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Neural Network-Based Segmentation and
 Classification System for Automated Grading of
|| Histologic Sections of Bladder Carcinoma

| l’armgiuta Spyridonos, Ph.DD., Dionisios Cavouras, Ph.D., Panagiota Ravazoula, M.[D,,
| and George Nikiforidis, Ph.D,

bladder tumors and mry cottferbute o more gecnrate di-
agnosis and prognosis sinee it relies on nuclan fealtires,

OBIECTIVE: Ta devel It finage analysis sustem far
ambomated yuclear segmentation and classification of

histolagic Bladder sections employing guantitative nu-
cleay features,

STUEY DIESIGN, Minety-tuo cases were elassified B
e elisses by experfenced pathologists according to the
WHO grading System: 18 cases as grade 1, 45 45 arade 2
ird 28 as grade 3. Nuclear segmentation was performed
by means of an artificial mevral network (ANNI-based
peel classification algorithm, and each case was repre-
sewted by 36 miscled featires, Automated srading of blad-
der timor histologic sections wus performed by an ANN
elassifier inplemented in a fito-stage lierarchic tree,
RESULTS: On average, 95% of the nuclet were correct-
fy detecled. Al the first stage af the lnerarchic tree, classi-
Sier pevforvance ind wserinvinating befween cases of grade
Land 2 and cases of grade 3 waes §89%. Al the
stage, 79% of grade 1 cases were correctly distinguished
Sront grade 2 cases.

CONCLUSION: The proposed fmage analysis systems
provides the means to reduce subjectivity in grading
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the value of which has been confirmed. (A nalyt Cuanl

Cvitol Histol 2002:24-117-324)

Keywords: neural networks {computer), computer-
assisted diagnosis, histological tochnigues, bladder
cancer,

Histologic grading of bladder tumors is impartant
tor predicting their biologic function and for plan-
ning therapy.t In tumor pathology, grading is used
to describe how closely a tumor resembles normal
tissue and to suggest how fast the tumor is likely to
grow.” According to the World Health Organiza-
tion (WHO) classification system,” bladder tumaors
are divided into three categories; grade 1, 2 and 3.
Grade 1 covers low grade tumuors, whereas grades 2
and 3 denote intermediate and high grades, respec-
tively. Most grade 1 tumors are considered to have
a good prognosis, while grade 3 is associated with
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more aggressive tumors.* Tumors of grade 2 have
more heterogeneous clinical behavior. The classifi-
cation of tumor malignancy is based on a range of
structural changes, such as tissue architecture: vari-
ous cytoplasmic features; and nuclear appearance.®
However, grading systems that are based on sub-
jective evaluation of various histologic features
have a high rate of interobserver and intrachserver
variability and poor reproducibility 6

Recent developments in digital image analysis
technigques and classification systems offer poten-
tal solutions to the objective grading of tumors.
Several studies have attempted to quantify the de-
gree of bladder malignancy by analyzing structural
or textural lissue characteristics,® 10 Adthough re-
cent studies have indicated that nuclear features are
reliable predictors of survival, recurrence and pro
gression of various lypes of cancer, 14 pp attempl
has been made to investigate the potential of such
features in designing automated classification Syse
tems. The reason behind this is that this nucleus-
oriented approach for assessing bladder tumors is
highly dependent on the method of Image segmen-
tation into nuclel and background: that is a difficult
task 1o achicve in a stable and reliable way, 10

In this study, a computer-based image arulysis
syslem was developed to automatically grade blad-
der carcinomas, An artificial neural network
(ANN)-based segmentation algorithm was de-
signed for the automated detection of nuclei in dig-
itized microscopic images of hematoxylin-eosin
(H-E)-stained histologic tissue sections Morpho-
logic and textural features from segmented nuclei
were employed to train an ANN classifier to assess
tumor malignancy.,

Malterials and Methods

In the present study we used 92 conventionally
H-E-slained lissue sections from 92 patients (cases)
with bladder carcinoma. All cases were provided
by the Department of Pa thology, University of Pa-
tras, Greece, and had been characterized by four
pathologists using the WHO grading system. Eigh-
teen cases had been classified as grade 1, 45 as grade
2, and 29 as grade 3. Images from tissue specimens
were captured using a light microscopy imaging
systemn consisting of a Zeiss KF2 microscope (Got-
tingen, Germany) and Tkegami wvideo camera
(Tkegami Tsushinki Co., Tokyo, Japan). The objec-
tive used was a Zeiss Plan with the tollowing char
acteristics: magnification 40%, numerical aperiure
LG5, tube length 160 mm and coverslip thickness
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017 mm. The sampling rate in the object plane was
about (1.3 um per pixel. From each case, g ko three
randomly selected fields were captured from re-
gions predefined by pathologists. Each image was
digitized at 769 = 576 % 8-bit resolution,

Design of Image Segmentation Alporithm

From each bladder image, about 30 small b x5=pixel
image samples from the nucleus and surrounding
tissue were extracted to be used in the design of the
sepmentation algorithm. Sq_!:g;nu,'nmﬂun W 5PN 5
an ANN-based pixel classification procedure,

Textural Features. From each image sample the fal-
lowing textural features were evaluated: the sum of
autocorrelation function for all possible displace-
ments m, ninside the 5« 5-pixel window and two
autocorrelation-spread measures: cross-relation §
(11) and second-degree spread 5 (2,2)1

LT 15.-_.. }_- (b 0 L= e 0 Al 1), 11}

where,
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is the autocorrelation function for d isplacements m,
n.

ANN Afgorithm for Nuclear Segmentation, These
textural features were used as input to train a twa-
hidden-layer ANN classifier with three nodes in
one and six in the other. The ANN structure result-
ed after extensive experimentation for optimal clas-
sifier performance. The back-propagation learning
algorithm was used for training the ANN. Wi ghts
and bias values were updated according to the
Levenberg-Marquardt numerical aoptimization
technique.'™ 17 This algorithm appeared to be the
fastest method of training the ANN and subse-
quently the best for practical use in image SCEMIEN-
tation. The rietwork was constructed Using the Mat-
lab programming language (The MathWaorks,
Natick, Massachusetts, U5 A )
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segmentation was performed by scanning each
bladder image with a 5% 5-pixel mask, computing
the sel of textural features at each imask posi-
tion and classifying each image pixel as nucleus or
background on the basis of local texture estima-
lions.

The result of classification was a binary image in
which each pixel was labeled as either belonging or
nol belonging to the nucleys. Image segmentation
was finally accomplished by eliminating small,
hoisy regions, performing a fill hole operation and
smoathing nuclear boundaries by the use of the
opening and closing morphologic operations!#;

Ol SETy=D(F (. SE1), SE1), and {53
Cll, SEN=F(D (1 SF2) 5Fy (6}

where, D denotes the dilation operation, O the
opening operation, E the erosion opération and C
the clasing operation. SE, isan octagonal structur-
ing element, 11x11, and 5E2 an octagonal structur-
g element, 7x7,

Design of the Grading Classifier

Feature Generation. From each one of the 92 cases,
a nuclear population {consisting of 30-70 nucle)
was extracted, From each nuclear population 36
maorphologic and textural features were estimated.
Textural features were formed from first-order sta-
tistics and from spatial BTay tone co-occurrence
probability matrices, 1422 Regarding morphologic
features, they consisted of measurements of nuclear
ared, rovndness and concavi ¥.232 For sach case, a
feature vector was formed by computing the mean
value of each toxtural feature and the mean value,
slandard deviation, range, skewness, kurtosis and
maximum value of each morphoelogic feature. All
features were normalized to have zero mean and
unit variance before input into the ANN 25 accord-
mg ko
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ANN Alaorithng fiv Grade Classificatune. The auto-

Neural Nebworks in Carcinoma

mated classification algorithm for grading tissue
sections of bladder tumors was designed asa two-
stage hierarchic decision tree, The [irst stage was lo
classify all cases into two classes: Cy i (cases of
grade 1 and 2) and Oy (cases of grade 3), In the sec-
ond phase the first class was discriminated into
grade 1 (class C)) and 2 (class Cii). At each level of
the hierarchic tree, a two-hidden-layer ANN was
implemented with nine nodes in one and three in
the other hidden layer, and one node in the oulput
layer. All nodes were weighted with sigmoid fune-
tions. The ANN structure resulted aftor extensive
experimentation with optimal classifier perform-
A0,

For training the ANN, a back-propagation algo-
rithm was used, based on an iterative pradient de-
scent procedure that adjusted weights to reduce the
error between the desired and actual aulputs of all
nodes in the system, 2 T prevent the ANMN from
getting stuck ina shallow local minirmum, the net-
work was provided with a momentum term,* Ta
ensure better-behaved convergence, the back-
Propagation algorithm was implemented in the
batch mode, in which the weights of the ANN were
updated once all the training pairs had appeared in
the network (epoch).?” The learning rate was =1,
whereas the momentum term was adjusted to
=8, During training, the availahle lraining vec-
lors were used iteratively fora 1,000 epochs,

Feature Selection and System Performance Evalua.
tron. Ideally, the selection criterion would be
obtained by training the ANN on the given subset
of features and then evaluating its performance
on an independent set of test data. Such an ap-
proach is likely to be impractical since the tra ining
and testing process would have to be repeated for
each new choice of feature subset, and the compu-
tation requirements would become too great. Con-
sequently, it is more common touse a simplified cri-
terion in order to select the features and then use
those features with the more sophisticated non-
parametric model of ANN.25 Generally it is expect-
ed thata set of features in which the classes are best
separated will be a good one for input to an ANN,
In the present study, in order to find a set of well-
discriminating features, a class separability criteri-
on, ], was adopted, accord ing to which good fealure
sets are those which satisfy two requirements®: (1)
small intraclass variance, and (2) large interclass
separation
| was estimated as follows™
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]=trace |55 ], (1)

where 5, is the within-class scatter matrix;

Sor= 2 P, (15

=1

5, is the covariance matrix for class wy, and [, is the
a priori probability of class o,

S, 15 the covariance matrix of the feature vector
with respect to the global mean, my,

|!'||,=IZ‘ Py, 16

where I, is the mean vector for class ,

An exhaustive search for the smallest-dimension
feature vector was performed according to the forl-
lowing procedure. Features were combined in all
possible ways (l.e., 2, 3, 4. 5, etc;, feature combina-
tioms), each lime choosing as optimum the feature
vector with the highest ] value. The smallest-
dimension fealure vector providing the highest
ANN classificalion accuracy (employing the leave-
k-aul method™) was selected for optimum ANN

classifier design,

Results

Segmentation

The segmentation algorithm applied on the digi-
tized images of 92 patients demonstrated an accu-
racy of aboul 95% in efficiently detecting nuclei of
urinary bladder carcinoma. About 3% of the nuclel
were not recognized successfully, due to their poor
discrimination from the background since they
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Figure 2 A pertormance in automit alls clehipsating nuele

were located in a different focal plane. OF the de-
tected nuclei, even after application of morphologi-
cal filtering, about 5% were rejected as erroneous
due maindy to nuclear overlapping. Finally about
9% of the detected nuclel were accepled as correct-
ly delineated.

Figure | depicts a typical histological image ol
urinary bladder cancer. Pixel classitication per-
formed by the ANN resulted in the binary image of
Figure 2, where most nuclei were detected success-
;:LEIE.j.‘.' In Figure 3 small erroneous regions were re
moved by size filtering (pixel-clusters less than 330
were removed) and correcting nuclear shape by
morphological operations. Finally, Figure 4, clis-
plavs the final result of nuclear segmentation.

Figare T Typical hisologic image of Bladder carcimoma

Figure 3 Enhancemoent of moclear shagse By the use of
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Figure 4 Sepmcented nucles eeaalting from the combination of

e Seoen Flgsores 1 and 3

Civarle Classification

ANN classification performance in discriminating
between Cpyy and Cy, at the first level of the hierar-
chic tree was B9% (Table 1), employing five features
three textural features from the co-occurrence ma-
Itices estimated [or inlersample spacing, d =3, and
lwo morphologic features. The best feature vector
thus contained the following features: energy, local
homogeneity, correlation (Appendix A, equations
A2-AB), standard deviation of area and standard
deviation of concavily.® As shown in Table 1, 92%
(28 /63) of the total cases of grades 1 and grade 2
were correctly classified, while five cases (one of
grade 1, and four of grade 2) were misclassified as
tumars of grade 3, In the high grade group, the cor-
rect classificabion was 83% (24/29), and Ave cases
were misclassified as grade 1 or 2

Al the second stage of the ANN classifier the dis-
crimination accuracy for the two groups, grades 1
and 2, was 9% (Table 1), The best feature vector
emploved the following features: the textural fea-
ture estimated from the co-occurrence matrices for

Tahle | Treth Table for the Eist Stage of the Hierarchic
Chissihar

Swstem
classification

Histalogic finding i € Accuracy (Sl
L 58 3 92
Ly 5 24 83

el e y ag

MNeural Networks in Carcinoma 321

Table 11 Trunh Table for the Secand Stage of the Hierarchic

Classifier

ﬂ'!.-"lem
classification
Histologic finding G; i Accuracy (%
C, T4 L] "l
Ca 9 Y2 i

Dwerall accuracy 74

d =3 (namely, the cluster shade [Appendix A, equa-
tion A9]) and the morphologic features of arvea,
maximum roundness (Appendix A}, standard devi-
ation of roundness and standard deviabion of area,
The classification accuracy for grade 1 tumors was
82% (14/17). Three cases were misclassified as
grade 2. Tumors of i.;r:ldu 2, were classified with an
accuracy of 78% (32/41). Finally, nine cases of grade
2 were incorrectly classified as grade 1.
Nscussion
Asseasment of tumor grade is a highly subjective
process and may be influenced by various factors
such as the psychophysiologic performance of the
diagnostician and the quality of the definition of
each category of histologic type.*? Hence, the use-
fulness of tumor grading has been limited by poor
interobserver reproducibility.®®

To resolve this problem, several studies have at
tempted to assist the pathologic diagnosis by intro-
ducing semiautomated and automated computer-
ized image analysis techniques for morphometric
evaluation of various histopatheologic features over
the past 30 vears.?>=>% The aim of the present study
was to examine the potential role of nuclear fea-
tures the prognostic and diagnestic value of which
had been confirmed by manyv researchers for vari-
ous types of cancer'***+ combined with ANNs in
the discrimination of bladder tumor malignancy. In
contrast to previous studies,®1” it was our objective
from the beginning to rely on the WHOR histologic
tvping and grading system, which is widely adopt-
ed by pathologists,* and to employ morphologic
and textural features of nuclear interpretation, in-
cluding such features as bizaree nuclear shape and
chromatin patterns used in visual grading.?” In this
way our method was closely associated with the

work performed by pathelogists.
In order to segment the histolosic image into
meaningful regions of nuclel, we applied ANMN-
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based pattern recognition techniques. Segmenta-
tion results on all images revealed a high percent-
age (about 95} of accuracy in automatically locating
nuclei. ANN performance in detecting nuclear re-
gions was fast and stable for all cases tested. About
8% of the nuclei were rejected as erroneous. due
mainly to nuclear overlapping or touching. In com-
parison to previous studies, ! ours provided better
results in segmenting nuclei, probably due to the
employment of ANN to discriminate between nui-
clear and background pixels,

Previous studies®19 on computer-aided classifi-
calion of bladder carcinoma have relied on different
features, with no particular focus on the nucleus,
have employved a different subjective tumor grad-
ing system and have used a different tissue-
slaming procedure. In addition, they have relied on
linear discriminant classification techniques. How-
ever, medical data are inherently noisy and often
exhibit significant nonlinear intervariable relation-
ships, ™

In this study a two-stage ANN hierarchic tree
was trained to classify a set of 92 cases into three
classes according to the degree of malignancy, At
the first level of the hierarchic tree the ANN classi-
lication performance was 89% in d iscriminating be-
tween Oy and Cyyy employing three textural fea-
tures from the co-occurrence matrices and two
morphologic features. It was interesting that only
one case of grade 1 was misdiagnosed as grade 3.
The results appear satisfactory considering that
only nuclear features were used for training ANN,
which may contain important information on the
nature and progression or recurrence of disease.
This concept highlights our conviction that nuclear
features can be used to achieve mare objective grad-
ing of low- and high-risk bladder tumors2: that is
important for managing the patient.

At the second level the discrimination between
tumors of grades 1 and 2 was 79%, employing one
texture feature and four morphologic ones. The rel-
ative accuracy of ANN in discriminating grade 2
bladder tumeors from tumors of grades 1 and 3 {nine
cases of grade 2 misclassified as grade 1 and 4 as
prade 3) was not surprising given the heterogeneity
of the intermediate grade 2 tumors, However, our
result is in accordance with that referred to in the
literature, assessing grade 2 tumors as a confusing
category; that underlines the continuum between
prades 1 and 3,32

In conclusion, an automated image analysis
method wis developed providing objective quanti-

'_z'ﬂu_iua]:.'lical and Quantitative Cytalagy and Histalomsy

tative and reproducible nuclear features, and an
ANN classifier was designed for automated classi-
fication of histologic sections of bladder cancer ac-
cording to the WHO grading system. The method
was efficient in delineating nuclei from background
tissue and provided diagnostic information with
high accuracy.

Appendix A

The highest ANN classification perfarmance in
discriminating between Copp and Ty at the first
level of the hierarchic tree was obtained by the fol-
lowing feature vector: CORTEY - 5 local homo-
geneity,, 5. correlation,, ., standard deviation
of area and standard deviation of concavity,

At the second stage of the hierarchic tree the
highest classification accuracy in discriminating be-
tween Cp and €y was obtained by employing the
following feature combination: cluster shadu,, .,
area, standard deviation of area, maximum Festinel-
ness and standard deviation of roundness.

Energy, local homogeneity correlation and clus-
ter shade are texture features estimated from the co-
occurrence matrix;

Pk} = L ! Z Plid oy el
N b e ds
Each P (1,jjd,®) is the probability of going from

gray level i to gray level j, given that the intersam-

ple spacing is d and that the direction is piven by

c'I.J.'I.IL;h.‘ i,

Energy = ZE [I’I'f.;]nf'ljz. 1A2)

1
Local homogenaity = E Z g
={-0F

N

o =m0 — e P
Correlation = L F ! (8
F

Pli ey {AG)

where

Fﬂ:Z':Z PiLfld), [A5)

;;\:Z.lz Piifte), [

ET"‘=Z|_'—IH1I."Z P ), and (A7)
i J

-::r_\:= E_Ir .'_|_-3E Pl d) (AR




Volume 24, Number 6/ December 2002

Cluster shade =ZZ M=) = p PPy 22 {A9)
il

Roundness is determined by the formula:

reriidness = —

wriieher?
; AT

G pi

This number is minimized by a circular disk and in-
creases with the irregularity of the boundary. The
maximum value of raundness for each case is com-
puted by averaging the three largest values derived
fromm the nuclear sample.
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