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Histological images analysis is an important procedure to diagnose different types of cancer. One of
them is the chronic lymphocytic leukemia (CLL), which can be identified by applying image segmen-
tation techniques. This study presents an unsupervised method to segment neoplastic nuclei in CLL
images. Firstly, deconvolution, histogram equalization and mean filter were applied to enhance nuclear
regions. Then, a segmentation technique based on a combination of wavelet transform, fuzzy 2-partition

entropy and genetic algorithm was used, followed by removal of false positive regions, and application of
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valley-emphasis and morphological operations. In order to evaluate the proposed algorithm H&E-stained
histological images were used. In the accuracy metric, the proposed method attained more than 80%,
which can surpass similar methods. This proposal presents spatial distribution that has a good consistency
with a manual segmentation and lower overlapping rate than other techniques in the literature.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Chronic lymphocytic leukemia (CLL) is a kind of blood cancer
among the most frequent ones in western countries, where its inci-
dence is about 25% of the total cases of leukemia in adults [1].
Estimates show that this neoplasia had over 14 thousand new cases
and caused over 4 thousand deaths in 2015 [2]. Patients diagnosed
with CLL are, on average, 70 years old and rarely under 40. This
leukemia affects two men for each woman, and one of its most rel-
evant risk factors is the family history. Approximately 20% of the
patients with this illness have first-degree relatives also diagnosed
with CLL, which has increased in three times the risk of developing
it [3].

The diagnosis of this neoplasia requires histological sections
analysis of either lymph nodes or blood. Such analysis is performed
by a specialist in identifying cancer cells. This is crucial for the
patient, since only a correct diagnosis can make it possible an ade-
quate medical follow-up, a right identification of the illness degree,
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and also the best guidance to efficient treatments [4]. However,
analyses of specialists are partly subjective, highly time-consuming
and also influenced by the fact that leukemia has many variations.
This all makes diagnosing a complex task [5].

When digitized, histological images enable researches on
computational techniques applied to improve diagnoses and prog-
noses. One of the essential tasks in histopathology is structures
identification, which in computer science corresponds to image
segmentation. Since CLL is a lymphoproliferative illness, methods
that identify its neoplastic cells try to segment specific components
called lymphocytes [4]. These are the second most populous type
of white blood cells that take part in the immunological defence of
the organism [6]. Visualizing these structures by the naked eye is a
complex task [7]. Therefore, computational image analysis is able
to help in the identification of these regions of interest (ROI) with
precision, which is essential to correlate them with this pathology
[8]. In order to overcome this general problem, several studies have
been developed to integrate digital processing techniques with his-
tological images.

Mohammed et al. [9] proposed a segmentation method of lym-
phocytes to identify their nucleus, cytoplasm and cell regions.
Initially, the images were converted to grey levels and Otsu’s
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method was applied to segment nuclear regions. Still in this step,
the canny edge detector technique and also the morphological
operations of dilation, hole-filling and erosion were applied. For
cellular segmentation, the same previous methods were used but
then added the watershed algorithm, with a removal of 1% of its
local minima to reduce over-segmentation effects, as proposed in
[10]. Finally, cytoplasm segmentation was done by subtracting the
results obtained in the previous steps. Applied to 132 images, this
method achieved results of accuracy close to 100% in all the pro-
posed segmentations.

In a second study of Mohammed et al. [11], a method based on
support vector machine (SVM) algorithm was proposed in order
to segment lymphocytes. Initially, Otsu’s method was used to seg-
ment nuclear regions from the image background. This was done
to a training set of images. Afterwards, from that previous segmen-
tation, colour features from RGB colour channels were extracted.
Then, the SVM used these features to classify pixels as nuclear
or non-nuclear. In order to reduce the training set, the k-means
algorithm was applied, as indicated by [12,13]. For cellular seg-
mentation, the same methods were applied. Cellular regions were
manually identified for the classifier training. Finally, cytoplasm
segmentation was carried out as described in [9]. The accuracy of
this system attained the average of 95.56% among the proposed
segmentations, considering a specialist’s segmentation of 440 cell
images.

In the specific case of segmenting CLL images, there are still few
articles in the literature. Nowadays, the only available studies are
[9,11], considering that they treat limitations observed in previous
works. Both [9,11] are applied to Giemsa-stained blood images with
100x magnification, which gives more information for effective
analysis of complex features [14]. However, this proposed method
is applied to images with 20x magnification obtained from lymph
node biopsies, without similar studies in the literature.

This article presents a nuclear segmentation method of CLL neo-
plastic cells that overcomes relevant limitations of [9,11]. In [9],
some histological sections were not used for containing lympho-
cytes too close to red blood cells, which negatively affected their
system execution. In real clinical image databases, as the one used
in this proposed study, images with that characteristic are present,
which limits the application of [9] in medical practices. Moreover,
both [9,11] are devoted to segment normal and neoplastic struc-
tures of blood images, but not of images obtained from lymph node
biopsies, as in this proposal.

The present article identifies nuclear regions of neoplastic cells
with a segmentation method applied to lymph node images with
great differences of contrast and illumination. This method suc-
cessfully handled them without any user’s intervention, in contrast
with[11],in which they needed supervised markings by a specialist
in cellular segmentation. Regarding histological images with these
differences, the application of Otsu’s method as proposed in [9] is
inadequate [15]. This fact raises the need of another segmentation
technique to be applied to CLL images, or even histological images
in general. For this purpose, evolutionary algorithms are still lit-
tle explored but represent an attractive proposal since they can
improve both robustness and processing time [16]. Combined with
genetic algorithm (GA) technique, the fuzzy method contributes to
the system performance, since it satisfactorily handles data with
noise and also uncertainties of attributing each pixel to one of the
analysed image structures [17].

This method consists of three steps: preprocessing, segmen-
tation and post-processing. In the first one, deconvolution was
applied to better represent nuclear regions, and its result was sub-
mitted to a contrast enhancement and noise removal by means of
histogram equalization and mean filter. In the segmentation, ROIs
were obtained by using fuzzy 2-partition entropy method com-
bined with GA and wavelet horizontal component extraction. In

the post-processing, false positive regions were removed by means
of the valley-emphasis method, and small deformations were cor-
rected through morphological operations. We have simulated this
methodology with a public image database [18], which was also
manually segmented by a specialist. Its performance was evalu-
ated by comparing it with the techniques of Vahadane and Sethi
[19], Wienert et al. [20] and de Oliveira et al. [21].

The main contributions of this paper are summarized as follows:

e Anew approach was investigated for unsupervised segmentation
composed of the GA optimization technique and the fuzzy theory
for CLL images from lymph node biopsies.

e Application of the proposed method on low magnification

images, hence they offer less discriminant information of neo-

plastic nuclei. Besides, these images are from a public domain
database, which have great variations of contrast and illumina-
tion, typical of real clinical environments.

Investigation of wavelet transform detail sub-bands in the def-

inition of thresholding value for segmentation of CLL images

structures.

Evaluation and comparison of smoothing and sharpening filters

to improve leukemia histological images in the preprocessing

step, and the post-processing step development for refine-
ments in accordance with the morphological configuration of the
regions manually segmented by a pathologist.

This paper is organized as follows: Section 2 describes the
used image database and the theoretical concepts of this proposal.
In Section 3, the manual segmentation performed by a special-
ist was compared with the unsupervised results, which were also
compared with other methods of the literature. This section also
presents the quantitative evaluation of filters and wavelet sub-
bands applied in the preprocessing and segmentation steps. Finally,
conclusion and future works are presented in Section 4.

2. Materials and methods
2.1. Database

In this study, CLL histological sections were digitized using
a white light microscope Zeiss Axioskop with objective lens
of 20x magnification and colour camera charge-coupled
device (CCD) AxioCam MR5. These sections were stained with
hematoxylin-eosin (H&E) digitized in the RGB model (24 bits of
quantification, 8 bits for each colour), available for download [18].

From this database, 12 images were randomly chosen. Each
image presents approximately two thousand cells, which is a
quantity compatible with other studies related to segmentation
of cellular and histological images [22-24]. ROIs were manually
segmented by a specialist and automatically by this unsuper-
vised segmentation technique. These images had great differences
of contrast and illumination, as exemplified by the sub-images
depicted in Fig. 1.

2.2. Proposed algorithm

In this section, the proposed method to segment nuclear regions
of CLL neoplastic cells is detailed. Fig. 2 shows the fluxogram of
this algorithm, implemented using MATLAB® language and the
deconvolution plugin of Image] software [25]. EXperiments were
performed on a 1.7 GHz processor ultrabook (Acer M5-481T-6417)
with 6 GB RAM.

2.2.1. Preprocessing
Firstly, the images were submitted to deconvolution [26]. This
process enables the identification of structures distribution in
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(a) sj-05-1896-R3_003

(b) £j-05-8844-006

Fig. 1. Sub-images identified by case that were used to validate this proposed method, considering differences of contrast and illumination. (For interpretation of the

references to color in text, the reader is referred to the web version of the article.).
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Fig. 2. Segmentation algorithm of CLL neoplastic cells.

which the H&E dye got concentrated. The hematoxylin component
stains acid parts of the cell, as the nucleus, in blue shades, whereas
the eosin concentrates in alkaline, as the cytoplasm. The light
applied to the tissue sample can be measured by the Lambert-Beer
law with the absorption factor of hematoxylin and eosin. Hence,
light transmission and brightness levels of R, G and B channels
will correspond to dye components concentration in a nonlinear
way. Since this relation is nonlinear, image intensity levels can-

not be straightforwardly used to separate those components, and
so it is necessary to define the optical densities of each colour
channel. Optical density is used for establishing a linear relation
with concentrations of dyes, which finally determines the relative
absorption of multiple components in the histological sample. The
separation between hematoxylin and eosin is achieved through
an orthonormal transformation of the optical densities, followed
by its multiplication with RGB intensity values. Fig. 4 exemplifies
the application of this technique to a CLL image. The H&E-stained
image is presented by Fig. 4(a), and its deconvolution into each
component is also showed by Fig. 4(b) and (c). Since hematoxylin
stains acid regions, nuclear regions are identified by this compo-
nent [6,27]. After deconvolution, histogram equalization technique
was applied in order to adjust contrast. This technique redistributes
image intensity levels to obtain a histogram of uniform distribution
through a cumulative distribution function [28].

Histological images complexity is influenced by various factors,
such as histological structures overlapping, blurred cell borders and
nuclei corrupted by noise [29]. These noise can be caused by varia-
tions of physical and electronic processes of the digitization system
and variability of light sources [30]. External interference and sen-
sor configuration can also influence the quality of the resulting
image, generating the so-called impulse noise [31]. CCD cameras,
as the one used for obtaining the used CLL images, can cause noise
by the influence of their light levels and sensor temperature [32].
These imaging systems can cause three types of noise: photon, dark
and read noise [33]. The first two are types of shot noise with a
Poisson distribution [33,34] and the read noise follows a Gaussian
distribution [35]. This distribution can also be used to model noise
generated by electronic components of image acquisition systems
[36].

The tissue preparation can also introduce noise by resulting in
white spots in the cellular structures and presenting craquelures,
a typical characteristic of old paintings [37], as presented by Fig. 3.
These are the most probable noise in histopathological images,
called “crack” in [37]. Beside the noise introduced in its digitiza-
tion step, the CLL images can also be corrupted by this noise, which
present an intensity inhomogeneity in the histological regions.

In order to identify the most appropriate filter for minimizing
possible degradation in the type of histological images investigated
in this study, different filters were tested after the deconvolu-
tion and the histogram equalization. Thus, noise treatment and
image smoothing were evaluated with the quantitative metric of
entropy (E). The minimization of entropy indicates high homogene-
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Fig. 3. An example of crack noise with the original images in the first row and the corrupted images in the second row.(For interpretation of the references to color in text,

the reader is referred to the web version of the article.).
Figure extracted from [37] © 2010 Elsevier.

ity, which identifies the least noisy preprocessed image [38]. This
metric is given by:

h
= = (1M
Zk:]hk

where h is the equalized image histogram and n is the total amount
of image grey levels.

The evaluated filters were: the median [39], mean [15], Gaussian
[40], wavelet-based [41] filters and the unsharp masking method
[42]. The median filter is efficient to remove impulse noise but
it is less effective to remove Gaussian and random noise [31,43].
The mean filter is usually applied to remove Gaussian noise [43]
and the Gaussian filter is able to provide less blurring in random
noise reduction [44]. The wavelet-based filter was described with
good performance to reduce effects of speckle and Gaussian noise
[45,46]. The unsharp masking was also evaluated for being effective
in sharpening edges and less noise-sensitive in this process [47].

The technique that reached the minimum of entropy was the
mean filter (see details in Table 1). This filter consists of replacing
the intensity level of each pixel with the average of its neighbours
[36].In this method, the number of neighbouring pixels is given by a
kernel of size 3 x 3, defined by empirical tests. Fig. 4(d) exemplifies
the output of this step.

n
E=> pi-loga(p).  Pr
k=1

2.2.2. Segmentation

Segmentation is one of the most complex and essential tasks in
digital image processing [28]. In the proposed method this task was
accomplished with thresholding, which is one of the most applied

methods of image segmentation since it is effective for defining
disjoint regions and connected boundaries [48]. Recently, some
intelligent optimization algorithms have been studied to determine
threshold values [49,50]. Based on that, a segmentation technique
was developed as a combination of fuzzy 2-partition entropy and
GA [51] to separate CLL images into ROI and background.

Initially, the input image was submitted to a wavelet transform.
Discrete wavelet transforms enable signals separation and also
their precise local description [52]. These transforms are commonly
used to simultaneously define features in the domains of time and
frequency. Given a 2D signal, as an image, rows and columns are
decomposed into approximation (low-low), horizontal (low-high),
vertical (high-low) and diagonal (high-high) sub-bands [53]. The
approximation sub-band highlights the image illumination, and the
other sub-bands representintensities of edges [54]. Fig. 5 illustrates
the wavelet decomposition process of a 2D signal [52].

Decomposition through wavelet transform enables different
image frequency levels analyses. High frequency components
enhance boundaries and other fine details of image objects, such as
the nuclearregions we are interested in [55,56]. Daubechies 5, Sym-
let 8 and Bi-orthogonal 3.7 wavelet families were analysed and the
last one gave the best results, as presented in Section 3. Fig. 6 shows
adecomposition example over a preprocessed CLL image (Fig. 6(a)),
and also the approximation (Fig. 6(b)), horizontal (Fig. 6(c)), vertical
(Fig. 6(d)) and diagonal (Fig. 6(e)) sub-bands.

In this step, an investigation was performed with the proposal
to analyse the differences of wavelet details sub-bands of healthy
and neoplastic nuclei. Since the approximation sub-band contains
only low-frequency components and it corresponds to a low reso-
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(b) Hematoxylin
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Fig.4. Application of the proposed method to a CLL sub-image of sj-03-852-R2_012 case: (a) original image, (b) hematoxylin component, (c) eosin component, (d) preprocessing
result, (e) the result of segmentation step with different nuclei identified as one object in rectangular red contours, (f) segmentation mask applied to the original image with
a zoomed internuclear region, (g) result of valley-emphasis application and (f) the output of morphological operations. (For interpretation of the references to color in this

legend, the reader is referred to the web version of the article.)
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Fig. 5. Decomposition of a 2D signal by wavelet transform.
Figure adapted from [52] © 2015 IEEE.

lution of the signal representation, it does not allow the analysis of
signal details in the high frequencies [52,56]. So this sub-band was
not considered in this analysis. For this purpose, the CLL images
were manually segmented to identify some healthy nuclei, as illus-
trated by Fig. 7, where these nuclei are identified by white pixels
and the neoplastic ones by black pixels. All the details sub-bands
were normalized in the interval [0, 255] for this analysis. For each
image, six normalized histograms were obtained, corresponding to
the healthy and the neoplastic nuclei represented in the horizon-
tal, vertical and diagonal details sub-bands. The maximization of
the histograms distance metric [57], described in the Section 2.2.4,
was used to analyse the details sub-bands. Through this metric, the

horizontal sub-band has reached the highest distance, presenting
the most discriminant coefficients and being used in the segmen-
tation. The evaluation of each detail sub-band for the whole image
database is shown in Section 3 (Tables 2-5).

In order to apply the GA, 150 random triples (u, v, w) were
taken,inwhich0 < u < v < w < 255.These triples are the so-called
individuals in GA general theory. The number 150 was defined
empirically, and the variables u, v, w were used to determine the
threshold value. In order to define the variables of each triple, the
fuzzy 2-partition entropy technique was applied [58]. For the iden-
tification of the two regions (neoplastic nuclei and background),
association degrees were quantified by the functions S and Z of
each brightness level k, given by Egs. (2) and (3), respectively.

1, k<u
2
1o k-wT , u<k<v
(w—u)v—u)

S(k, u, v, w) = 5 (2)

& v<k<w

(w—u)w-v)’ -

0, k>w
Z(k,u,v,w)=1-S(k, u,v,w). 3)
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(d) (e)

Fig. 6. Decomposition with Bi-orthogonal wavelet transform applied to a CLL sub-image: (a) original image, (b) approximation, (c¢) horizontal, (d) vertical and (e) diagonal

sub-bands.

Fig. 7. To identify the most discriminant sub-band between healthy (white pixels)
and neoplastic (black pixels) nuclei, these regions were manually segmented and
used to calculate their histograms distance. (For interpretation of the references to
color in text, the reader is referred to the web version of the article.).

The variables u, v and w were used to obtain the membership
degrees M. These quantify how close each level k is to the groups
that will be identified, M;, to nuclear regions and M}, to background.
The membership degrees are computed by Egs. (4) and (5).

Mn(k) =Z(k, u, v, w), (4)
My (k) = S(k, u, v, w). (5)

The parameters u, v and w determine the distributions of the
association degrees. The functions M, and M, intersect at a point
that represents the threshold value to be applied to the wavelet
horizontal sub-band of the preprocessed image. Intensity levels
between zero and this intersection point have a greater association
degree with the nuclear regions, while levels between this point
and 255 have a greater degree with the background.

Values determined by each triple were submitted to an evalua-
tion through entropy calculation, given by:

H(u, v, w) = —Py - log(Py) — Py, - log(Py), (6)

where the probabilities P are:

255

Po = h(k)-Mn(k), (7)

k=0
255

Py =Y h(k)-My(k), (8)
k=0

and h(-) represents the normalized histogram of the wavelet hori-
zontal component, P, is the nuclear probability and P}, corresponds
to the background probability.

The value H must be maximized, which means extracting the
greatest possible quantity of information. This will define the best
combination of parameters (u, v, w) that determines the most effi-
cient separation between the analysed regions.

According to GA workflow a selection step is included, repre-
sented by the elitist selection in this method. Namely, only the
triples with the greatest values of entropy were kept in next gen-
erations [59]. This approach keeps 50% of the population in each
generation. Subsequently, the crossover step was used to com-
bine the selected triples [60]. For that, the parameters of crossover
probability and crossover point were defined. Crossover probability
was empirically assigned to 0.65, which was applied to determine
the selected triples during the combination process. The crossover
point was randomly generated between 1 and 3 to define the com-
bination of the parameters of the triples. Finally, the mutation
step was applied, using a mutation probability parameter, which
leads to a populational diversity by changing the parameters of
some triples [61]. In the proposed method this probability was
empirically defined as 0.01. The GA stop criteria was defined by
Hammouche et al. method [62]. This technique interrupts GA exe-
cution when average intensity values of both ROI and background
remains the same over two consecutive generations.

The output of this step is exemplified by Fig. 4(e), where we
notice that corrections must be applied as a post-processing.

2.2.3. Post-processing

In order to eliminate small false positive objects, regions with
area below 10 pixels were removed. This value corresponds to
the smallest true positive area manually identified by the spe-
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(d) Vahadane and Sethi [19]

(e) Wienert et al. [20]

(f) de Oliveira et al. [21]

Fig. 8. Comparison of results obtained from applying unsupervised segmentation techniques to a histological section diagnosed as CLL, case sj-03-852-R2_012. (For interpre-
tation of the references to color in text, the reader is referred to the web version of the article.)

cialist. The segmentation step was also unable to identify some
nuclei individually, revealing internuclear regions. Such regions
were characterized by brighter intensity levels than the ROIs, as
illustrated by the zoomed area in Fig. 4(f). In order to correct this
limitation, the valley-emphasis method [63] was applied to regions
characterized by area greater than 50 pixels, corresponding to the
average areas identified by the specialist. This method defines a
threshold value given by the valley regions of the preprocessed
image histogram. Its pixels were then separated into two classes,
C1={0,1,...,t}and G = {t+1,t+2,..., 255}, where t is the thresh-
old value. In this application, classes C; and C; represent neoplastic
nuclei and internuclear regions, respectively. The probabilities of
theses classes are:

t 255
(1)](1.') = Z Di and Cl)2(t) = Zpi, (9)
i=0 i=t+1

where p; is the occurrence probability of grey level i. Their averages
are given by:

t 255
)= ip/on(t) and pa(0)= Y ipi/wa(t). (10)
i=0 i=t+1

Through Eqgs. (9) and (10) the valley-emphasis method defines the
threshold value t using Eq. (11). Maximizing (1 — p;) corresponds
to placing the threshold value in the histogram valley, while the
second term is the interclass variance that must also be maximized,
as in Otsu’s method [64].

t = maXo<r<255{(1 — pr)- (@1()3(t) + wa(D)3(t) )} (11)

The result of this application is shown by Fig. 4(g), where regions
contoured by red rectangles can be compared with their corre-
sponding regions in the segmentation step, represented by Fig. 4(e).

After applying valley-emphasis, some noise, connections
between objects and irregular contours still remained, as indicated
by blue rectangles in Fig. 4(g). Therefore, the morphological oper-
ation of opening was applied, since this operation can enlarge the
space between objects, smooth contours and remove small noise.
Dilation operation was also used to restore object areas, making
the automatically identified regions compatible with the ones ana-
lysed by the specialist [28,36]. In this study the structural elements
of these operations had been empirically defined with disk and
square distributions, respectively. The first one is characterized by
a radius of two pixels, and the second one by a side length of two
pixels. The result of these operations is depicted in Fig. 4(h), with a
better representation of nuclear contours.

2.2.4. Evaluation metrics

The evaluation of the wavelet details sub-bands was performed
by the histograms distance metric (x2) [57]. This metric was ana-
lysed to compare the coefficients of the horizontal, vertical and
diagonal details sub-bands of healthy and neoplastic nuclei in CLL
images. The larger this result, the more discriminant the detail sub-
band is:

2 1 (Hi — N
X (H’N)—Est (12)

where, H; and N; represent the ith bin of the healthy and neoplastic
histograms, respectively.

In order to evaluate the obtained results, the metrics of accuracy
(AC) and dice index (DI) [65] were used by comparing automatic
and manual segmentations. ACis given by Eq. (13), which quantifies
pixels correctly segmented by the unsupervised method [66].

Tp +Tn

- pFtIN__ 13
Tp +Tn + Fp + Fn ( )
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where Tp represents the amount of true positive pixels, and Ty, Fp
and Fy correspond to true negative, false positive and false negative
pixels, respectively. DI is defined by the ratio between intersection
and union of manual (A) and unsupervised (B) segmentations:

2IBNA|
Bl + Al

Egs. (13) and (14) indicate that the higher the values of these met-
rics, the better the unsupervised segmentation.

DI(B,A) = (14)

3. Results and discussion

The filters evaluation is presented by Table 1, which shows the
obtained results with the entropy metric after the preprocessing
step. The mean filter achieved the lowest value in this metric, as
indicated in bold. According to [67] the lower this metric, the better
the filter at treating noise in images.

Table 1

Entropy results of the filters median, mean, Gaussian, wavelet-based and of the
unsharp masking method to the CLL images after deconvolution and histogram
equalization.

Median Mean Gaussian Wavelet-based Unsharp masking
filter filter filter filter method
—5.9256  -7.9520 —7.9469 -7.9284 -7.8074

Table 2 shows the results of histograms distance metric using
the details sub-bands of the wavelet functions (Daubechies 5, Sym-
let 8 and Bi-orthogonal 3.7). This metric shows that the larger its
value, the better is the separation between healthy and neoplastic
nuclei. Through this metric, the horizontal sub-band has reached
the highest distance (in bold), presenting the most discriminant
coefficients and being used in the segmentation.

Table 2
Quantitative results of histograms distance of healthy and neoplastic nuclei using
Daubechies, Symlet and Bi-orthogonal wavelets.

Sub-band Daubechies wavelet ~ Symlet wavelet  Bi-orthogonal wavelet
Diagonal 4.0743 x 107> 3.8892 x 10> 3.4474 x 107>
Horizontal ~ 8.5090 x 10> 8.8958 x 10> 8.7001 x 10>
Vertical 6.6749 x 10~> 6.9075 x 10> 6.8991 x 10>

The results of accuracy and dice index metrics were also evalu-
ated to define the best wavelet function, since the differences of the
horizontal sub-band were very small among these functions. The
results of these metrics are presented in Tables 3-5. The subtle dif-
ferences in the histogram distance of the horizontal sub-band lead
to variations of accuracy and dice index of the wavelet functions,
which defined the Bi-orthogonal 3.7 wavelet as the one used to
search for the threshold value, since it reached the highest results
in both metrics (in bold).

Table 3
Quantitative results of the proposed method using each sub-band of the Daubechies
wavelet.

Sub-band Accuracy (%) Dice Index (%)
Diagonal 80.08 £2.10 87.99+1.54
Horizontal 80.13+2.14 88.01+1.61
Vertical 80.36+2.11 88.18+1.91

Studies of segmentation of CLL histological images from lymph
node biopsies stained with H&E were not found in the special-
ized literature. For this reason, computational methods of nuclear
segmentation of H&E images were considered for comparison
of results. These methods were applied to the image database
described in Section 2.1, as well as the proposed algorithm, for a

Table 4
AC and DI results of the proposed method applied to each sub-band of the Symlet
wavelet.

Sub-band Accuracy (%) Dice Index (%)

Diagonal 80.77 +2.28 88.52+1.62

Horizontal 79.70 +1.99 87.66 +1.49

Vertical 80.91+2.30 88.61+1.63
Table 5

Quantitative results of the proposed method application to each sub-band of the
Bi-orthogonal wavelet.

Sub-band Accuracy (%) Dice Index (%)
Diagonal 80.25+2.21 88.11+1.56
Horizontal 81.43+2.59 89.01+1.80
Vertical 80.22+2.14 88.08 +1.57

fair comparison. In order to avoid bias, the implementation of these
methods was supplied by their very authors. Fig. 8(a)-(c) show an
original image, its manual segmentation and the result obtained by
this method, respectively. The techniques of Vahadane and Sethi
[19], Wienert et al. [20], and de Oliveira et al. [21] were chosen for
comparison with results illustrated by Fig. 8(d)—(f), respectively.

Vahadane and Sethi’s method [19] segments nuclei in histolog-
ical images using the watershed algorithm. In their preprocessing
step the R channel was extracted, with subsequent application of
Gaussian filter and morphological operations of erosion and dila-
tion. For the segmentation, watershed, Otsu’s and radial symmetry
transform techniques were employed. Finally, the morphological
operations were used again in order to eliminate false positive
regions.

Wienert et al. [20] developed an approach based on contours
to segment cell nuclei in histological images. The preprocessing
detects contours by means of Sobel method. Afterwards, a distance
transform was used to remove small objects that do not belong
to the boundaries, and also to separate identified objects. Colour
information extracted by deconvolution, and removal of regions
with less than 50 pixels were used to identify the nuclear regions.

Considering de Oliveira’s method [21], it proposes a nuclear
segmentation algorithm in prostate histological images. The
preprocessing used the R channel combined with a contrast
enhancement technique. For nuclear segmentation, an optimal
threshold value was defined by the minimum-cross-entropy
thresholding technique. The post-processing used connected com-
ponent labelling and also area of identified objects in order to
eliminate false positive regions.

In Fig. 8(c) the red arrows indicate false positive regions identi-
fied by the proposed method, since they do not fit the specialist’s
markings (Fig. 8(b)). Vahadane and Sethi’s method [19] presented
some inconsistency by grouping different nuclei into single regions,
as indicated by rectangular red contours in Fig. 8(d). Considering
Wienert et al. [20], it presented an expressive number of false pos-
itive (indicated by red arrows) and also many more false negative
regions (suggested by blue arrows) than our proposed method.
Finally, de Oliveira et al. [21] identified objects by segmenting
regions of quite greater area than the specialist’s, leading to a higher
overlapping rate, as indicated by red arrows in Fig. 8(f).

Table 6 presents the quantitative results of this method using
the metrics of accuracy and dice index, which were 81.43 +2.59
and 89.01 £ 1.80, respectively. This table also includes the results
of Vahadane and Sethi [19], Wienert et al. [20] and de Oliveira et al.
[21].

Regarding the accuracy, the highest value was given by
this proposed method. The second best result was given by
Vahadane and Sethi [19], namely 77.07 +5.40% = 82.47%. But they
can guarantee only 77.07 —5.40%=71.67%, which is below the
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81.43 — 2.59% =78.84% of this method. In this sense, the proposed
method ensures the highest rate of accuracy in Table 6. The same
conclusion holds for dice index. Namely, this method ensures at
least 87.21% (89.01 — 1.80%) of coincidence with the manual seg-
mentation. This is the highest dice index result in Table 6, followed
by Wienert et al. [20] with 85.21%.

Table 6
Quantitative results of the proposed method and others’.

Techniques Accuracy (%) Dice Index (%)
Proposed method 81.43+2.59 89.01+1.80
Vahadane and Sethi [19] 77.07 £5.41 86.39+3.79
Wienert et al. [20] 78.53+£2.02 86.82+1.61
de Oliveira et al. [21] 70.60 +2.60 80.18 +2.56

Combining accuracy and dice index analysis, the proposed
method offers a relevant contribution to the improvement of
computer aided diagnosis. Although specifically related to CLL neo-
plastic cells, this present study can be a supplementary tool for
both computer-aided detection (CADe) and computer-aided diag-
nosis (CADx) of such cells. The same assertion holds for the other
methods in Table 6, since their strategies could be combined with
this proposal. For instance, considering that Wienert et al. [20] seg-
mented quite more false negative regions than this method, this
fact can indicate a clue about reducing false positive rate.

The proposed combination of techniques achieved relevant
results for this application. In the preprocessing step, decon-
volution technique was allied with histogram equalization and
mean filter. This method showed to be effective for achieving the
most appropriate representation of nuclear regions in histologi-
cal images. The good performance of this proposal was also due
to the wavelet transform, which showed to be an efficient tool for
image analysis since it captures high frequency that corresponds
to the ROIs boundaries. GA evaluation through Shannon’s entropy
(Eq.(6)) was efficient for quantifying information on the segmented
structures. The post-processing improved the results by increasing
their consistence with the manual segmentation, particularly in the
case of ROI morphological aspects. Hence, the post-processing is
necessary for extraction of features and classification used in CAD
systems, even though these are not implemented in this method
yet. The main limitation of this proposal is the quantity of false
positive regions still present in the obtained results.

4. Conclusion and future works

One of the essential tasks in the diagnosis of different types
of cancer is the identification of neoplastic cell nuclei in histo-
logical images. When manually accomplished, this task becomes
tedious, costly and subjective. Therefore, digital image process-
ing techniques are useful for helping pathologists to identify these
structures of interest in an objective way. This present study pro-
posed an unsupervised method to segment neoplastic nuclear
regions in CLL images. In the steps of preprocessing, segmentation
and post-processing, the combined techniques showed relevant
results at separating ROIs by considering colour features and dis-
missing information about shape and spatial distribution.

The combination between the GA method and the fuzzy 2-
partition entropy reached a good performance in the segmentation
of the neoplastic nuclei, even on the complex images used for
validation. With low magnification and variations of contrast and
illumination, these images allowed to demonstrate the robustness
of the proposed method. The filters evaluation in the preprocess-
ing step was important to obtain images with a better quality for
the segmentation. The quantitative wavelet sub-bands analyses
also contributed to the segmentation once they allowed to define

the most discriminate sub-band between healthy and neoplastic
nuclei. The stop criteria used in the GA method made this pro-
posal an unsupervised method, with no user intervention for this
purpose. Finally, the post-processing enhanced the morphological
features of the neoplastic nuclei, making them in accordance with
the evaluation of a pathologist.

Our experimental results indicate that the proposed technique
achieves a good performance, with accuracy and dice index values
above 80% and nearly 90%, respectively. In order to draw compar-
isons, other studies related to nuclear segmentation of H&E-stained
histological images were applied to validate the proposed method.
Compared with these studies, our method presents a better repre-
sentation of nuclear contours and achieves lower overlapping rates
for the images of the used database.

In future works, other features of neoplastic nuclei will be
explored, such as texture and topology, in order to remove the false
positive regions. Moreover, semantic features will also be studied
to explore the identified regions. Neoplastic cells can be detected
with these features since they give a computational representa-
tion of some criteria used by pathologists to diagnose CLL. We also
intend to investigate feature extraction and classification of CLL
images and other lesion groups, and different evaluation metrics of
GAindividuals [68,69]. Furthermore, we intend to use more images
in future evaluations of the proposed method.
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