COMPUTER METHODS AND PROGRAMS IN BIOMEDICINE II3 (201I4) 593-609

journal homepage: www.intl.elsevierhealth.com/journals/cmpb

Robust information gain based fuzzy c-means

y )
@ CrossMark

clustering and classification of carotid artery

ultrasound images

Mehdi Hassan®, Asmatullah Chaudhry?,
Asifullah Khan®*, M. Aksam Iftikhar*®

a Pattern Recognition Lab (DCIS), PIEAS, P.O. Nilore 45650, Islamabad, Pakistan
b NDTG, PINSTECH, P.O. Nilore 45650, Islamabad, Pakistan

ARTICLE INFO

Article history:

Received 11 July 2013
Received in revised form
26 September 2013
Accepted 15 October 2013

Keywords:

Decision system

Image segmentation
Information gain

Fuzzy c-means clustering
Probabilistic neural networks
Carotid artery

ABSTRACT

In this paper, a robust method is proposed for segmentation of medical images by exploi-
ting the concept of information gain. Medical images contain inherent noise due to imaging
equipment, operating environment and patient movement during image acquisition. A
robust medical image segmentation technique is thus inevitable for accurate results in sub-
sequent stages. The clustering technique proposed in this work updates fuzzy membership
values and cluster centroids based on information gain computed from the local neighbor-
hood of a pixel. The proposed approach is less sensitive to noise and produces homogeneous
clustering. Experiments are performed on medical and non-medical images and results are
compared with state of the art segmentation approaches. Analysis of visual and quanti-
tative results verifies that the proposed approach outperforms other techniques both on
noisy and noise free images. Furthermore, the proposed technique is used to segment a
dataset of 300 real carotid artery ultrasound images. A decision system for plaque detection
in the carotid artery is then proposed. Intima media thickness (IMT) is measured from the
segmented images produced by the proposed approach. A feature vector based on IMT val-
ues is constructed for making decision about the presence of plaque in carotid artery using
probabilistic neural network (PNN). The proposed decision system detects plaque in carotid
artery images with high accuracy. Finally, effect of the proposed segmentation technique
has also been investigated on classification of carotid artery ultrasound images.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

the process of segmentation. For instance, in medical imag-
ing, ultrasound images are corrupted by speckle noise and
wave interference which may degrade the segmentation qual-

Image segmentation is the process of grouping pixels of an
image into several homogeneous regions. It finds various
applications in many practical computer vision tasks like
object tracking, pattern recognition, image classification, dis-
ease diagnostics using medical imaging.

In image segmentation, nature of the image under study
and its intrinsic degradations may pose severe challenges to
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ity.

Disease diagnosis based on medical imaging is an invalu-
able tool for medical experts to plan a patients’ rehabilitation
process. Several imaging modalities are available to med-
ical practitioners, including ultrasound imaging, magnetic
resonance imaging (MRI), computed tomography (CT), and dig-
ital mammography, which help them diagnosing the disease
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accurately in a non-invasive way. However, as the volume of
medical images has grown exponentially, therefore, analyz-
ing and interpreting of these images manually is no more
feasible. A computer aided diagnostic (CAD) system is highly
desirable to provide additional support to the radiologists.
Particularly, effective computer algorithms are required to
illustrate the structures and region of interest (ROI) automat-
ically. These algorithms usually segment a medical image
into its constituent structures (regions) and play a signifi-
cant role in various medical image analysis tasks such as
quantification of tissue volume [1], diagnosis [2], anatomi-
cal structure study [3], treatment planning [4], and computer
aided surgery [5]. Several methods have been proposed in the
literature to segment medical images [6-14]. Each method has
its own benefits and limitations. Further, there is no single seg-
mentation technique capable of addressing all the problems
simultaneously.

Fuzzy c-means (FCM) is an unsupervised fuzzy segmenta-
tion technique, which has been successfully applied in fields
such as medical imaging, geology, astronomy and object
recognition [4,5,15]. In FCM, clusters are obtained iteratively
by minimizing a cost function which depends on the distance
of pixels to the cluster centers. Each pixel may belong to more
than one clusters with certain degrees of membership [16].
Therefore, it is especially useful in medical image segmenta-
tion where objects in the images do not have well-separated
boundaries.

FCM performs well for segmentation of medical images
but it is highly sensitive to noise which adversely affects
the clustering accuracy. Moreover, FCM may produce non-
homogeneous clustering in presence of noise. To overcome
the lack of robustness in FCM, Chuang et al. [17] incorporated
the spatial context into basic FCM framework. They conjec-
tured that high pixels correlation present in most images can
be exploited to produce more homogeneous segmentation.
Their proposed method, namely spatial FCM (sFCM), modifies
standard FCM by weighting membership of each pixel with the
cluster distribution in its neighborhood. The sFCM algorithm
produces better clustering compared to FCM technique. The
SsFCM algorithm was further investigated by Chaudhry et al.
[2] and a modified approach was proposed for better clus-
tering, named as spatial FCM modified (sSFCMM). The sFCMM
algorithm introduced a weighted similarity measure based on
spatial proximity in the sFCM framework in order to produce
reliable segmentation.

Cai et al. [18] have proposed a fast generalized fuzzy
c-means (FGFCM) algorithm, which introduced a new sim-
ilarity measure for better exploiting spatial and gray level
information. The computational cost of FGFCM is dependent
on the number of gray levels in the image and is typically
much less than image size. Krinidis and Chatzis [15] proposed
another variant of FCM, called fuzzy local information based
FCM (FLICM). The main feature of FLICM is the use of yet
another fuzzy similarity measure incorporating spatial and
gray level local information. However, the FLICM algorithm
is associated with high computational cost. Moreover, the
robustness of both FLICM and FGFCM is severely affected by
higher levels of noise.

All the above mentioned variants of FCM produce good
enough segmentation results, but their performance depends

upon some tradeoff parameter between noise removal and
detail preservation.

In this paper, we intend to present an image segmentation
technique, which results in homogeneous clustering even in
presence of noise. The main contribution of this work is to
develop a modified FCM clustering scheme, named as infor-
mation gain based fuzzy c-means (IGFCM), by incorporating
the concept of information gain into the basic framework of
FCM. The information gain uses the concept of entropy, which
has been exploited by some researchers, in different ways,
in order to improve the segmentation capability in various
applications [19,20]. The proposed IGFCM segmentation is a
two-phase process, where phase-I of the algorithm proceeds
in a way similar to classical FCM algorithm. However, contrary
to saturated convergence in classical FCM, we prematurely
truncate phase-I of IGFCM after completing few iterations (3-5
iterations for most applications) of FCM. The intention is to
start second phase of the algorithm with a sufficiently rea-
sonable initial estimate of the true clustering. Hence, phase-II
of the proposed algorithm proceeds with output of phase-
I, which updates fuzzy membership values of pixels in an
informed manner. In particular, the fuzzy membership val-
ues of pixels are swapped together based on information gain
for each class. Thus, the information encapsulated by infor-
mation gain guides refining the segmentation process. The
proposed IGFCM algorithm has been validated by segmenting
images from different imaging modalities such as synthetic,
daylight, CT Liver, and carotid artery ultrasound images. The
performance of IGFCM has also been compared with FCM and
a few other state of the art variants of FCM.

Another major contribution of this research work is devel-
opment of a decision system for carotid artery ultrasound
images. Therefore, it is useful to briefly overview the state
of the art in decision making of carotid artery ultrasound
images. Due to excessive use of cholesterol, fatty materi-
als accumulate into the arterial wall, a condition known as
atherosclerosis. The accumulation of such materials gives rise
to plaques inside the artery, which blocks blood flow into
the brain. The blockage due to the plaque in carotid artery
may cause a cerebrovascular accident (stroke). Cerebrovascu-
lar is fourth leading cause of deaths in United States [21]. The
Ischemic stroke occur due to the blockages such as clot or pres-
ence of plaque in carotid artery [22]. Moreover, a brain stroke
may occur, if some components of plaque approach the brain
due to a prospective rupture into these plaques. Therefore, it
is highly desirable to detect plaque in the early stage of its
development.

Currently, plaque in the artery is detected through carotid
angiography. But, this involves the uncomfortable and risky
process of X-ray dye injection and examination through inva-
sive X-ray imaging. Moreover, allergic reactions and kidney
failure are also potential side effects of X-ray imaging tech-
niques.

Ultrasound imaging is a popular non-invasive tool being
used for carotid artery plaque detection. However, lower
quality, presence of speckle noise and wave interferences
are the limitations associated with ultrasound imaging.
Moreover, plaque detection and manual extraction of carotid
artery contour is a tedious and subjective task. Therefore, a
computer assisted diagnostic system is highly desirable in
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order to automatically analyze the carotid artery ultrasound
images. Such a decision system will also help radiologists
to establish a secondary opinion regarding the presence and
severity of plaque in the carotid artery [6,11].

For successful detection of plaques in carotid artery ultra-
sound images, an effective segmentation is highly desirable.
The desired output of segmenting a carotid artery ultrasound
image is delineation of arterial walls. Segmentation of carotid
artery ultrasound images prior to automatic plaque detection
is useful for better judgment of normal and abnormal sub-
jects. The carotid lumen, for example, has been extracted by a
technique proposed by Mao et al. [23]. They used deformable
models, which need to be initialized manually. Similarly,
Loizou et al. [24] employed a user-initialization based snake
model for carotid artery image segmentation. Improper ini-
tialization by naive users, may yield incorrect results while
using these techniques.

Similarly, Hassan et al. [25] have proposed a segmenta-
tion technique and a corresponding decision making system,
based on the proposed segmentation scheme for carotid
artery plaque detection. They have proposed spatial fuzzy
c-means modified (SFCMM) along with ensemble clustering
on genetically reduced feature set extracted from the gray
level co-occurrence matrix (GLCM), moments of gray level
histogram (MGH) and 2-D continuous wavelet transform. How-
ever, their technique works well only with lower levels of noise.

Tsiaparas et al. [26] used multi-resolution techniques for
texture classification of ultrasound Carotid Atherosclerosis
tissue. They employed four decomposition techniques and
several basis functions in order to identify asymptomatic and
symptomatic cases. For each type of decomposition, the mean
and standard deviation of sub-images were used as features
and input to Support Vector Machines (SVM) and Probabilis-
tic Neural Networks (PNN) classifiers. The wavelet packets
decomposition technique in combination with SVM produced
highest decision accuracy.

Latifoglu et al. [14] proposed a robust decision system for
diagnosing atherosclerosis using carotid artery Doppler sig-
nals. Their proposed approach involves feature extraction
based on Fast Fourier Transform (FFT), and feature reduction
using Principle Component Analysis (PCA). The reduced fea-
tures are weighted using a k-nearest neighbor (k-NN) based
approach. For classification, the Artificial Immune Recognition
System (AIRS) classifier was applied using 10-fold cross-
validation.

Similarly, Kyriacou et al. [27] extracted features from
carotid ultrasound images using spatial gray level depend-
ence matrices (SGLDM). They used ultrasound images of 1121
patients with asymptomatic internal carotid artery stenosis
(ACS) and showed that combination of SGLDM features with
clinical features improves stroke prediction due to high risk
plaques. SVM and PNN were used as classifier in their deci-
sion system. However, best decision accuracy was obtained by
SVM classifier with SGLDM features.

In this research work, we have run the proposed IGFCM
technique for segmentation of 300 real carotid artery
ultrasound images. the improved segmentation helps in the
proposed classification of the same images. In particular, the
decision system is based on PNN classifier. A feature set,
comprising 6 features, is formed using IMT values which are

measured from images segmented by the proposed IGFCM
technique. This feature set is fed to the PNN classifier to
identify normal or abnormal subjects. We speculate that
due to high-quality segmentation yielded by the proposed
segmentation technique, the decision accuracy should be
high. This has been verified by segmenting the 300 carotid
artery images with different segmentation techniques includ-
ing the proposed IGFCM algorithm. Then, these images have
been classified using different classifiers. Higher classification
accuracy has been obtained corresponding to images seg-
mented by the proposed algorithm, which verifies the positive
influence of the proposed IGFCM algorithm on classification
process.

Restof the paperis organized as follows. Section 2 describes
the proposed scheme. Experimental results and discussion are
presented in Section 3. Finally, the research is concluded and
future directions are set in Section 4.

2. Materials and methods

In this section, first we briefly describe the data sets used
in this research work and then describe the proposed IGFCM
algorithm in detail.

2.1. Datasets

The proposed scheme in this paper is validated in two sce-
narios. In the first scenario, it is applied to general imaging
modalities for clustering purpose. These include synthetic,
daylight, liver CT images, respectively. While the second sce-
nario deals with segmentation and decision making of carotid
artery ultrasound images. The dataset, used in the second
scenario, was obtained from Shifa International Hospital,
Islamabad, Pakistan. Toshiba’s Xario XG ultrasound machine
equipped with Linear Probe transducer, having a frequency
range of 7-8 MHz, has been used in the said hospital for carotid
artery ultrasound imaging. The ultrasound scan videos have
beenrecorded for 10 s each and converted into separate frames
employing a video Decompiler. Original images have dimen-
sion of 800 x 600 with resolution of 72 pixels per inch (PPI). A
dataset of 300 (140 normal and 160 abnormal) images has been
developed to test the performance of the proposed approach.
The age of the patients in the dataset varies from 35 to 74 years.
Overall mean and standard deviation of age for the whole
dataset are 55.75 and 9.43 years, respectively. The obtained
images have been categorized into normal and abnormal with
the help of medical experts. All computations are performed
on an Intel Core i7 Pc with Matlab 7.12 (2011a).

2.2 Fuzzy c-means segmentation

As stated earlier, FCM assigns pixels to clusters based on their
fuzzy membership values. It strives to minimize the following
cost function:

N C
J=D0) ulig - vl 2 (1)

j=1 i=1
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where u; shows the membership of pixel x; to ith cluster
vx; € 2, where 2 represents the set of points that an image
is composed. C and N represent total number of clusters and
data points in £, and v; is centroid of ith cluster. The constant
m is also known as degree of fuzziness and is usually set to 2
for most applications.

The cost function of FCM is minimized iteratively by updat-
ing cluster centroid. Fuzzy membership values are assigned
to pixels based on their distance from the center of different
clusters. The smaller the distance of pixel under consideration
from cluster centroid, higher will be the degree of membership
to that cluster and vice versa. The following mathematical
expressions are used to update the fuzzy membership func-
tions and cluster centers, respectively:

1
S (1% = il /115 — v )Y

Lli)'

(2)

N
Zj:luijxj

= ©

N
Z}-:MF

2.3.  Proposed information gain based fuzzy c-means
algorithm

As described in Section 1, FCM algorithm is highly sensitive to
noise and may produce non-homogeneous clustering. To han-
dle this problem effectively, we have employed the concepts
of entropy and information gain into the basic FCM algorithm.
The idea of entropy was coined by Claude Shannon in his pio-
neering work on information theory [28|]. It is the measure
of uncertainty of a random variable and is calculated by the
following expression.

entropy (i) = — Y _pilog,pi. Vie[1,C] (4)

1

where p; is the probability of ith cluster in a certain neighbor-
hood.

Information gain is the measure of goodness of an
attribute. It is computed for a particular class using following
equation:

IG; = entropy (i) — EI, Vie[1,(] (5)

EI represents expected information which is computed
from available information between class entropies and their

respective probabilities. The mathematical expression for El is
as follows.

El= Z Z (pi + pjlentropy (i,j), where, i#jandj>i (6)
ie[LCle[LC]

where p; and p; are probabilities of cluster i and j, respectively,
entropy(i,j) is the between class entropy for i and j, computed
by following expression:

entropy (i.j) =~ ) _ pilogopi = ) _ pjlogp; )

ie[1,C] jel1.q]

- Algorithm 1:.

Phase-I
Perform the FCM segmentation on the input image.
Compute Uy, (initial cluster centroids) for all k and n€[1,C] x 2
Compute uj (initial fuzzy membership values) for all j and
ke[1,C] x 2
Phase-I concludes after the image is segmented by few iterations of
FCM algorithm. The output of this phase is fed to Phase-II for
further computation.

Phase-II
Use a 5 x 5 window and iterate it over the FCM segmented image.
For each iteration, repeat steps 1-11.

1. Calculate the probability of each class.

p=3 veq
where n; represents the number of pixels in the window, which
belong to class j. N is the total number of pixels (5 x 5) in the
window.

2. Calculate the entropy of each class entropy(i) using Eq. (4).

3. Calculate the between class entropy entropy(i,j)for each
two-class combination using Eq. (7).

4. Calculate expected information (EI) using Eq. (6).

5. Calculate information gain for each class IG; using Eq. (5).

6. Compute u?,f"e'i = sort(uj, ORDER), where sort orders the vector
uj, in the order specified by ORDER. The ordered vector is returned
in u}.sf”e‘i. We have used descending order in our algorithm.

7. Update u)’.}‘fw using following expression:

uNew — sorted
jk T Trank(IG.IG(i).k

v(j, k) €[1,C] x 2
where IG sets of information gain values for all classes and
rank(IG,i) returns the rank (i.e. order) of number i within a set of
numbers IG.

8. Update vy, from Eq. (3) using u}?}’fw.

9. Set uj, = u}.’;’fw.

10. Use uj, and Uy, to perform FCM iteration.

11. Repeat all the above steps until the stopping criterion is met.

The proposed IGFCM algorithm is a two-phase process.
In first phase, the input image is segmented by FCM for a
few iterations in order to obtain an initial estimate of true
segmentation. In the second phase, for each pixel in the
FCM-segmented image, entropy and information gain are
computed from its surrounding pixels in a certain neighbor-
hood (5 x 5 selected empirically in our case). The proposed
technique then updates the fuzzy membership values of a
pixel by swapping them together. The swapping order of the
pixel fuzzy membership values is determined by the rank of
its information gain values for different clusters. The cluster
centroids of the pixel are also updated, as in classical FCM.
Then, an iteration of classical FCM proceeds with the new
membership values and cluster centroids. This process con-
tinues until the difference between cluster centroid values
in consecutive iterations reduces below a particular thresh-
old or maximum numbers of iterations have been reached.
This process is described in a step by step algorithm as
follows.

The defuzzification of uj, yields the final image segmented
by IGFCM algorithm. Fig. 1 shows the block diagram of the
proposed algorithm. A detailed illustration of above algo-
rithmic steps is shown by an example in Fig. I-1. Note
that phase-III is concerned with application of IGFCM algo-
rithm in a classification scenario which will be described in
Section 2.5.
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Calculate information
gain for each class

Compute 'f:' based on
information gain and Uj.

[Compute Vi, from ll;" md]
New

1§

setly =Up

Use U and Vin to

Perform defuzzification
of U

perform FCM iteration
\

Compute clustering

quality measures

Fig. 1 - Block diagram of IGFCM.

2.3.1. Illustration of the proposed IGFCM algorithm
An example is presented in this section to demonstrate the
working of the proposed IGFCM algorithm. Phase-I of the algo-
rithm is simply the application of classical FCM which is well
studied and can be easily applied. So, only phase-IIis described
in this example. We consider a local neighborhood of 5 x5
pixels from the input image (FCM segmented) and apply the
steps in phase-II of the proposed algorithm. These steps will
be repeated for every pixel of the input image until the con-
vergence criteria is met and the final IGFCM-segmented image
is obtained. In the following text, execution of phase-II of the
algorithm on a given pixel/neighborhood is presented.

Step 1. A sample local neighborhood is shown in Fig. I-1
where the pixel under consideration is shaded. Total clusters
are supposed to be 5 in this case.

VA ININ|=
W W=

2
1
5
4
3

NiR= U0 s
N WU s~_W

Fig. 1 - Fig. I-1. A sample pixel and corresponding local
neighborhood.

The given input fuzzy membership functions in this exam-
ple are as follows:

up =[01 015 024 023 0.28]

Step 2. Calculate the probability of each class.

_5 _5 _5 _4 _5
P1=35 P2=755 P3=55 Pe=35 P5s=o5

Step 3. Calculate the entropy of each class. As an illustrative
example, entropy(1) is computed as follows:

entropy(1) = —2—65 x log, (%) =0.4941

Therefore, entropy(i)

=[0.4941 04644 0.4644 04230 0.4644], V;e[1,C]

Step 4. Calculate the entropy between classes for each two-
class combination. As an illustrative example, entropy(1,2) is
computed as follows.

6 6 5 5
entropy(1,2) = —95 X log, (E) ~ 55 X log, (E) = 0.9585

Therefore, entropy(i, j)

0.9585 0.9585
- 0.9288 0.8874
0.9288 = 0.8874 0.9288
0.8874 0.8874 - 0.8874
0.9288 0.9288 0.8874 -

0.9172 0.9585

0.9585 0.9288
= | 0.9585
0.9172

0.9585

- V(i.j)e[1.C]

Step 5. Calculate expected information.

El ! x entropy(1, 2) + ;—; x entropy(1, 3)

_u
T 25
10 11

+ 75 X entropy(1, 4) + 75 X entropy(1, 5)

10 9
+ 78 X entropy(2, 3) + 75 % entropy(2, 4)

10 9
+ 78 X entropy(2, 5) + 75 % entropy(3, 4)
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10 9
+ 52 % entropy(3, 5) + 75 X entropy(4, 5)

11
El = 75 % (0.9585 + 0.9585 + 0.9585)

1
+ % x (0.9172 + 0.9288 + 0.9288 + 0.9288)

+ % x (0.8874 + 0.8874 + 0.8874) = 3.8606

Step 6. Calculate information gain for each class. As an
illustrative example, IG; is computed as follows.

IG; = entropy(1) — EI = 0.7950 — 3.8606 = —3.0655

Therefore,
IG=[-3.3664 —3.3962 —3.3962 —3.4376 —3.3962]

Step 7. Compute u]'?’,:’”ed = sort(uj,’ desc’).
uted =[0.28 0.24 023 015 0.10]

N
Step 8. Update u].kew.

IG = [IG1.1G,.1G3, 1G4, IGs]

= [-3.3664, —3.3962, —3.3962, —3.3962, —3.4376]

rank(iG,1G) =[5 3 4 2 1]

Therefore,

New _ sorted . ,New sorted,,New __ ,,sorted , New __ ,,sorted , New __ . sorted

Ung Ugp Uy = Uz Uy Uy HUp =Uy hUg =Up

ie. uy™” =[0.28,0.24,0.23,0.10,0.15]

Until this point, we have obtained the new fuzzy member-
ship functions. We can use these new membership values to
continue the process for further calculations (e.g. to find out
new centroids as in step 9 of Phase-II).

2.4. Clustering quality measures

To evaluate the clustering performance of the proposed IGFCM
and other aforementioned algorithms, following cluster qual-
ity measures have been employed.

2.4.1. Partition coefficient (PC)
Partition coefficient computes the overlap between segments
[2]. It is evaluated by the following mathematical expression.

C
PC = Zug 8)

i=1

Zl e

N
=1

Larger values of PCindicate better clustering and vice versa.

2.4.2. Classification entropy (CE)
Classification entropy is a measure of fuzziness of clusters and
is computed by the following expression [2]:

C N
CE = % Zzui)’bgz(ui)’) ©)

i=1 j=1

Contrary to PC, smaller values of CE correspond to better
clustering and vice versa.

2.5.  Decision system for carotid artery ultrasound
images

The segmentation performance is critical to disease diag-
nosis in most computer-aided diagnostic systems. Effective
segmentation results in improved classification results. In
this section, the impact of segmentation using the proposed
IGFCM algorithm has been tested on classification of carotid
artery ultrasound images. For this purpose, a decision system
has been proposed based on PNN classifier. In the proposed
decision system, IMT values have been measured from IGFCM-
segmented carotid artery ultrasound images. The IMT values
correspond to number of pixels along columns of a selected
region of the segmented images which belong to the arterial
wall [29,30]. Based on these measurements, a set of 6 fea-
tures namely mean, variance, skewness, kurtosis, min and
max [10,31] has been formed and provided as input to the clas-
sifier. Probabilistic neural network (PNN) has been employed
for classification owing to better learning capability of neu-
ral networks. The use of PNN has been justified by comparing
its performance with two other classifiers. Finally, the effect
of segmentation has been studied by segmenting the carotid
artery images with different segmentation techniques includ-
ing the proposed algorithm. The dataset used in this study is
described in Section 2.1.

2.5.1. Probabilistic neural networks classifier

Probabilistic neural network (PNN) is a popular and frequently
used tool for decision making which works well both for non-
linear and linear data. It is a feed forward neural network
based on Kernel Fisher discriminant analysis and Bayesian
networks. It employs four layers of neural network namely
input, hidden, pattern and output layer. Compared to multi-
layer perceptron, PNN is faster, more accurate and tolerant to
outliers. Moreover, the complexity of the decision surface of
PNN classifier can be controlled by varying the spread param-
eter. The decision surface can even approach Bayes optimal
using an optimal value of the spread parameter. In our case,
the spread parameter is set empirically to 0.9 to yield optimal
performance. PNN classifier has capability to operate in par-
allel without getting feedback from individual input neurons.
Finally, for time variant problems, old patterns can be replaced
with new patterns. More details on PNN can be found in [32].
We have employed 10-fold cross validation using jackknife
method in our experiments in order to train and validate PNN.

2.5.2. Decision performance measurements
In statistical prediction, to check the effectiveness of a
method, different types of measures are used. In this work,
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(d)

(b)

(e)

®

Fig. 2 - Segmentation of noisy synthetic image (noise variance 0.01): (a) noisy image segmented by (b) FCM, (c) sFCM, (d)

sFCMM, (e) FLICM, and (f) the proposed IGFCM algorithm.

following measures have been computed to assess the
effectiveness of classification quantitatively: accuracy, sen-
sitivity, specificity, Mathew’s Correlation Coefficient (MCC)
and F-measure. Details of these measures can be found in
[10,31].

2.5.3. ROC and area under the curve

The receiver operating characteristics (ROC) curve compares
true positive rate against false positive rate graphically. It is
used as an effective analysis tool and demonstrates how well
a decision making system is performing some detection task.
We have presented the performance of the proposed decision
system using ROC curve. The area under the curve (AUC) [33]
has also been computed from ROC curve which measures the
classification performance quantitatively.

3. Experimental results and discussion

Two major experiments have been considered for validation
of the proposed IGFCM segmentation technique. In experi-
ment 1, the proposed IGFCM technique is applied to images
from different imaging modalities. These images include syn-
thetic, daylight and liver CT. The results have been obtained
for both noisy and noise-free images. Performance of the
proposed algorithm has been compared with standard FCM,

sFCM, sFCMM and FLICM, both visually and quantitatively. Par-
tition coefficient (PC) and classification entropy (CE) have been
used as quantitative clustering performance measures.

The experiment 2 presents classification of carotid artery
ultrasound images. The images have been segmented using
the proposed IGFCM algorithm prior to classification so that
the effect of segmentation on classification performance can
be studied. The proposed decision system, based on PNN
classifier, identifies carotid artery ultrasound images as nor-
mal or abnormal subjects. The use of PNN has been justified
by comparing its performance with two other classifiers. A
feature set has been formed based on IMT values which
are measured from carotid artery ultrasound images seg-
mented by the proposed IGFCM approach. The feature set is
input to the PNN classifier in order to obtain the final deci-
sion about pathological state of the subject. A dataset of 300
real carotid artery ultrasound images is used in our deci-
sion making system (see Section 2.1). Finally, the superiority
of employing the proposed IGFCM in the decision system
has been shown. In particular, the carotid artery data set is
segmented using different variants of FCM and used in the
decision system in a way similar to IGFCM. The classification
results employing different segmentation techniques verify
that the proposed IGFCM technique provides improvement in
classification accuracy compared to other segmentation tech-
niques.
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(d)

(b)

(€)

)

Fig. 3 - Segmentation of noisy synthetic image (noise variance 0.02): (a) noisy image segmented by (b) FCM, (c) sFCM, (d)

sFCMM, (e) FLICM, and (f) the proposed IGFCM algorithm.

3.1.  Scenario 1: segmentation performance of the
proposed algorithm

In this scenario, we have applied the proposed technique for
segmentation of a synthetic, daylight and CT liver image. To
check the robustness to noise, images have been segmented
in the presence of Gaussian noise of various intensities. Vali-
dation on images from different modalities helps verifying the
general-purpose reliability of the proposed technique.

3.1.1. Synthetic image based segmentation performance

We first present the results of applying IGFCM and variants
of FCM to a synthetic image, having three segments. Gauss-
ian noise of different variances (0.01, 0.02 and 0.03) has been
added to the image. Corresponding noisy images are shown
in Figs. 2(a), 3(a) and 4(a), respectively. Figs. 2-4(b-f) show the
images segmented by different techniques at various noise
levels. Segmentation results obtained by IGFCM for this sim-
ple image are comparable to that of SFCM and sFCMM but clear
superiority can be observed compared to FCM and FLICM algo-
rithms at almost all noise levels. Similar conclusion is drawn
from quantitative comparison of segmentation performance
measures shown in Table 1.

3.1.2. Daylight image based segmentation performance
Daylight images also find several applications in com-
puter vision like surveillance and object tracking. Image

segmentation is an essential intermediate processing step in
these applications. The performance of the proposed algo-
rithm has been examined on a daylight image, named as ‘the
wolf image’, which is shown in Fig. 5(a). Here, the objective is
to segment the image into three logical segments. As shown
in Fig. 5(b-f), the image segmented by different variants of
FCM contains misclassified pixels compared to the image seg-
mented by the proposed IGFCM algorithm. The image has
also been degraded by adding Gaussian noise of variance 0.01
and different segmentation techniques have been applied to
the noisy image. Fig. 6(a—f) shows noisy image and images
segmented by FCM, sFCM, sFCMM, FLICM, and IGFCM, respec-
tively. It can be observed visually that our proposed algorithm
produces segmentation with minimum misclassifications. On
the other hand, images segmented by standard FCM and its
variants contain a lot of misclassified patterns. This veri-
fies that IGFCM is more robust to noise and produces more
homogeneous clustering compared to other segmentation
techniques.

3.1.3. CT liver image based segmentation performance

Recognizing the importance of segmentation process in med-
ical image analysis, the proposed IGFCM algorithm has been
applied to a CT liver image (extracted region of interest) with
a tumor. The proposed IGFCM algorithm, standard FCM and
its variants are applied to this image. The objective is to seg-
ment the image into three clusters namely background, tumor
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(a)
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Fig. 4 - Segmentation of noisy synthetic image (noise variance 0.03): (a) noisy image segmented by (b) FCM, (c) sFCM, (d)

sFCMM, (e) FLICM, and (f) the proposed IGFCM algorithm.

and the main liver tissues. For a segmentation to be ranked
as high quality, the tumor must stand out of other two seg-
ments in the image. The original image and the resultant
segmented images obtained after applying different segmen-
tation algorithms on original image are shown in Fig. 7(a-f).
The over-segmentation is immediately visible in case of
segmentation produced by FCM, sFCM and sFCMM techniques.
While, in case of FLICM segmentation, several misclassi-
fied patterns are observed in the tumor regions, as shown
in Fig. 7(e). However, the proposed IGFCM segments tumor
regions with high accuracy. The quantitative segmentation
performance measures have also been computed by applying
different segmentation techniques to noisy versions of the CT
liver image. The proposed IGFCM outperforms all mentioned
techniques at various noise levels as shown in Table 1.

3.1.4. Quantitative analysis

Table 1 compares the PC and CE measures for different seg-
mentation techniques applied to noisy and noise-free images
discussed in previous sections. Note that the quantitative
results for carotid artery image correspond to the image shown
in Fig. 9. The quantitative results in Table 1 indicate bet-
ter segmentation using IGFCM than standard FCM and its

variants. Particularly, there is a significant improvement in
overall segmentation quality when input images contain noise
of different levels. An exception is the case of synthetic image
where sFCM and the proposed approach to produce compa-
rable results. Also, the visual inspection of Figs. 2-4(c and f)
reveals that the results of sSFCM and IGFCM segmentation are
comparable. However, IGFCM performs much better for other
types of images. Hence, the general superiority of IGFCM is not
lost.

The performance of different segmentation techniques, in
terms of PC and CE, has also been compared graphically. As
shown in Fig. 8, the results have been displayed only for the
CT Liver image for demonstration purpose. In terms of both
PC and CE measures, superiority of the proposed IGFCM algo-
rithm is immediately evident from respective graphs. The
performance advantage is even more in case of CE as com-
pared to PC. Hence, it can be concluded reasonably that IGFCM
performs better segmentation than FCM and its variants, espe-
cially in the presence of noise.

3.1.5. Memory/computational analysis
The storage and computational complexity of a segmen-
tation technique is an important consideration, especially
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Table 1 - Clustering quality comparison of various segmentation techniques.

Partitioning coefficient (PC) Classification entropy (CE)

Original var .01 var .02 var .03 Original var .01 var .02 var .03
Synthetic image
FCM - 0.9667 0.9659 0.9657 - 0.0702 0.0714 0.0721
sFCM - 0.9918 0.9916 0.9915 - 0.0135 0.0140 0.0142
sFCMM - 0.9913 0.9912 0.9911 - 0.0140 0.0143 0.0147
FLICM - 0.8866 0.8446 0.8107 - 0.2485 0.3237 0.3811
The proposed IGFCM - 0.9915 0.9914 0.9912 - 0.0138 0.0142 0.0145
The Wolf image
FCM 0.9660 0.9655 0.9648 0.8800 0.1000 0.1201 0.1441 0.1810
sFCM 0.9831 0.9827 0.9815 0.9807 0.0164 0.0280 0.0296 0.0349
sFCMM 0.9840 0.9588 0.9543 0.9497 0.0195 0.0740 0.0820 0.0903
FLICM 0.9600 0.8724 0.8200 0.7906 0.1032 0.2663 0.3523 0.3984
The proposed IGFCM 0.9847 0.9833 0.9823 0.9812 0.0142 0.0200 0.0284 0.0314
Liver CT
FCM 0.9251 0.8300 0.8100 0.8000 0.1370 0.3000 0.3000 0.3200
sFCM 0.9355 0.8670 0.8662 0.8627 0.1201 0.2345 0.2357 0.2417
sFCMM 0.9380 0.9041 0.9001 0.8891 0.1559 0.2013 0.2130 0.2388
FLICM 0.9417 0.7384 0.6625 0.6150 0.1015 0.4843 0.6037 0.6767
The proposed IGFCM 0.9451 0.9123 0.9013 0.8910 0.1002 0.1401 0.1500 0.1633
Carotid artery ultrasound image (Fig. 9)
FCM 0.7850 0.7735 0.7509 0.7297 0.3719 0.3886 0.4109 0.4373
sFCM 0.8461 0.8209 0.7891 0.7722 0.2850 0.3162 0.3409 0.3796
sFCMM 0.8662 0.8409 0.8202 0.7980 0.2150 0.2594 0.2773 0.2862
FLICM 0.8000 0.7566 0.7141 0.6803 0.3833 0.4580 0.5267 0.5799
The proposed IGFCM 0.8873 0.8497 0.8364 0.8145 0.1925 0.2472 0.2633 0.2686

The text in bold-face notation represents the maximum performance for a particular image among various techniques.

when two competitor methods have very similar segmenta- performance of the proposed algorithm is also comparable to
tion results. The proposed IGFCM algorithm does not require other employed fuzzy algorithms except FCM. However, FCM
any additional storage capacity as no memory-intensive data suffers intensively in the presence of noise; therefore, its com-

structure has been introduced. Similarly, the computational putational superiority is not justifiable. All other employed

) (e) ®

Fig. 5 - The Wolf image segmentation, (a) The Wolf image (original), (b) FCM segmentation, (c) sFCM segmentation, (d)
sFCMM segmentation, (e) FLICM segmentation, and (f) the proposed IGFCM segmentation.
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Fig. 6 - Segmentation of noisy Wolf image (noise variance 0.01), (a) noisy Wolf image, (b) FCM segmentation, (c) sFCM
segmentation, (d) sFCMM segmentation, (e) FLICM segmentation, and (f) the proposed IGFCM segmentation.

(b)

) (e) ®

Fig. 7 - CT liver image segmentation, (a) original CT liver image, (b) FCM segmentation, (c) sFCM segmentation, (d) sfFCMM
segmentation, (e) FLICM segmentation, and (f) the proposed IGFCM segmentation.
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Fig. 8 - Graphical comparison of clustering quality measures for the CT Liver image.

fuzzy algorithms process the input image in a way similar
to IGFCM i.e. they convolve the input image with a window
of certain size. Moreover, due to the information induced by
information gain in the convergence process, the proposed
IGFCM algorithm converges in less number of iterations than
other algorithms. The computation of information gain is an
additional step in the proposed algorithm. However, the cost of
computing information gain is balanced by faster convergence
rate of IGFCM. Finally, in several offline medical applications,
segmentation accuracy is the main concern rather than com-
putational complexity. Therefore, our technique is preferable
to other techniques as the segmentation accuracy results pre-
sented in the paper verify its superiority.

As an improvement to the proposed IGFCM algorithm
from computational perspective, we conjecture that a parallel

implementation similar to [34] is also possible. Authors have
presented a non-rigid 3D medical image registration frame-
work and a high-speed GPU-based parallel implementation
of the framework has also been proposed. The GPU-based
implementation of FCM is also part of this framework. The
proposed IGFCM approach is consistent with the FCM imple-
mentation presented in [34]. Parallel implementation of FCM
in [34] spreads the processing across several kernels, each
one performing certain processing. Different steps involved
in the proposed IGFCM technique can also be parallelized
in a similar way. Ideally, additional kernel(s) may be intro-
duced related to the computation of information gain. Hence,
the GPU-based implementation may drastically increase the
computational performance of the proposed IGFCM algo-
rithm.

Fig. 9 - Carotid artery US image segmentation, (a) original carotid artery US image, (b) FCM segmentation, (c) sFCM
segmentation, (d) sFCMM segmentation, (e) FLICM segmentation, and (f) the proposed IGFCM segmentation.
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Fig. 10 - IGFCM segmentation at noise free and noisy carotid artery ultrasound image corrupted through Gaussian noise of
various intensities.
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Fig. 11 - The PC and CE measure of 300 carotid artery ultrasound images.
3.2 Scenario 2: segmentation and decision of FCM. The proposed IGFCM approach also yields more con-

performance on carotid artery ultrasound images

In the second scenario, the proposed technique is applied to
segment a dataset (see Section 2.1) of 300 carotid artery ultra-
sound images. Ultrasound (US) is one of the most commonly
used medical imaging modality. A large number of applica-
tions of US in medical imagery are due to its radiation-safe and
cost-effective operation. We have segmented carotid artery
ultrasound images using FCM, sFCM, sFCMM, FLICM and the
proposed IGFCM into three clusters namely the arterial wall,
an area inside the artery and the background tissues. Fig. 9(a)
shows region of interest (ROI) for one of the original carotid
artery ultrasound images. Fig. 9(b—e) shows that in all cases
the FCM and its variants have produced clustering with mis-
classified pixels. The IGFCM segmented image, on the other
hand, produces homogenous clustering, as shown in Fig. 9(f).

A keen observation of Fig. 9 reveals that images segmented
by variants of FCM contain more misclassified pixels in the
background and arterial walls regions. Misclassification of
arterial wall tissues cannot be tolerated as accurate IMT values
are directly dependent on accurate segmentation of arterial
wall. On the other hand, the image segmented by IGFCM has
fewer misclassified pixels at arterial walls and background
area compared to other techniques. Fig. 10 shows the proposed
approach segmentation at various intensities of Gaussian
noise. It can be seen from Fig. 10 that the proposed IGFCM has
successfully segmented carotid artery ultrasound image. Fur-
ther, very few misclassifications show the robustness of the
IGFCM approach.

Fig. 11(a) and (b) shows PC and CE measures for various
carotid artery images from the database of 300 images. For
convenient comparison, the results have been shown on an
interval of 15 images, resulting into 20 images. The PC and
CE measures for the whole dataset of carotid artery ultra-
sound images are also presented in supplementary material
(see Figs. 1 and 2, Tables 2 and 3). However, average results
for all 300 images are also compared for different segmenta-
tion techniques in Fig. 12. The results in Figs. 11 and 12 verify
that the proposed IGFCM approach outperforms other variants

sistent results as evident by the standard deviation values in
Fig. 12.

A decision system for classification of carotid artery ultra-
sound images into normal/abnormal subjects has also been
proposed in this work. The classification is performed based
on features computed from IMT values which, in turn, are
measured from segmented carotid artery images. Precise IMT
measurement is based on accurate segmentation which, con-
sequently, yields a better decision accuracy. Therefore, for our
proposed decision making system, the IMT values have been
measured from the carotid artery US images segmented by
IGFCM algorithm.

IMT values for upper and lower carotid artery walls have
been measured, with the help of a medical expert, from each
segmented image. Fig. 13 shows the measured IMT curve for
one of the normal and abnormal carotid artery ultrasound
images, respectively. IMT mean and standard deviation of the
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Fig. 12 - Average PC and CE measures for 300 carotid artery
ultrasound images.
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Fig. 13 — Normal and abnormal IMT measurements of a
carotid artery.

normal carotid artery are 0.3824 mm and 0.1046 mm, respec-
tively, and for the abnormal carotid artery mean and standard
deviation are 0.7630mm and 0.1702 mm, respectively. A fea-
ture vector comprising 6 features (see Section 2.4) has been
constructed from IMT values and fed as input to the PNN clas-
sifier for training and validation.

The decision performance of different classifiers based on
the proposed segmentation technique has been compared.
Table 2 shows the performance comparison in terms of dif-
ferent quantitative measures for PNN, KNN and MLBPNN
classifiers. Chaudhry et al. [10] reported 98.10% and San-
thiyakumari et al. [35] obtained 96% classification accuracy
on their datasets. While, using images segmented by our
proposed technique, 98.40% classification accuracy has been
achieved using PNN classifier. Hence, the positive influence of
our proposed technique on the classification process is evi-
dent.

Fig. 14 shows ROC curves for PNN, KNN, MLBPNN classifiers.
It can be observed from Fig. 14 that the ROC curve of PNN
is close to vertical axis which signifies that there are fewer
misclassifications compared to KNN and MLBPNN. The AUC
value for PNN has been computed as 0.982 which indicates
high diagnostic accuracy. These statistical results indicate that
the proposed decision system has effectively discriminated
the abnormal subjects from normal one.

Finally, we have also compared the effect of different
segmentation techniques on classification performance. In
particular, FCM, sFCM, sFCMM, FLICM and IGFCM have been
applied to 300 carotid artery images and segmented images
have been classified using PNN, KNN and MLBPNN classifiers.

1.0

09 —PNN
|}~ -~ KNN

084 |

074 |

True Positive Rate

06|

0.5+

04 T T T
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

Fig. 14 - ROC curve plotted against true positive rate vs.
false positive rate for PNN, KNN and MLBPNN.
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Fig. 15 - Effect of segmentation techniques on the
classification of carotid artery images.

Fig. 15 shows that highest classification accuracy is obtained
by segmenting carotid artery ultrasound images using IGFCM
and classifying through PNN classifier which we suggested in
our proposed decision system.

Critically analyzing the classification results presented
in Fig. 15, one can observe that classification accuracy is
improved by 3.27%, 3.80% and 4.31%, respectively, for PNN,
KNN and MLBPNN classifiers (see Table 1 in supplementary

Table 2 - Performance comparison of PNN-based decision system with other classifiers.

Classifiers Classification validity measures

Accuracy (%) MCC F-score Sensitivity Specificity
PNN 98.40 0.9600 0.9799 0.9839 0.9762
KNN 98.10 0.9520 0.9709 0.9742 0.9725
MLBPNN 95.20 0.8600 0.9244 0.9735 0.8905
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material). This significant classification improvementis due to
the accurate segmentation of carotid artery ultrasound images
by the proposed IGFCM technique. As the classification phase
is dependent on correct IMT measurements which is derived
from accurate segmentation. Hence, it can be concluded that
the proposed segmentation based classification scheme can
successfully be applied to identify the presence of plaque in
carotid artery.

Hence, the proposed IGFCM algorithm boosts classification
accuracy and can be used as part of the proposed decision
system.

4, Conclusions

In this paper, a robust technique, called IGFCM, has been
proposed for segmentation of medical images. The con-
ventional FCM algorithm is associated with high noise
susceptibility and non homogeneous clustering. The pro-
posed algorithm incorporates the concept of information
gain into fuzzy framework in order to overcome the short-
comings of conventional FCM algorithm. It updates the
fuzzy membership values of a pixel based on its informa-
tion gain computed from pixels in its local neighborhood.
The proposed IGFCM algorithm has been applied to seg-
ment images from different modalities and compared with
conventional FCM and three different variants of FCM. Gauss-
ian noise of various intensities is added to the images in
order to check robustness of the proposed technique. Quan-
titative measures (PC and CE), computed from segmented
images from different modalities, verify the robustness and
effectiveness of the proposed algorithm over other tech-
niques.

Afterwards, a decision system has been designed based
on PNN classifier using a dataset of 300 real carotid artery
ultrasound images. The proposed decision system has suc-
cessfully distinguished the abnormal subjects from normal
ones with accuracy of 98.40%. In addition to this, effect of seg-
mentation on classification has also been investigated. The
classification accuracy based on the proposed segmentation
technique has been improved by 3.27% compared to other
segmentation techniques using PNN classifier. The significant
improvement in classification accuracy is due to accurate seg-
mentation of carotid artery ultrasound images by the proposed
IGFCM approach. Hence, it is expected that the proposed tech-
nique can be used effectively in a decision system to detect
the plaque in carotid artery and can assist the radiologists as
a secondary decision maker.
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