) does nol yield satis-
factory results and necessitates a high degree of suc-
cecding manual interaction. To reduce this, we
adopted a two-stage procedure.
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The first stage is contrast enhancement by the use
of a nonlincar gray scaling that is dependent on lo-
cal properties of the image. Let the image gray lev-
els range betwcen 0 and 255. The transformed gray
level is given in terms of the input gray level 7 by
the function.

r=1 LA
= nl[l(lanzgjl. I<t (2)

and

n 255 — N\»
I' =255 — Int| (255 — D tan - ———
n[( ’)(an4255_f)].1>1.
3)

where 0 <t < 255 is a threshold, p a positive real
quantity and Int(/) means integer part of /. From
eq. (2) itis clear that for / = ¢, I = [ i.e., gray level
t remains unchanged in the transformed image. The
transformation is obviously enhancing contrast.
controlled by the parameter p. A typical plot of the
function for a few values of p is shown in Figure 3.
For our images it is found that satisfactory results
are obtained if t is chosen al a histogram valley. The
initial estimate of p is changed according to the
average gray value of the neighbourhood. p is de-
fined as

Figure 4. Normal and nbnormal regions of cervical tissue sections. {(a) Normal; (b) Carcinoma in situ (CIS).
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Figure 5. (a) Enhanced image of Figurc 4(a); (b) Scgmented nuclei border supemoscd on Figure 4(a)
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a \ ‘ —s“
p = 10/{(magnitude (/ — Iy .3} + 1) (4)

where /,, , denotes the average gray value of the
three by three neighbourhood and 7 the gray value
of the candidate pixel.

For the second stage. the segmentation. a thresh-
old is chosen from the histogram valley of the resul-
tant image. Hole filling. noise cleaning and smooth-
ing are done by opening and closing opcrations of
mathematical morphology (Serra, 1982) and non-
linear median filtering (Huang et al.. 1978). Finally,
manual interaction is cmployed to separate the re-
maining occluding objects, the extent of which de-
pends on the specimen. Two typical histological
seclion regions are shown in Figure 4 while the en-
hanced and segmented version of one of them is
shown in Figure 5.

5.3. Results

Some global features have been derived from the
graph and trec structures as follows: Let d; denote
the average length of the edges connected to i-th nu-
cleus. We may consider d, as a local density mea-
sure of cells in the section. The frequency distribu-
tion fid,) obviously displays the distribution of cells
in the scction. The first and second moment of ld))
(mean M and standard deviation S of {d,)) are then
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global features for "cellular density”. The same holds
for the coeflicient of variation R = S:M. Typical
values of thesc Icatures for both MST and the tesse-
lation graph are given in Table 1.

In order to extract more information than the
first two moments from d; one may generate suit-
able histograms by partitioning the whole availuble
range of d; into a few intervals. The histograms may
then be evaluated by means of vector or correspon-
dence analysis respectively. Table 2 gives some indis
cation on the different distribution for 3 bin-histo-
grams with n,. n, and n, representing the histogram
values.

Table |

Minimum spanning tree  ZO! tesselation graph

M S R M S R
Normmal |l 2195  7.71 0.351 3003 1201 03
Normal2 2429 936 0.385 3249 1216 0174
CIS | 16.17  4.10 0253 22.64 536 026
Ci1s2 21.96 369 0.168 29.72 550 0135
Table 2

n, ny ny

Normual | s2 8 3
Normal 2 37 24 &
CIs | 32 84 10
CIS2 12 45 15




Yolume 2, Number 4

PATTERN RECOGNITION LETTERS:

April 1988

Figure 6. (8) Growth layers corresponding to the region of Figure 4(a); (b) Growth layers corresponding to the region of Figure 4(b).
(Even layers numbered.)

Simple classification is not always the goal of
histological section image analysis. In this context,
especially for intraepithelial changes in squamous
epithelium, it may be of interest to find the growth
direction and growth pattern of the cell layers in the
section. We can use the ZOI neighbourhood to vi-
sualize the growth pattern. In this technique, an end
layer say. the basal layer, is interactively marked as
an initial set of nuclei. The algorithm now detects
701 neighbours of the successive layers of growth.
A typical layering by this approach is illustrated in
Figure 6 that corresponds to the images in Figure
4, Properties of these layers may be used for charac-
lerization of the section especially when it is neces-
ary to distinguish diffetent grades of neoplasia
such as mild, moderate and severe dysplasias. Often
the pathologist visually partitions the section in
three nearly equal regions between the basal and
the superficial layers and examines the density,
orientation and shape of the cells in each of the
regions to distinguish different stages of malignancy
(Oberholzer, 1986).

The layering shown in Figure 6 may be used to
quantify the approaches of the pathologist. Figure
7shows an example for the above mentioned layer
approach for normal (n), light (1), moderate (m) and
severe (s) dysplasia and carcinoma in situ (¢) speci-
mens. Features used are the area of ZOI per layer.

The slope of the regression line per section reflects
the dynamics of changes of cell distribution from
basal layer to the section surface.

6. Summary

Histometry is a field of growing interest in quan-
titative and analytical cytopathology. Its goals ran-
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Figure 7. Mean area of ZO1 per layer with regression lines for

normal (n), light (1), moderate (m) and severe (s) dysplasias and

] in situ (¢) 3 (Images arc takan with 25 x
objective.)




Volume 7. Number 4

ge from measurement of the amount of tissue com-
ponents to the topometric analysis of the local
arrangement of structural cnlitics or objects of in-
terest. The latter can very clegantly be described by
graphs. Several means of generating suitable graphs
have becn presented for the analysis of the growth
pattern of stratified epithelia. The underlying ob-
jects in this case arc the segmented cell nuclei. It is
possible by the described methods to automatically
recognize the layered structure in such cpithelia and
derive features from the corresponding graphs.

The method was finally applied to sections of cer-
vical conisations. Whenever the number of cascs
studied is low, the results are convincing. The fea-
tures derived show drastic changes in correspon-
dence to the visual diagnosis, lor the differently
graded intraepithelial dysplastic lesions. They offer
the quantitative continous grading af such lesions
in prcoperative biopsies and may help lo establish
a more stringent level of therapeutical intervention
then hitherto.
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