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a b s t r a c t

Breast cancer is the most common type of cancer among women. As early detection is crucial for the
patient’s health, much attention has been paid to the development of tools for effective recognition of this
disease. This article presents an application of image analysis and classification methods for fine needle
biopsy. In our approach, each patient is described by nine microscopic images taken from the biopsy
sample. The images are related to regions of the biopsy that seem interesting to the physician who selects
them arbitrarily. We propose four different hybrid segmentation algorithms dedicated to processing
these images and examine their effectiveness for the nuclei feature extraction task. Classification is
carried out with the usage of a classifier ensemble based on the Random Subspaces approach. To boost
its effectiveness, we use a linear combination of the support functions returned by the individual classi-
fiers in the ensemble. In the proposed medical support system, the final decision about the patient is
delivered after a fusion of nine separate outputs of the classifier – each for a different image. Experimen-
tal results carried out on a diverse dataset collected by the authors prove that the proposed solution out-
performs state-of-the-art classifiers and shows itself to be a valuable tool for supporting day-to-day
cytologist’s routine.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

According to the International Agency for Research on Cancer,
breast cancer is the most common cancer among women. In
2008, there were 1,384,155 diagnosed cases of breast cancer and
458,503 deaths caused by the disease worldwide (Ferlay et al.,
2010; Bray et al., 2012). In 2010, there were 15,784 diagnosed
cases of breast cancer among Polish women, with 5226 resulting
in death (National Cancer Registry, 2012). There has also been an
increase in the incidence of breast cancer by 3–4% a year since
the 1980s. The effectiveness of treatment largely depends on the
timely detection of the disease. An important and often used diag-
nostic method is the so-called triple-test, which is based on three
medical examinations, and is used because of its effectiveness in
diagnosing breast cancer (Britton et al., 2009). The triple-test
includes self examination (palpation), mammography or ultraso-
nography imaging, and fine needle biopsy (FNB) (Underwood,
1987). FNB is an examination that consists of obtaining material
directly from the tumor. The collected material is then examined
under a microscope to determine the prevalence of cancer cells.

This approach requires extensive knowledge and experience of
the cytologist responsible for the diagnosis. Automatic morpho-
metric diagnosis can help make the results objective and assist
inexperienced specialists. Along with the development of advanced
vision systems and computer science, quantitative cytopathology
has become a useful method for the detection of diseases, infec-
tions, and many other disorders (Gurcan et al., 2009; Śmietański
and Tadeusiewicz, 2010; Hassan et al., 2010).

Recently, there has been an increase in interest in computer-
aided cytology. Several researchers have studied the segmentation
of cytological images of breast tumors, proposed new features or
classification algorithms. However, only a few of these researchers
have tested the efficiency of their methodology in a comprehensive
computerized cancer classification system. Jeleń et al. (2010) pre-
sented an approach based on the level sets segmentation method.
Classification efficiency was tested on 110 (44 malignant, 66
benign) images with results reaching 82.6%. Niwas et al. (2010)
presented a method based on the analysis of nuclei texture using
a wavelet transform. Classification efficiency with the k-nearest
neighbor algorithm on 45 (20 malignant, 25 benign) images
reached 93.33%. Another approach was presented by Malek et al.
(2009). They used active contours to segment nuclei and classified
200 (80 malignant, 120 benign) images using fuzzy C-means
algorithm achieving 95% efficiency. Breast cancer diagnosis was
also discussed by Xiong et al. (2005). Partial least squares regres-
sion was used to classify 699 (241 malignant, 458 benign) images
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yielding 96.57% efficiency. However, the authors did not describe
the segmentation method used to extract nuclei.

This paper presents recent progress in the development of a
comprehensive fully automatic breast cancer diagnostic system
based on analysis of cytological images of FNB material. The task
at hand is to classify a case as benign or malignant. Recently in
our research, we have introduced the third class – fibroadenoma.
Fibroadenoma is a benign tumor of the breast that often occurs
in women. Despite the fact it is not cancerous, it might have some
morphometric features similar to malignant neoplasm. This may
confuse the system and cause an incorrect diagnosis. The diagnosis
is done by using the morphometric and topological features of
nuclei isolated from microscopic images of the tumor. The segmen-
tation is based on a set of four hybrid segmentation methods com-
bining adaptive thresholding and clustering (see Section 4).

At present the classifier ensembles, known also as multiple clas-
sifier systems (MCS) or combined classifiers (Kuncheva, 2004), are
the focus of intense research (Jain et al., 2000) because usually we
may have more than one classifier dedicated to a given problem at
our disposal. Since each classifier has its own domain of compe-
tence (Wolpert, 2001), designing a method that can exploit
strengths of individual predictors while preventing us from
choosing the worst model seems to be an attractive proposition
(Kurzynski and Woźniak, 2012).

The process of building such a compound classifier is not trivial,
and there are several problems that must be considered carefully
as classifier selection and choosing an appropriate method of clas-
sifier combination. The first task is known as the classifier selection
(Ruta and Gabrys, 2005) or ensemble pruning (Martinez-Munoz et
al., 2009), and we would like to assure that the chosen classifiers
are characterized by the high accuracy and diversity because we
expect them to be complimentary. A key issue is how to measure
classifier diversity (Brown and Kuncheva, 2010) and how to select
classifier using the proposed measure. The second problem is how
to combine individual classifiers’ outputs. The first group of meth-
ods have their origin in voting algorithms (Biggio et al., 2007). For
many years, a standard majority voting was the most widespread
approach. In recent years, more advanced approaches have been
proposed that take into account not all decisions coming from par-
ticular committee members should influence the voting procedure
in an identical way (van Erp et al., 2002). Here, we should mention
those works that propose training the weights, which seems to be
an attractive alternative method, often outperforming static
weight assignment (Woods et al., 1997; Woźniak and Jackowski,
2009). More advanced propositions use support functions of indi-
vidual classifies. Their main form is the posterior probability typi-
cally associated with probabilistic pattern recognition models,
although outputs of neural networks or other functions whose val-
ues are used to establish the decision of the classifier could be con-
sidered as well. Aggregation methods that do not require learning
use simple operators, like minimum, maximum, product, or mean.
However, they are typically subject to very restrictive conditions
(Duin, 2002), which limit their practical use. Therefore, the design
of new fusion classification models, especially trained fusers, are
currently the focus of intense research (Woźniak and Krawczyk,
2012).

In this work we will focus on the weighted combination of sup-
port functions, and where weights depend on a given classifier and
class number. As shown in the previous works of authors (Woźniak
and Zmyslony, 2010), this type of fuser achieves fairly good quality
and it can be easy trained solving simple optimization task. Classi-
fiers ensembles are nowadays widely used in the medical decision
support (Jackowski et al., 2012). This paper shows the continua-
tions of authors work on early breast cancer detection (Krawczyk
et al., 2012a,b). For the presented task of fine needle biopsy image
classification, we employ a MCS build on the basis of the Random

Subspace approach (Ho, 1998) to assure the initial diversity among
base classifiers. As it is common knowledge that not all predictors
build on the basis of this method should take an identical part in
the final decision we propose to combine their outputs with a no-
vel trained fuser based on the discriminants. This way we achieve
better combination results than when using traditional fusers.
Exhaustive computational tests proves that our ensemble outper-
forms canonical classifier committees.

The proposed ensemble is used to classify independently all
nine images representing the examined patient. Then, a final deci-
sion about the state of the patient is made on the basis of these
individual ones. Two heuristic approaches are proposed for this
problem. The results presented in this paper demonstrate that a
computerized medical diagnosis system based on our method
would be effective and can provide valuable and accurate diagnos-
tic information.

The paper is divided into six sections. Section 1 presents an
introduction into breast cancer diagnosis. Section 2 describes the
acquisition process of the medical images used for testing. A
framework for the proposed medical decision support system is
introduced in Section 3. Segmentation and feature extraction are
described in Section 4, while Section 5 presents the classification
algorithm. Section 6 shows the experimental results obtained by
the proposed method. The paper ends with our conclusions.

2. Medical images database

All methods presented in this work were tested on real medical
data. For this purpose, 675 images were collected from 75 patients
(25 benign, 25 malignant and 25 fibroadenoma). Each patient is
represented by 9 images selected by a pathologist arbitrarily. The
number of images was recommended by the specialists from the
hospital and allows for their correct diagnosis.

The cytological material was obtained by FNB from patients of
the Regional Hospital in Zielona Góra, Poland. Biopsies without
aspiration were performed under the control of an ultrasonograph
with a 0.5 mm diameter needle. Smears from the material were
fixed in spray fixative (Cellfix by Shandon) and dyed with hema-
toxylin and eosin (H&E). The time between preparation of smears
and their preservation in fixative never exceeded three seconds.
All cancers were histologically confirmed and all patients with
benign disease were either biopsied or followed for a year.

The images were recorded by a Sony CCD Iris color video
camera mounted atop Axiophot microscope. The slides were pro-
jected into the camera with 160� objective and 2.5� ocular giving
together an enlargement of 400�. Images are BMP files, 704 � 578
pixels, 8 bit/channel RGB.

3. Framework for patient classification

In the proposed diagnostic procedure, each patient is character-
ized by nine separate cytological images. The physician examines
all of these images and on the basis of her/his experience gives a
final diagnosis. One should note that these images are not corre-
lated to each other, because they are chosen according to arbitrary
decision of the cytologist i.e., the first image from the ith patient
may describe a completely different area of the biopsy sample than
the first image from the jth patient.

In the described medical decision support system, we decided
to preserve this schema. We propose to train the classifier on the
basis of all images available in the training set and then use it to
produce nine independent decisions about the images belonging
to a tested patient. On the basis of these individual outputs, an
aggregation procedure is being conducted that produces a final
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