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a  b  s  t  r  a  c  t

Liver  biopsy  is  considered  to  be the  gold  standard  for analyzing  chronic  hepatitis  and  fibrosis;  how-
ever,  it  is  an  invasive  and  expensive  approach,  which  is also  difficult  to  standardize.  Medical  imaging
techniques  such  as  ultrasonography,  computed  tomography  (CT),  and  magnetic  resonance  imaging  are
non-invasive  and  helpful  methods  to interpret  liver  texture,  and  may  be good  alternatives  to  needle
biopsy.  Recently,  instead  of visual  inspection  of  these  images,  computer-aided  image  analysis  based
approaches  have  become  more popular.  In  this  study,  a non-invasive,  low-cost  and  relatively  accurate
method  was  developed  to determine  liver  fibrosis  stage  by  analyzing  some  texture  features  of liver CT
images.  In  this  approach,  some  suitable  regions  of interests  were  selected  on CT images  and  a compre-
hensive  set  of  texture  features  were  obtained  from  these  regions  using  different  methods,  such  as  Gray
Level Co-occurrence  matrix  (GLCM),  Laws’  method,  Discrete  Wavelet  Transform  (DWT),  and  Gabor  filters.
Afterwards, sequential  floating  forward  selection  and  exhaustive  search  methods  were  used  in  various
combinations  for the  selection  of  most  discriminating  features.  Finally,  those  selected  texture  features
were  classified  using  two  methods,  namely,  Support  Vector  Machines  (SVM)  and  k-nearest  neighbors
(k-NN).  The  mean  classification  accuracy  in pairwise  group  comparisons  was  approximately  95%  for  both
classification  methods  using  only  5 features.  Also,  performance  of  our  approach  in  classifying  liver fibrosis
stage of subjects  in  the test  set  into  7 possible  stages  was  investigated.  In this  case,  both  SVM  and  k-NN
methods  have  returned  relatively  low  classification  accuracies.  Our  pairwise  group  classification  results

showed that  DWT,  Gabor,  GLCM,  and  Laws’  texture  features  were  more  successful  than  the  others;  as
such features  extracted  from  these  methods  were  used  in  the  feature  fusion  process.  Fusing  features  from
these  better  performing  families  further  improved  the  classification  performance.  The  results  show  that
our approach  can  be  used  as  a  decision  support  system  in  especially  pairwise  fibrosis  stage  comparisons.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
Chronic liver diseases (CLD) is a major public health problem
orldwide. Some of CLD conditions are caused by the infection
ith B, C or delta hepatic viruses, whereas other cases include
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non-alcoholic fatty liver disease, alcoholic hepatopathy and other
rare genetic, metabolic or immunological conditions. Liver fibrosis
can be defined as the accumulation of collagen, proteoglycans, and
other macromolecules within the extracellular matrix, which is a
common feature of almost all causes of CLD. Hepatocarcinoma is
one of the most common malignancies in patients that are affected

by these diseases [1]. The fibrosis is the scarring response formed
in the chronic injury of any cause. It is a dynamic process, with
a possibility of reversibility. Hepatic dysfunction, portal hyperten-
sion, and cirrhosis are detected respectively due to progressing liver
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brosis. Therefore, in our study we have focused on the assessment
f fibrosis in medical images, as it is the unchanging marker for the
iagnosis, prognosis, and treatment follow-up of all CLD conditions.

At present, liver biopsy is considered to be the gold standard
n evaluating fibrosis. Using the liver biopsy one can estab-
ish the diagnosis with some certainty, assess the severity of
ecro-inflammation and fibrosis, and indicate the existence of
imultaneous liver diseases, if there is any. On the other hand, it is an
nvasive procedure with possible side effects such as pain in 30–40%
f the cases, hemorrhage, biliary peritonitis, penetration of abdom-
nal vessels, pneumothorax (3/1000) or even death (2/10,000) [2,3].
urthermore, sampling errors (either by the fragmentation of the
iopsy specimen or by removing an inadequate volume) can be seen

n 24% of the cases [2]. Fibrosis distribution is not always homoge-
ous inside the liver, hence biopsy specimen has usually a very
mall volume (in average it has the shape of a cylinder with a diam-
ter of 1 mm and a length of 1.5 cm)  when compared to the whole
iver volume. In addition, intra- and inter-operator variability may
e seen. Such situations are reported in 10–20% of the cases. The two
ombined factors (lack of representativity of the biopsy specimen
nd the variability in the assessment of fibrosis) lead to a cirrho-
is false negative rate of 24%. Therefore, in a significant percentage
f cases, biopsy does not yield precise diagnosis results for liver
brosis.

Clinical assessment of fibrosis can also be made using non-
nvasive tests (e.g., serologic markers or elastography) and medical
maging techniques, e.g., ultrasonography (US), computed tomo-
raphy (CT), and magnetic resonance imaging (MRI). However, the
ensitivity and the specificity of non-invasive tests still remain
nsufficient [3]. Although imaging tests may  detect manifestations
ssociated with fibrosis, e.g., portal hypertension, splenomegaly or
irrhosis, they currently fail to diagnose parenchymal fibrosis itself
articularly in early stages of the disease [4,5]. Nevertheless, there
re various studies in the literature about staging of the liver fibrosis
sing image analysis, mostly applied on ultrasound images [6–11].
herefore, we believe that the appeal of non-invasive techniques in
haracterization of liver tissue will be remain to be an active area
f research in the coming years as well.

Some of the suggested approaches have been based on differ-
nt image features such as the first-degree and second-degree gray
evel statistics and the texture features measured from fractal size
stimator in these studies [6–9]. Zhang et al. tried to determine
he stage of the fibrosis by using 2 liver shape features and 5 gray
evel co-occurrence matrix texture features (contrast, angular sec-
nd moment, entropy, mean and inverse difference moment), and
wo first-order statistics (mean and standard deviation) features
10]. Sun et al. defined the cirrhosis disease type by using the pyra-

id  plexus and discrete wavelet transform from liver ultrasound
mages. They classified the disease into 4 classes: Healthy, stage 1,
tage 2, and “very serious” [11].

In this study, using several supervised machine learning algo-
ithms, we have tried to classify liver fibrosis stages using various
exture features obtained from CT liver images. The reasons behind
sing/analyzing ‘CT liver images’ will be discussed in Section 2. Our
tudy is comprised of two parts, namely data collection/preparation
nd analysis (classifier design) phases.

The first phase involved building a database of CT liver images
nd associated fibrosis stage information obtained through patho-
ogical analysis performed by the expert physicians in our team.
urther, in this phase we have selected some suitable ‘Regions of
nterest’ (ROIs) or sub-images from the CT images (i.e., slices of
olume data) for each subject, again with the help of physician

olleagues.

In the second phase of the study, we have extracted and selected
exture features to be used in designing classifiers for predict-
ng ‘fibrosis stage.’ We  have used the following approaches to
puting 25 (2014) 399–413

extract some suitable texture features to be used in classifier
design:

• Gray Level Co-occurrence Matrix (GLCM) [12],
• Gray Level Run Length Matrix (GLRLM) [13],
• Gray Tone Difference Matrix (GTDM) [14],
• Laws’ Texture Features (LTF) [15],
• Discrete Wavelet Transform (DWT) [16],
• Discrete Fourier Transform (DFT),
• Gabor filters [17], and
• First Order Statistics (FOS).

We  have employed sequential floating forward selection (SFFS)
[18] and exhaustive search methods for feature selection. As for
classification methods, k-nearest neighbor (k-NN) [19] and Support
Vector Machines (SVM) methods [20] were utilized. Further details
of our ‘classification experiment design’ will be given in ‘Materials
and Methods’ (Section 2.6).

In a preliminary study [21], we have used the features obtained
by GLCM, DWT, and DFT methods in classifying liver fibrosis stage.
After determining classification performance individual features,
we have combined or fused better performing features to be used in
the final classifier design. We  have obtained relatively better results
using the features obtained through GLCM and DWT  methods. In
pairwise group classification, we  were able to reach classification
accuracy rates of 86% and 90%, using k-NN and SVM classifiers
respectively. Different from our previous study [21] and other stud-
ies in the literature [6–11], in this study we have included a very
comprehensive set of texture features obtained through differ-
ent approaches. These texture feature extraction approaches will
be described briefly in the next section; detailed explanation of
these methods is given in Appendix. Specifically, in order to raise
classification accuracy figures to clinically acceptable levels, we
have included features based on GLRLM, GTDM, LTF, Gabor fil-
ters, and FOS methods in classifier design, in addition to previously
employed feature extraction methods. Furthermore, in this current
study we  have also investigated the possible effects of gray level
scaling and quantization in obtaining GLCM features and the way
partitioning of the sample set into test and train sets (i.e., fold value
in the cross validation) on the classification performance.

2. Materials and methods

2.1. Image acquisition and histological analysis

In parallel with the noticeable development of CT technology
over time, CT imaging of liver has gained importance and speed. CT
is a standard method for liver imaging today and it is used in detec-
ting and characterizing the primary and secondary liver masses and
in reviewing the diffuse liver diseases [22].

Although MRI  could be more advantageous in soft tissue imag-
ing, its use in liver imaging is not common practice yet, mostly
due to long data acquisition times that lead to motion (respiration)
artifacts in the images and economic considerations (MRI is still an
expensive procedure and is not available at every center). As for the
US imaging, although it is practical (easy to operate/use) and less
harmful (it does not involve any radiation), it suffers from problems
such as somewhat subjective (operator-dependent) imaging qual-
ity and interpretation, degraded imaging quality in obese patients
and in cases where there is intensive abdominal gas. As such, US is
not a viable alternative to CT either in evaluating or staging liver
fibrosis.
In CT imaging/evaluation of liver, an uncontrasted screening
may  cause misdiagnosis of hypodense vascular structures as
lesions. Therefore, the main principle includes the optimum imag-
ing of the vascular structures and review of the liver parenchyma
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Table  1
Ishak fibrosis staging system.

Score Architectural changes, fibrosis/cirrhosis

0 No fibrosis
1  Fibrous expansion of some portal areas, with or without short

fibrous septa
2 Fibrous expansion of most portal areas, with or without short

fibrous septa
3 Fibrous expansion of most portal areas with occasional

portal-portal bridging
4  Fibrous expansion of portal areas with marked bridging

(portal-portal or portal-central)
5 Marked bridging (portal-portal or portal-central) with occasional

nodules (incomplete cirrhosis)
6  Cirrhosis, probable or definite
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Table 2
Fibrosis stages and number of subjects recruited in each stage.

Stage # of Subjects

0 21
1 16
2 12
3 16
4 13
5 13
6 25
ig. 1. Left: A sample liver CT image and a selected 32 × 32 pixels ROI on the image.
ight: Blown up version of the ROI.

nd surrounding soft tissues. This information can be obtained by
sing contrast agents in appropriate volume and concentration. The
ontrast agents in CT are extracellular and injected intravenously
nd they directly associated with radiographic attenuation rise
23].

For an ideal liver CT imaging process, it is absolutely necessary
o use intravenous contrast. Multiphasic study gains importance
ecause of the vascular hemodynamic of liver. Approximately
0–75% of blood build-up of liver is derived from portal vein, and
he remaining 25–40% is derived from hepatic artery. Multiphasic
iver CT process consists of arterial, portal venous and late venous
hases. Liver parenchyma shows opacification in portal venous
hase mostly [24].

In this retrospective study, the cases of patients who  have
ndergone needle biopsy since 2006 were examined by pathol-
gists and radiologists in our team at Erciyes University Medical
chool Hospital. The fibrosis in liver needle biopsy specimens were
istopathologically evaluated on the hematoxylin-eosin-stained
nd mason trichrome-stained parts and fibrosis stage was deter-
ined (or scored) in accordance with Ishak Staging System [25],

anging from 0 (no fibrosis) to 6 (cirrhosis) (see Table 1).The
mages of 116 patients were acquired by using the multi-slice CT
canner (GE Light Speed 16, Milwaukee, Wisconsin, USA) at the
adiology Department of Erciyes University Medical School, in Kay-
eri, Turkey. Considering the possible change/progress in patients’
brosis stages, patient imaging dates were arranged or limited to
e within ±2  months from the date of the biopsy.The patients
ere administered nonionic 300/100 cc contrast substance to and

mages of the venous phase upper abdominal sections were taken
ith 512 pixels by 512 pixels resolution at 1.25 mm thickness
along longitudinal axis). A sample liver CT image and a selected
OI are shown in Fig. 1. Number of subjects in each fibrosis stage is
iven in Table 2.
Total 116

2.2. Texture analysis

Texture is a measure of intensity change of an image and asso-
ciated with features such as smoothness, roughness and regularity.
For an excellent discussion of this somewhat controversial issue,
we refer the reader to [26].

Different families of approaches exist for measuring texture
features/characteristics. The first-degree texture features do not
consider the pixel neighborhood relations, however, the second-
degree texture features generally take these relationships into
account. In this study, we  have utilized many of the ‘texture fea-
ture extraction’ methods approaches that have been utilized in the
image processing literature. These include GLCM, GLRLM, GTDM,
LTF, 2-D DWT, 2-D DFT, Gabor filters, and FOS. In order to increase
the readability of the paper, we have found it suitable to move the
cumbersome mathematical formulations of these texture features
to the end of the paper, into Appendix; aforementioned methods
are respectively discussed in Sections A.1–A.8. Here in this section,
we will suffice by shortly describing these methods.

Gray Level Co-occurrence Matrix (GLCM) defines the relation-
ship between the neighbor pixels, and shows the occurrence
frequency of the brightness levels on the image in a definite dis-
tance and direction [12,27–29]. Gray Level Run Length Matrix
(GLRLM) is one of the ways to detect the second-degree statisti-
cal texture features. The set of sequential pixels that have the same
gray level value in the same direction forms the gray level run. Run
length is the pixel quantity in the run and run length value is the
occurrence number of the runs on the image [13,30–32]. The exist-
ence of many neighbor pixels with the same gray level represents
a rough texture, and the lower quantity of such neighbor pixels
represents a thinner texture with a faster change. Gray Tone Dif-
ference Matrix (GTDM) has been suggested by Amadasun and King
by which visual properties of the texture can be extracted [14].
Laws’ texture features (LTF), which were developed by Kenneth
Ivan Laws [15,33,34], were used in many different practices. For
these features, first, small convolution kernels are applied onto the
image, and then they are extracted using a nonlinear windowing
operation. In Discrete Wavelet Transform (DWT) of an image is gen-
erally calculated by convoluting the image with two filters, which
are low-pass and high-pass, throughout the rows and columns [16].
In this approach we  use some suitable transform coefficients as
texture features. The 2-D Discrete Fourier Transform (DFT) is rela-
tively well known but for a good refresher we  still refer the reader
to the book by Demirkaya, Asyali, and Sahoo [35]. In this approach,
we compute 2-D DFT of ROIs and use the relative power in cer-
tain frequency bands (corresponding to low and high frequencies
in horizontal and vertical directions) as features. In Gabor filtering,
in order to accentuate features that could lie in certain orienta-
tions, the image is filtered by a suitable linear 2D filter which is a
Gaussian kernel function modulated by a sinusoidal plane wave.

Depending on the variances (width) of the Gaussian kernel in hor-
izontal and vertical directions and the frequency of the sinusoidal,
differed pattern are emphasized at the output image and then this
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ltered image is averaged to produce a final single texture feature
17,36]. By using several Gabor filters with different orientations,

ultiple features can be obtained.

.3. Classification methods

In this study, k-nearest neighbor (k-NN) and Support Vector
achines (SVM) methods were used in the classification stage. The

-NN method is one of the most commonly known and used classifi-
ation methods. Though it lacks modeling capability, it is frequently
sed as a benchmark method, due to its simplicity and relatively
igh performance. In contrast, the SVM method is a powerful, state
f the art, and relatively complex method with superior learn-
ng/modeling capability. Both of these classifier design approaches
re nonparametric, i.e., there is not any assumption about the
nderlying statistical model (or distribution) for the data. In our
ase, since the number of samples was limited, employing a para-
etric classifier (such as a Bayesian classifier [37]) would not be a

ensible choice, as estimating model/distribution parameters from
 limited number of samples would result in parameter estimates
ith high bias and variance.

In the k-NN method, a test data/feature vector x is simply
ssigned to class of most occurring data among x’s k-nearest neigh-
ors, using a proper distance metrics such as Euclidean distance
19]. SVM is a supervised learning method that was developed by
apnik [20]. SVM is commonly used in various pattern recognition
pplications such as object, handwriting, speech and face recogni-
ion [20,38–40]. The main objective of SVM is to find a hyperplane
hat can separate the two classes in the most suitable way (i.e., with
he possible largest margin on both sides) in the feature space. SVM
ptimizes the position of the hyperplane in order to maximize the
istance between the hyperplane and data samples in both sides
uring learning. SVM carries out this process by defining the sam-
les (support vectors) that determine the boundary of each class
19].

Although SVM method is mainly a binary classifier, several of
hem can be combined using generally one-versus-one (1-1) or
ne-versus-rest (1-r) approaches, in order to handle multi-class
ases. In this study, SVM (1-1) method was preferred to classify the
ulti-category data. SVM (1-1) is the method where the classes in

ata set are compared in a pair-wise fashion. In this method, for a
ata set with c class, c(c − 1)/2 binary classification processes are
arried out with SVM. A test data is assigned to the most voted
lass by analyzing the results of these binary classifiers. If there
re multiple classes that have the most votes, the test data is
ssigned to the class with the lowest index or to the class with
he highest prior probability density function among these classes
41,42].

.4. Assessment of classification performance

The assessment of classifier performance is an important issue
nd it deserves a long and involved elaboration. For a detailed dis-
ussion of this topic, we refer the reader to an extensive review by
syali et al. [43]. However, we will suffice by noting that empirical
rediction of classification accuracy (i.e., the ratio of correct deci-
ions to the total number of cases studied) remains to be the popular
nd practical performance measure, especially for nonparametric
lassifiers. The estimate of ‘classification accuracy’ is a random vari-
ble as it depends on the particular training and test samples used.
f there are enough number of data samples available, one can parti-
ion this set into two subsets and use one for ‘training’ and the other

or ‘testing.’ Literature [44,45] shows that if ‘classification accuracy’
s estimated by randomly splitting the set of all available samples
nto two parts, its bias decreases and variance increases as the size
f training (testing) set increases (decreases).
puting 25 (2014) 399–413

A common technique to assess classifier performance is to m-
fold cross validation (CV), where the overall set of n data samples
is randomly divided into m approximately equal size and balanced
(i.e., the distribution of samples into different classes is similar)
subsets Then m classification trials are carried, each time one of
these subsets is excluded from the overall set and used as a test set
(for the classifier that is trained based on the rest of the samples).
This is repeated over the m subsets and the resultant ‘classification
accuracies’ are averaged to obtain the so-called m-fold CV accu-
racy rate. Typical choices for m are 5 or 10, as these correspond
to a reasonable tradeoff between the variance and bias in estima-
tion of classification accuracy rate and computational burden. As
an extreme case, m can also be set equal to n, size of the overall
data set, in which case we will have what is known as ‘leave one-
out cross-validation’ (LOOCV). Although the LOOCV accuracy rate
estimator will have a lower bias, it will have a relatively higher vari-
ance (as the size of the test set is just 1) and computationally it be
very costly. In our case, for the estimation classification accuracy,
we chose to try 2- or 3-fold CV only due to our limited sample size
within each group, especially for the case of pairwise group (liver
fibrosis stage) classification trials.

2.5. Feature selection

The objective of the selection methods is to choose the best sub-
set that will represent the original data set. Feature selection not
only minimizes the search space, but also increases the quality of
classification process [46]. While there are many studies in the liter-
ature about feature selection methods, we used exhaustive search
(ES) and sequential floating forward selection (SFFS) methods for
their advantages in our study.

In the Exhausted Search (ES) method, when an original set with
M elements is to be represented with a subset with N elements,(

M
N

)
subsets are formed and the subset yielding the best classi-

fication performance is selected as the optimal subset. Because it
checks all possible combinations, ES is guaranteed to find the best
subset with N elements to represent the original set. However, it is
very costly computationally, i.e., when M and N are relatively large,
ES becomes unacceptably slow. In the sequential forward selection
(SFS) method, the optimal feature subset starts with an empty set
and each iteration/trial the relatively better performing features are
added to the set [47]. In SFS, the features included in the optimal
set cannot be removed is subsequent steps. In contrast, the Sequen-
tial Forward Floating Selection (SFFS) method allows removal of
included features. Hence, it is possible to obtain comparatively bet-
ter performing optimal subsets representing the original feature
set. Nevertheless, neither SFS nor SFSS is guaranteed to the find the
global optimum [18].

2.6. Classification experiment design

Our overall classification approach is summarized in detail in
Fig. 2. All algorithms were implemented using Matlab R2010a
(Mathworks Inc., Natick, MA)  software [48]. Further details of the
processing steps will be discussed next.

Liver parenchyma that does not contain big blood vessels is
selected from the CT images as the ROI. In order to avoid select-
ing the wrong area, 2 ROIs of size 32 by 32 pixels were manually
selected from 5 images (slices) of each patient as shown in Fig. 1.
Therefore, in a way, we  have thoroughly scanned available imaged

liver area in 3-D to obtain some good representative areas of liver
fibrosis condition. In subsequent feature extraction steps, we have
used these selected 10 ROIs for each patient. Before feature extrac-
tion process (the first step in Fig. 2), the Hounsfield values on the
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Selection of Regions of Interests (ROIs)
For the analysis of liver tiss ue, 32 32  pixel rectangular ROIs are selected fr om different sli ces of CT 

images. First, 5 different slices are selected from the set of all slices about (64 slices per subject), in order 
to scan/sample the whole liver tissue in 3- D. From each of tho se 5 slices, two ROIs are selected. (While 

selecting  ROIs, we have paid att ention to include most representative and non vascular regions in the 
images.) Therefore, total of 10 ROIs are selected/obtained for each subject. (See Fig.1 for a sample ROI.)

Gray Level Scaling and Quantization
Each ROI is scaled and qu antized to have on ly 32 or 12 8 gray levels.

Texture Feature Extraction
Texture extraction methods (See Table 3) are applied on the selected ROIs. Each method  produces several 

texture features. There are total 46 7 features, using 9 different approaches,  calculated for each ROI. 
Therefore, we have a feature data matrix of size 10 by 46 7 for each sub ject.

Combining Features Across  ROIs
Texture feature values across  the ROIs for the same sub ject are combined or merged by  taking  their 

median . ( That is, 10  by  46 7 feature matrix is reduced to 1 by 4 67 feature vector.) Since we do  no t know 
the distribution of feature values within each subject, it is safer to use median as a measure of  the central 

tendency, rather than the mean, as it is less sensitive to ou tliers.

Normalization
The features, as they are obtained using var ious app roaches, have diff erent rang es of values. I n order to 

balance their influence in the upcoming classification  study, features  are no rmalized across  subjects  to be 
within the range of 0 to 1.

Feature Selection
Since there are too many features computed using diff erent methods , we need to select a few  bet ter

perf orming (in terms of classification accuracy)  features fr om within each family.  We uti lized Sequential 
Forward Floating Selection  to redu ce the number of features from each family to 3, 4, or 5.

Texture Feature Family Comparison
Classification performance of each different texture feature extraction method /famil y is calculated and  

compared. (See Tables 4, 5, and 6 for results .) A threshold of %75  mean classification accuracy rate was 
used in order to determine  relati vely better performing  feature families.

Texture Feature Fusion Across Different Families and Overall Pe rformance Ass ess ment
For improv ing class ificati on perf ormance, selected best features fr om diff erent famil ies are 

combined/fused to come up  with a better perf orming overall feature set. In this last feature selection  
process, “Exhaustive Search” method is  util ized to select ov erall best perf orming  3, 4 and 5 features.

llowe
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Fig. 2. Summary of processing steps fo

OIs were linearly scaled/normalized and quantized to be 32 and
28 gray levels. For 32 (128) level scaling, the minimum and maxi-
um pixel values were assigned as 1 (1) and 32 (128), respectively.

caling was necessary to moderate the cost of GLCM and GLRLM
omputations. In order to assess the effect of gray level quantiza-
ion on the final classification performance, we have repeated the
hole scheme (feature extraction, selection, and classification) at

hese two quantization levels. Different studies in the literature
elected/used various quantization levels such as 8, 16, 32, 64, 128,
nd 256. We  tested these levels and decided to omit 8, 16 and 256
evels due to either low performance or high computational cost,
nd set lower and upper bound as 32 and 128 respectively.

In the second step, GLCMs of 10 ROIs were computed symmet-

ically at 0, 45, 90, and 135 degrees up to 8-pixel distance. Thus,
e obtained 32 GLCMs (4 orientations times 8 distances) for one
OI and 320 for 10 ROIs for each patient. Later, 20 features men-
ioned in Section 2.3 were extracted from these GLCMs using the
d from ROI selection to classification.

approach followed in [49]. Same features with the same distance in
different angles were averaged, and thus 20 features were obtained
for each distance getting a total of 20 × 8 = 160 features using the
GLCM method for each ROI.

A single representative feature to be used in the further anal-
ysis was  obtained by taking the median of the features extracted
from 10 ROIs. When the underlying distribution of the parame-
ters is not known it is safer to use the median as the measure of
central tendency, rather than the mean, as it is more immune to
outliers.

Similarly, 11 GLRLM texture features were extracted at 0, 45, 90,
and 135 degrees up to runs in length of 8 using GLRLM Toolbox v1.0
[50]. In order to make the features rotation invariant, the feature

values were determined by taking the means of the same features
with the same run length in different angles as we have done in
finding GLCM features. Totally, 11 × 8 = 88 features were obtained
in runs in length of 8 using this particular method.
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Table 3
List of feature extraction methods/families and the number of features coming from
each family.

Feature family Number of features

GLCM 160
GLRLM 88
GTDM 5
LTF 3a 25
LTF 5b 70
Gabor filters 30
DWTc 80
DFT 4
FOS 5
Total 467
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Laws’ Texture Features with of Kernel Length of 3.
b Laws’ Texture Features with of Kernel Length of 3.
c DWT  Coefficients/features for each family of filter banks.

Using the LTF method by means of applying 3 × 3, 5 × 5, and 7 × 7
indows with length-5 kernels, 14 texture images were obtained

or each window. The window size with the best performance
mong these 3 windows determined the features of Laws’ texture
eature family. Therefore, 14 × 5 = 70 features were extracted for
ach window by extracting the five FOS features (mean, standard
eviation, average energy, skewness, and kurtosis; see Appendix
.8 for details) out of these images. This process was  also carried
ut for the length-3 kernels, and 5 × 5 = 25 features were obtained
or each window. The window size features with the highest clas-
ification success were also selected in this method.

Another feature extraction approach we used was  the Gabor fil-
ers. We  created Gabor filters to be applied on the ROI images by
sing variances as 1, 2, 3, 4, and frequencies as 0, 2, 4, 8, 16, 32, at the
ngles 45, 90, 135, and 180 degrees in combination (see Appendix
or the formulation of Gabor filters). For each resultant/filtered
mage, 5 FOS features were extracted. The features were made rota-
ion invariant by averaging the features obtained through the use
f the filters with the same variance and frequency combination
n different angles. For each variance combination (16 combina-
ion) 6 × 5 = 30 features (5 FOS features for each frequency) were
btained using Gabor filters.

The DWT  was applied as another feature extraction method.
atlab’s wavelet functions db1, db2, db3, coif1, coif2, coif3, sym2,

ym3, sym4, dmey, bior1.1, bior2.2, bior3.1, bior4.4, rbio1.1, rbio2.2,
bio3.1, and rbio4.4 were used as the filter banks [48]. DWTs were
omputed using these different wavelet filter banks and decompo-
ition coefficients were obtained at 4 levels. Then, 5 FOS of the DWT
oefficients were obtained for each level.

In addition to these features, 5 features were extracted by using
he GTDM method. Furthermore, using DFT 4 texture features, cor-
esponding to the relative power in certain bands, were obtained.
inally, 5 FOS features were directly computed from each ROI. For
ase of referral, Table 3 lists/summarizes all of the feature extrac-
ion methods that we have utilized, along with the number of
eatures computed in each category.

Once we have obtained all the features, we have normalized
hem to be between 0 and 1, in order to balance their influence
n the subsequent fusing step. After feature extraction and nor-

alization steps, we have performed the “dimension reduction”
r “feature selection” step. In this step, we have basically reduced
he number of features by selecting the most discriminative fea-
ures from the set of all texture features. In order to include best
ossible features in the analysis, we have started with a very exten-
ive/comprehensive set of features and eliminated less performing

eatures at this critical step. By doing so, we have also overcome
he “curse of dimensionality” problem [51]. This problem refers to
he fact that, when the number of features is too many compared
o the number of samples in a classification problem/setup, due
puting 25 (2014) 399–413

to increasing sparsity of matrices that are involved in the analysis,
numerical problems may  arise and statistical power may be lost,
which in effect hinder the significance of the estimated parame-
ters [37]. In our case, as Table 3 shows, the total number of features
(obtained using different texture measurement approaches) is 467,
which is too many compared to the number of samples (116 sam-
ples from 7 different classes). In most practical applications, the
number of features should be around one tenth of the number of
samples per class [37].

We  did not want to resort to feature combination methods
such as principal component analysis [37], because such meth-
ods combine features in somewhat inexplicable ways. In our case,
we wanted to identify/pinpoint texture features that are relatively
highly relevant to fibrosis characterization. As such, combining tex-
ture features that indicate totally different texture characteristics
in an uncontrolled way  would not be suitable for our purposes.

In feature selection (i.e., dimension reduction), as performance
metric we  have used ‘classification accuracy rates’ that are returned
by k-NN and SVM classifiers at each trial/step, as these two were the
methods of our choice in the final classification step. The dimen-
sion reduction was carried out in two  phases. In the first phase,
the best features were selected from each family using the SFFS
method (see Section 2.5). In this phase, exhaustive search was  not
preferred as it is computationally costly. For example, to reduce
160 features obtained from GLCM family to 3 features requires(

160
3

)
= 665, 680 trials. Because the feature values were not

monotonic the branch and bound method [52] could not be applied.
Since the cost of selecting few features out of such high number
of features with the backward selection methods [18,53] is higher
than with the forward selection, backward selection methods were
not preferred either. In the second phase of feature selection, that
is, after the best features were obtained from each feature family,
the resultant features were fused and “exhaustive search” was per-
formed on the fused set of features, in order to determine the best
performing features in the final classification stage.

We  have proceeded with selection of 3, 4, or 5 best performing
features from each family according to their classification accuracy.
As we will discuss in the next section, GLCM, DWT, GF and LTF meth-
ods consistently yielded a mean classification accuracy of larger
than 75%. Therefore, only the features coming from these methods
were used in the fusing stage. Otherwise, for the case of 4 features,
for instance, if we  had included 4 best features from all of the 9
feature families, we  would have total of 4 × 9 = 36 features in the
fused set and an exhaustive search on this set for overall 4 best fea-
tures would require almost 60,000 trials. On the other hand, if we
just include aforementioned 4 feature families in the final search (in
the fused feature space), again for the case of 4 features for instance,

we will have

(
16
4

)
= 1820 trials, which is a reasonable number.

After fusing, a final set of 3, 4, or 5 features were selected from
the set of fused features by using exhaustive search where all
feature combinations are examined in terms of classification per-
formance. Although not reported here, we have also experimented
with the case of 6 features (i.e., included 6 features in the feature
fusing step and in the final round of feature selection) and noticed
that performance did not improve significantly whereas computa-
tion time increased significantly. For this reason, we  have decided
not to include the case of 6 features in the analysis.

3. Results
In the classification phase of the study, the k-NN classifier was
used with k = 3 and k = 5 neighbors. However, we have noticed that
classification performance of k-NN classifier with 3 or 5 neighbors
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Table  4
Pairwise classification accuracy results (%) with the 3 best features for each feature family, using k-NN and SVM classifiers.

Group 1 Group 2 k-NN

Stage Stage DWT  (rbio4.4) GLCM LTF 5 LTF 3 Gabor filters (sx′ = 2, sy′ = 3) FUSION

0 1 83.78 75.68 70.27 83.78 70.27 83.78
0  2 78.79 78.79 84.85 69.70 72.73 84.85
0  3 83.78 78.38 83.78 64.86 75.68 86.49
0  4 85.29 88.24 85.29 76.47 82.35 91.18
0  5 85.29 85.29 76.47 73.53 73.53 85.29
0  6 76.09 78.26 67.39 73.91 76.09 82.61
1  2 75.00 82.14 71.43 82.14 78.57 82.14
1  3 78.13 78.13 81.25 81.25 78.13 93.75
1  4 89.66 82.76 75.86 75.86 93.10 93.10
1  5 75.86 79.31 79.31 86.21 68.97 86.21
1  6 78.05 78.05 73.17 73.17 70.73 80.49
2  3 82.14 82.14 82.14 75.00 78.57 85.71
2  4 92.00 92.00 88.00 92.00 88.00 96.00
2  5 84.00 84.00 88.00 88.00 68.00 88.00
2  6 83.78 86.49 75.68 78.38 81.08 86.49
3  4 86.21 79.31 82.76 79.31 75.86 93.10
3  5 82.76 79.31 79.31 65.52 75.86 89.66
3  6 85.37 78.05 73.17 80.49 80.49 87.80
4  5 80.77 84.62 76.92 84.62 84.62 92.31
4  6 86.84 76.32 84.21 78.95 78.95 89.47
5  6 81.58 84.21 84.21 78.95 81.58 84.21

Mean:  82.63 81.50 79.21 78.20 77.77 87.74

Group  1 Group 2 SVM

Stage Stage DWT  (haar) GLCM LTF 5 LTF 3 Gabor filters (sx′ = 2, sy′ = 3) Fusion

0 1 83.77 78.07 75.73 81.29 70.32 83.77
0  2 72.79 78.86 87.87 69.67 75.74 87.87
0  3 86.55 75.73 83.92 75.58 81.43 86.55
0  4 85.29 82.35 79.41 73.53 85.29 94.12
0  5 79.41 85.29 79.41 73.53 82.35 85.29
0  6 76.09 78.26 76.09 73.91 73.91 82.61
1  2 89.29 78.57 71.43 78.57 71.43 89.29
1  3 84.38 81.25 81.25 84.38 81.25 87.50
1  4 93.33 85.95 82.86 79.52 96.67 96.67
1  5 72.62 72.62 75.71 85.95 75.95 93.10
1  6 85.36 87.98 75.60 75.48 77.98 87.98
2  3 89.29 85.71 89.29 78.57 82.14 92.86
2  4 91.99 91.99 88.46 88.14 87.82 96.15
2  5 91.99 91.99 91.99 83.97 72.12 100.00
2  6 83.77 81.29 75.73 83.92 72.95 84.06
3  4 82.86 93.10 82.38 86.19 72.62 93.10
3  5 86.67 82.86 82.62 72.62 69.05 86.67
3  6 80.48 80.60 82.74 75.60 75.60 87.74
4  5 96.15 80.77 88.46 84.62 76.92 96.15
4  6 84.21 86.84 84.21 78.95 81.58 89.47
5  6 86.84 89.47 84.21 81.58 76.32 89.47
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Mean:  84.91 83.31 

id not change significantly. Therefore, for clarity, in what follows
e present results for k = 3 only, i.e., when we refer to a k-NN clas-

ifier, it is a ‘3 nearest neighbors’ classifier. As for the SVM method,
he radial basis function (RBF) was preferred as the kernel function.

The performance of the classifiers was assessed using 2- or 3-
old CV method, due to the limited number subjects in each class
fibrosis stage). Here, we must note that the same classification

ethods are used during the feature selection and actual data clas-
ification steps. We  have observed that using 2 or 3-fold CV did not
ffect classification results significantly. This is not surprising as
here only few samples (about 15) in each group. Therefore we  have
ust reported results for the case 2-fold CV, for the sake of brevity.

Table 4 summarizes the accuracies of the pairwise group clas-
ifications for 3 best features using the aforementioned feature

xtraction approaches, namely DWT, GLCM, LTF 3, LTF 5, and Gabor
lters, using k-NN and SVM classifiers. For DWT  and Gabor fil-
ers respectively, name of the wavelet family and value of filter
arameters that produced best performing features is shown in
.87 79.31 78.07 90.02

parenthesis. From Table 4 we  deduce that GLCM, DWT, GF and
LTF methods consistently yielded a mean classification accuracy
of larger than 75%. Therefore, only the features coming from these
methods/families were used in the fusing stage. At the fusing step
we have included those best 3 features from the selected feature
families and selected overall best performing 3 features out of this
merged feature set using exhaustive search. The last column of the
table gives the classification accuracies for the overall 3 best fea-
tures out of the fused set. Tables 5 and 6 are very similar to Table 4
in the sense of summarizing the classification performances for the
cases of 4 or 5 features, respectively.

As there are 7 different classes and

(
7
2

)
= 21 pairwise classi-

fication cases (corresponding to the rows of Table 4), there will be

total of 21 × 3 = 63 different selected overall best features for case
of fusing 3 best features from the selected families. Similarly, there
will be total of 21 × 4 = 84 and 21 × 5 = 105 different selected overall
best features, for the cases of fusing 4 and 5 best features from the
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Table 5
Pairwise classification accuracy results (%) with the 4 best features for each feature family, using k-NN and SVM classifiers.

Group 1 Group 2 k-NN

Stage Stage DWT  (rbio4.4) GLCM LTF 5 LTF 3 Gabor filters (sx′ = 2, sy′ = 3) Fusion

0 1 83.78 81.08 72.97 81.08 72.97 83.78
0  2 87.88 81.82 75.76 72.73 75.76 87.88
0  3 83.78 83.78 86.49 62.16 81.08 86.49
0  4 82.35 88.24 82.35 82.35 79.41 97.06
0  5 88.24 85.29 79.41 73.53 76.47 91.18
0  6 78.26 78.26 67.39 76.09 76.09 84.78
1  2 82.14 85.71 67.86 85.71 75.00 85.71
1  3 81.25 81.25 84.38 81.25 78.13 90.63
1  4 89.66 82.76 75.86 72.41 89.66 96.55
1  5 86.21 79.31 79.31 86.21 68.97 89.66
1  6 80.49 80.49 80.49 75.61 75.61 82.93
2  3 78.57 89.29 85.71 75.00 78.57 92.86
2  4 96.00 92.00 88.00 92.00 88.00 100.00
2  5 84.00 100.00 88.00 88.00 72.00 100.00
2  6 89.19 86.49 81.08 81.08 81.08 89.19
3  4 86.21 86.21 72.41 82.76 75.86 93.10
3  5 82.76 79.31 82.76 65.52 75.86 89.66
3  6 85.37 78.05 73.17 78.05 78.05 90.24
4  5 84.62 80.77 80.77 88.46 80.77 96.15
4  6 92.11 84.21 84.21 84.21 81.58 92.11
5  6 78.95 84.21 84.21 81.58 81.58 92.11

Mean:  84.85 84.22 79.65 79.32 78.21 91.05

Group 1 Group 2 SVM

Stage Stage DWT  (haar) GLCM LTF 5 LTF 3 Gabor filters (sx′ = 2, sy′ = 3) Fusion

0 1 81.14 78.07 78.36 81.29 70.32 89.04
0  2 72.79 78.86 84.93 69.67 75.74 90.81
0  3 91.81 78.22 86.55 78.51 84.06 91.81
0  4 79.41 82.35 82.35 76.47 88.24 94.12
0  5 79.41 88.24 79.41 76.47 82.35 88.24
0  6 86.96 89.13 82.61 71.74 73.91 89.13
1  2 89.29 85.71 71.43 89.29 71.43 89.29
1  3 87.50 84.38 81.25 81.25 81.25 90.63
1  4 93.33 85.95 82.86 75.95 96.67 96.67
1  5 86.43 72.38 82.86 85.95 79.52 93.10
1  6 90.12 85.48 78.10 75.60 82.74 90.12
2  3 92.86 85.71 92.86 78.57 82.14 96.43
2  4 100.00 96.15 92.31 96.15 87.82 100.00
2  5 100.00 91.99 91.99 91.99 68.27 100.00
2  6 86.40 86.55 78.51 83.92 73.10 89.33
3  4 82.86 93.10 92.86 79.52 82.86 93.10
3  5 86.67 86.19 82.62 72.38 72.62 89.76
3  6 82.86 80.36 80.48 77.98 75.60 90.12
4  5 96.15 84.62 88.46 84.62 73.08 96.15
4  6 86.84 86.84 89.47 78.95 81.58 92.11
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5  6 84.21 86.84 

Mean:  87.48 85.10 

elected families. In order to identify the feature families that con-
ribute to these final feature sets or pools more frequently, we have
repared Table 7, where we indicate the total number of features
elected (across all pairwise classification cases) from each family.

In the pairwise group comparisons (i.e., Tables 4–6), we  observe
hat

The case of 5 best overall features performed more successfully
than 3 and 4 features. With 5 features, minimum, maximum,
and mean classification accuracies obtained were respectively
83.78%, 100%, and 93.17%, using k-NN method. Using SVM
method, these figures were respectively 89.18%, 100%, and
94.00%.
Without fusion, the features obtained using DWT  performed best
in terms of classification accuracy. After DWT, the performance

of the extraction methods can be listed in descending order as
the GLCM, LTF 5, LTF 3, and Gabor filters for both classification
methods. (As one would realize, this is the order of the meth-
ods/columns in Tables 4–6).
.21 78.95 81.58 89.47

.02 80.25 79.28 92.35

• In the process of fusion, when we  used k-NN classifier GLCM tex-
ture features turned out to be the least used/selected features for
pairwise classifications, and when SVM was chosen as the clas-
sification methodology LTF 3 texture features turned out to be
the least used/selected features for pairwise classifications (see
Table 7).

• The difference between 32 or 128 levels of quantization was
insignificant. The lower scaling level was preferred to optimize
the cost of GLCM and GLRLM computation. Therefore, we  pre-
sented the results of our approach for 32 scaling levels only.

• In general, SVM provided better classification accuracies com-
pared to k-NN.

In addition to pairwise classification trials (i.e., stage 0 versus 1,
0 versus 2, etc.), we  have also designed multi-category classifiers

(using k-NN and SVM methods) to predict fibrosis stage (0, 1, . . .,
6) of subjects directly, using the same feature extraction, selection,
and fusing approaches. Similar to the case of pairwise classifiers,
GLCM, DWT, Gabor, LTF 5, and LTF 3 texture features were used
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Table  6
Pairwise classification accuracy results (%) with the 5 best features for each feature family, using k-NN and SVM classifiers.

Group 1 Group 2 k-NN

Stage Stage DWT  (rbio4.4) GLCM LTF 5 LTF 3 Gabor filters (sx′ = 2, sy′ = 3) FUSION

0 1 81.08 81.08 75.68 81.08 72.97 83.78
0  2 90.91 81.82 75.76 81.82 75.76 90.91
0  3 83.78 83.78 86.49 81.08 81.08 91.89
0  4 85.29 91.18 85.29 82.35 79.41 100.00
0  5 88.24 85.29 85.29 73.53 76.47 91.18
0  6 84.78 78.26 69.57 76.09 76.09 86.96
1  2 82.14 85.71 71.43 85.71 75.00 89.29
1  3 81.25 81.25 84.38 84.38 78.13 96.88
1  4 93.10 86.21 79.31 68.97 89.66 100.00
1  5 82.76 75.86 79.31 86.21 68.97 93.10
1  6 80.49 82.93 75.61 73.17 75.61 87.80
2  3 85.71 89.29 85.71 75.00 78.57 96.43
2  4 96.00 92.00 88.00 92.00 88.00 100.00
2  5 80.00 100.00 88.00 84.00 72.00 100.00
2  6 89.19 86.49 86.49 75.68 81.08 89.19
3  4 89.66 93.10 79.31 79.31 75.86 93.10
3  5 86.21 82.76 82.76 72.41 75.86 93.10
3  6 85.37 82.93 75.61 80.49 78.05 92.68
4  5 80.77 84.62 84.62 88.46 80.77 96.15
4  6 94.74 84.21 81.58 86.84 81.58 94.74
5  6 84.21 84.21 86.84 81.58 81.58 89.47

Mean: 85.98 85.38 81.29 80.48 78.21 93.17

Group  1 Group 2 SVM

Stage Stage DWT  (haar) GLCM LTF 5 LTF 3 Gabor filters (sx′ = 2, sy′ = 3) FUSION

0 1 80.99 75.44 83.77 81.29 70.47 89.18
0  2 72.79 84.74 84.93 69.49 78.86 90.81
0  3 89.04 75.73 86.55 78.51 84.21 97.22
0  4 88.24 85.29 76.47 70.59 88.24 94.12
0  5 79.41 88.24 82.35 82.35 82.35 91.18
0  6 91.30 89.13 78.26 69.57 71.74 91.30
1  2 89.29 85.71 71.43 89.29 67.86 92.86
1  3 87.50 90.63 84.38 81.25 81.25 93.75
1  4 93.33 85.95 86.43 79.29 93.33 96.67
1  5 79.52 76.19 82.86 82.62 79.52 93.10
1  6 85.36 90.36 75.60 75.60 82.74 90.36
2  3 92.86 85.71 92.86 82.14 82.14 100.00
2  4 100.00 96.15 96.15 92.31 83.97 100.00
2  5 96.15 91.99 95.83 95.83 72.12 100.00
2  6 86.55 86.55 81.29 86.55 73.10 91.96
3  4 82.86 89.76 86.19 86.43 79.29 96.67
3  5 90.00 86.19 79.29 79.29 79.05 93.10
3  6 77.98 75.60 78.10 80.48 77.98 90.12
4  5 92.31 88.46 92.31 84.62 69.23 100.00
4  6 86.84 86.84 89.47 78.95 78.95 92.11
5  6 84.21 84.21 84.21 81.58 78.95 89.47

Mean: 86.98 85.66 84.23 81.33 78.83 94.00

Table 7
Frequency of total number of features selected for each extraction approach and used in the final fusing process. There were 21 pairwise classifications for 7 fibrosis stages.

k-NN SVM
#  of features # of features

Feature family 3 4 5 3 4 5

GLCM 6 13 11 20 19 13
DWT  10 31 26 18 19 25
Gabor  filters 11 13 22 8 17 21

h
s
t
u
s
b

Laws  3 20 14 

Laws  5 16 13 

Total  # of features 63 (21 × 3) 84 (21 × 4) 

ere. With k-NN, it is possible to design a 7-class classifier with the
elected features directly. However, SVM is a binary classifier and

herefore repetitive use of binary SVM (1-1) method classifiers was
sed. (See Section 2.3 Classification Methods, for details.) Table 8
hows the classification accuracies obtained when we  use 3, 4 or 5
est features to classify all stages at once.
21 5 10 19
25 12 19 27

105 (21 × 5) 63 84 105

4. Discussion and conclusion
Liver fibrosis is a common feature of almost all causes of chronic
liver disease and therefore it needs to be staged carefully. Several
approaches based on non-invasive imaging techniques have been
suggested for the characterization of liver tissue. For instance, some
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Table 8
Classification accuracy (%) for the staging of liver fibrosis; 3, 4 or 5 best features were used to classify all 7 stages at once (not pairwise comparison, multi-category classification).

# of features k-NN

GLCM LTF 3 LTF 5 DWT  (rbio4.4) Gabor filters (sx′ = 2, sy′ = 3) Fusion

3 30.17 28.45 22.41 27.59 28.45 33.62
4  33.62 32.76 23.28 29.31 30.17 36.21
5  32.76 37.93 28.45 29.31 30.17 40.52

#  of features SVM

GLCM LTF 3 LTF 5 DWT  (haar) Gabor filters (sx′ = 2, sy′ = 3) FUSION
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3 31.29 34.52 32.74 

4  36.34 34.52 35.6 

5  37.65 34.52 34.29 

tudies focused on staging of liver fibrosis and diagnosis of other
iver conditions using image analysis techniques [6–11].

In this study, in addition to the features used in a preliminary
ork [21], we have tried new features and feature inclusion strate-

ies, and improved classification performance significantly. As for
he difference or novelty of our study compared to the previous
tudies in the literature, we can underline three points. Firstly,
nlike other studies, which mostly use US and MRI  images, we have
mployed CT images due to the advantages that were described
reviously, in Section 2.1. Secondly, other studies used or tested
nly a small number of features extraction methods or families
usually 2 or 3), whereas we have studied many (around 10) dif-
erent feature extraction methods that are found in the literature.
hirdly, the ‘gold standard’ or the reference dataset, with which we
ave developed our algorithms, has CT images of about 16–17 cases
r subjects from each of the fibrosis stages, as such this dataset by
tself very comprehensive and valuable. We  should note here that

 significant portion of the effort that was involved in this study
ent into the meticulous preparation of the dataset. We  are will-

ng to share this dataset with interested parties/colleagues; please
rite to us to learn about the details.

In this study, fibrosis staging using CT liver images was carried
n 4 steps: (1) Determination of ROIs on the images obtained from
16 patients, (2) Extraction of texture features using several differ-
nt techniques, (3) Reduction of number of extracted features and
election of feature families that have provided more than 75% clas-
ification accuracy for the next (fusion) step, (4) Fusion of the best
erforming features coming from different feature families, reduc-
ion of fused texture features, and use of overall few best features
n pairwise or multi-class classification of fibrosis stages.

GLCM, GLRLM, GTDM, LTF, Gabor filters, DWT, DFT, and FOS
pproaches were used in the feature extraction step of our study.
abor filters, DWT, GLCM, and LTF approaches were found to be
apable of generating relatively better performing features in our
lassification trials. SFFS and exhaustive search techniques worked
uccessfully in the feature selection part of the study. Finally, accu-
acies of k-NN and SVM classifiers were analyzed; it turned out that
he SVM method outperforms the k-NN method to some extent, in
he classification step.

While extracting the Gabor and DWT  texture features, differ-
nt filters were created and filters giving rise to better performing
eatures were selected and used. (The corresponding parameters
ndicated in Tables 4–6.) The classification accuracies of features
btained with Gabor filters created at 16 different variances and
hat of DWT  coefficients obtained through the use 18 different filter
anks for were calculated. Although the classification accuracies for
ifferent filters were relatively close to each other, it was observed

hat Gabor filter with SX ′ = 2, Sy′ = 3 variances for k-NN and SVM
lassifiers; rbio4.4 DWT  kernel for k-NN classifier; and haar DWT
ernel for SVM classifier were the most successful combinations. As
abor, DWT, GLCM, and LTF texture features were more effective
26.63 30.16 34.52
30.46 30.33 36.34
37.12 34.16 38.86

than other techniques, the features extracted from these methods
were used in the feature fusion process.

As the results shown in Tables 4–6 indicate, fusion of the best
performing features from different feature families improves the
classification accuracy levels considerably. For instance, in the pair-
wise comparison of 21 healthy (stage 0) subjects and 16 ‘stage 1’
liver fibrosis patients, using 5 best features extracted from the same
texture feature family, we were able to achieve classification accu-
racy of approximately 83.77% using SVM classifier (Table 6, 1st row
of lower panel with SVM results, LTF 5 column). Whereas, when
the best 5 features were selected out of the fused feature set the
classification accuracy increased to 89.18% (Table 6). Along these
lines, the results also show that fusing the features and then select-
ing the best ones from them leads to at least the same or better
accuracy levels than the features obtained using only one method.

In pairwise classifications with the k-NN method using 5 fea-
tures, DWT, LTF 5, and Gabor filter texture features are the most
commonly used features in the fusion step. With the SVM method,
DWT, LTF 5, and Gabor filter feature families contributed more fea-
tures than other approaches (see Table 7).

As for the results of pairwise group classifications (in terms of
mean classification accuracies), the accuracy (%) figures for 3, 4,
and 5 ‘fused features’ were approximately 88 (90), 91 (92), and 93
(94) for the SVM (k-NN) classifiers respectively (see Tables 4–6).
It was  interesting to note that a simple and fast approach like k-
NN performed at a comparable accuracy with a more complex and
costly approach, namely SVM.

In addition, we investigated the performance of these feature
extraction, feature selection, and classification approaches in clas-
sifying the liver fibrosis stage of the subjects in the test set into 7
possible stages, i.e., multiclass classification. In this case, both SVM
and k-NN methods have yielded a classification accuracy of approx-
imately 40% (see Table 8). If we  consider the class prior probabilities
are the same, choosing one stage/class out of 7 stages randomly
gives rise to a classification/guessing accuracy of 1/7 (approxi-
mately 14%). Compared to this figure, a figure of 40% indicates
that there is some value in our multi-category classification effort.
Even though this result is insufficient and needs to be improved
considerably, it still conveys some insight about the difficulty of
classification problem that we  have tackled.

In the light of previous discussions and assessments, we can
argue that the value of our study mostly lies in the area of ‘stage to
stage comparisons,’ at least for the time being. After determining of
liver fibrosis stage of a patient using needle biopsy, in the follow-
ups, needle biopsy is again routinely performed except when the
fibrosis reaches stage 6. (Stage 6 can be recognized clinically, with-
out a need for biopsy.) Therefore, instead of a needle biopsy, our

approach can be used on CT images as a means (i.e., as a decision
support tool) for the follow-up of fibrosis stage. Liver fibrosis can be
rarely cured with a suitable treatment, it is generally an irreversible,
chronic, and diffuse liver disease, however follow-ups are still very
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mportant. As we have discussed earlier, while explaining the moti-
ation behind our study, liver biopsy is a difficult, invasive, and
xpensive process. It also requires opinion/assessment of a senior
athologist specialized in the subject. Moreover, there are cases
or which performing biopsy could be very difficult. Hence, instead
f a needle biopsy, our approach can be instrumental in follow-
ng fibrosis stage progress. We  may  obtain the current stage of the
iver using a biopsy and in the later examinations some suitable
eatures extracted from the CT images can be fed into to the proper
VM pairwise classifiers, in order to determine whether the fibrosis
tage has advanced or stayed the same.

If a researcher wants to determine the fibrosis stage of his/her
atient using the approach suggested in this study, first the CT

mages of the patient’s liver should be taken. Then, 10 ROIs (sub-
mages or windows) corresponding to the liver parenchyma tissue

ill be selected from the stack of the images and texture features
ill be extracted the using the methods described here. Although
any features were extracted in our study, not all of them were

sed in the final classification phase. Therefore, it is enough to
xtract only the selected features (mainly Gabor, DWT, GLCM, and
TF) from the subject’s CT images.

If a different investigator/clinician uses different CT/instrument
ettings than the ones we used in our study, in that case, we  may
rgue or envision that one can produce images with (i) different
ounsfield values, (ii) different resolution, or (iii) a slight tilt. Liver
brosis changes the tissue structure of the liver and the texture
n the CT image. In our approach the Hounsfield values of the area
elected from a liver image are linearly scaled between to be 1 and
2. Further, the features extracted from the images are standard-

zed or normalized in our approach; thus images obtained through
ifferent systems/settings will not cause a complication. As for the
election of ROIs, if the images have a different resolution, we may

till propose or suggest the use of a ROI window size which is close
o the actual/physical size of the window that we have used in
his study. A length of 32 pixels wide approximately corresponds
o 3 cm at a spatial resolution of 50 cm/512 pixels ∼= 0.1 cm/pixel,
n the transverse plane. Consequently any ROI size that is close
o a physical window size of 3 cm × 3 cm could be used. Finally,
ince the selected features are rotation invariant, a slight tilt in
he image does not affect the feature extraction phase. Therefore,
hen it is fully developed, our approach can be put in a stand-alone

oftware/application from to be used a decision support tool in the
linic.

Numerous studies show that different serum markers, physio-
ogical parameters [54], and features extracted from other imaging

ethods such as ultrasonography [55] might be valuable in the
iagnosis of cirrhosis (or liver fibrosis). In a future study, we are
lanning to investigate the possible utilization of serum markers
nd physiological parameters that may  be related to fibrosis stage,
uch as the values obtained using liver function tests, e.g., aspartate
ransaminase (AST), alkaline phosphatase (ALP), gamma  glutamyl
ranspeptidase (GGT), bilirubin level, etc. in classifier design. We
re also planning to investigate different texture analysis tools for
eature extraction and novel classifiers in order to increase the clas-

P(i, j, d, 0◦) = #{((k, l), (m,  n)) ∈ (Ly × Lx) × (Ly × Lx)|k − m = 0
P(i, j, d, 45◦) = #{((k, l), (m, n)) ∈ (Ly × Lx) × (Ly × Lx)|(k − m =
P(i, j, d, 90◦) = #{((k, l), (m, n)) ∈ (Ly × Lx) × (Ly × Lx)|k − m = 

P(i, j, d, 135◦) = #{((k, l), (m, n)) ∈ (Ly × Lx) × (Ly × Lx)|(k − m 
ification accuracy in the prediction of fibrosis stages using CT liver
mages.

We should also note that increasing number of subjects or sam-
les will also be very helpful in developing a more reliable system.
puting 25 (2014) 399–413 409

Considering that there are 7 classes/stages and around at least 30
samples per class are required in order to draw statistically sound
inferences, we need to have total of about 210 samples. Currently,
we are about 100 subjects short of this figure; as such we  are
planning to increase our sample size. Because of this sample size
limitation, we were not able to test the performance of model based
classifiers, such as a quadratic discriminant analysis classifier that
fits multivariate normal densities with covariance estimates strati-
fied by group. To be more specific, when the sample size is too small,
some numerical problems arise in the estimation of covariance
matrices and it becomes troublesome to invert those ill conditioned
matrices.

Although not reported here, we have also explored the idea of
using each ROI as a separate case/sample. In that case our sam-
ple size would be 10 fold, as we have obtained 10 ROIs from each
subject. (As explained in Section 2.6, we were processing each
ROI separately to obtain the features and then merging those fea-
tures through the median operator to obtain a single representative
value.) However, in that case we  have run into the problem of cor-
related samples, which diminishes the data quality drastically and
consequently adversely affects the classification performance.

Appendix.

A.1. Gray Level Co-occurrence Matrix

Gray Level Co-occurrence Matrix (GLCM) defines the rela-
tionship between the neighbor pixels and shows the occurrence
frequency of the brightness levels on the image in a definite dis-
tance and direction. GLCMs matrices (shown with P(i, j, distance,
angle)) are calculated at multiples of 45-degree angle and defined
with the formulas [12]:

 n| = d, I(k, l) = i, I(m, n) = j}
 n = −d) or (k − m = −d, l − n = d), I(k, l) = i, I(m, n) = j}

 n| = d, I(k, l) = i, I(m, n) = j|}
l − n = d) or (k − m = −d, l − n = −d), I(k, l) = i, I(m, n) = j}

where Lx = {1, 2, . . .,  M}  and Ly = {1, 2, . . .,  N} respectively are the
horizontal and vertical spatial domains of the image, and # shows
the number of elements in the set. After P matrices are computed,
they are normalized and gray-tone spatial dependence matrices
p(i, j) are obtained. Then, Haralick’s texture features of this matrix
(matrices) are defined:

Angular Second Moment: f1 =
∑

i

∑
j

{p(i, j)}2

Contrast: f2 =
G−1∑
n=0

n2

⎧⎪⎨
⎪⎩

G∑
i=1

G∑
j=1

p(i, j)∣∣i − j
∣∣ = n

⎫⎪⎬
⎪⎭

Correlation: f3 =
∑

i

∑
j
(ij)p(i,j)−�x�y

�x�y

Sum of Squares: Variance: f4 =
∑

i

∑
j

(i − �)2p(i, j)

Inverse Difference Moment: f5 =
∑

i

∑
j

1
1+(i−j)2 p(i, j)

Sum Average: f6 =
2G∑
i=2

ipx+y(i)
Sum Variance: f(k, l)

Sum Entropy: f8 = −
2G∑
i=2

px+y(i) log{px+y(i)}
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Entropy: f9 = −
∑

i

∑
j

p(i, j) log(p(i, j))

Difference Variance: f10 = variance of px−y

Difference Entropy: f11 =
G−1∑
i=0

px−y(i) log{px−y(i)}

Information Measures of Correlation: f12 = HXY−HXY1
max{HX,HY}

13 = (1 − exp[−2.0(HXY2 − HXY)])1/2

Maximal Correlation Coefficient: f14 = (second largest eigen-
alue of Q)1/2where G is the number of distinct gray levels in the
uantized image, �x, �y, �x, and �y are the means and standard
eviations of px and py, respectively, and

XY = −
∑

i

∑
j

p(i, j) log(p(i, j)),

XY1 = −
∑

i

∑
j

p(i, j) log{px(i)py(j)},

XY2 = −
∑

i

∑
j

px(i)py(j) log{px(i)py(j)},

(i, j) =
∑

k

p(i, k)p(j, k)
px(i)py(k)

In addition to Haralick’s texture features, two cluster parameters
ere introduced by Conners et al. [27] in 1984. Autocorrelation and
issimilarity texture features are defined as [28]:

Autocorrelation: f15 =
∑

i

∑
j

(ij)p(i, j)

Dissimilarity: f16 =
∑

i

∑
j

|i − j|p(i, j)

Cluster Shade: f17 =
∑

i

∑
j

(i + j − �x − �y)3p(i, j)

Cluster Prominence: f18 =
∑

i

∑
j

(i + j − �x − �y)4p(i, j)

Clausi described and applied following texture features in 2002
[29]:

Inverse Difference Normalized (INN): f19 =
G∑

i,j=1

p(i,j)
1+|i−j|/G

Inverse Difference Moment Normalized (IDN): f20 =
G∑

i,j=1

p(i,j)
1+(i−j)2/G2

.

.2. Gray Level Run Length Matrix

Gray Level Run Length Matrix (GLRLM) is one of the ways to
etect the second-degree statistical texture features. The set of
equential pixels that have the same gray level value in the same
irection forms the gray level run. Run length is the pixel quantity

n the run and run length value is the occurrence number of the runs

n the image [13]. While the existence of many neighbor pixels in
he same gray level represents a thick-script rough texture, lower
uantity of neighbor pixels that have the same gray level represents

 thinner texture with a faster change.
puting 25 (2014) 399–413

GLRLM is a two-dimensional matrix and each P(i, j, �) elements
show how many times the i gray level runs in length of j in the
� direction occurred. Different texture features have been found
by using GLRLM. The most common GLRLM features are below.
Galloway [30] proposed the following features for each � direction:

Short Run Emphasis (SRE): 1
S

M∑
i=1

N∑
j=1

P(i,j)
j2

Long Run Emphasis (LRE): 1
S

M∑
i=1

N∑
j=1

P(i, j)j2

Gray-Level Nonuniformity (GLN): 1
S

M∑
i=1

⎛
⎝ N∑

j=1

P(i, j)

⎞
⎠

2

Run Length Nonuniformity (RLN): 1
S

N∑
j=1

(
M∑

i=1

P(i, j)

)2

Run Percentage (RP): 1
n

N∑
j=1

M∑
i=1

P(i, j).

Chu et al. [31] proposed the following two  features:

Low Gray-Level Run Emphasis (LGRE): 1
S

M∑
i=1

N∑
j=1

P(i,j)
i2

High Gray-Level Run Emphasis (HGRE): 1
S

M∑
i=1

N∑
j=1

P(i, j) · i2.

In addition to above seven texture features, Dasarathy and
Holder [32] described and applied:

Short Run Low Gray-Level Emphasis (SRLGE): 1
S

M∑
i=1

N∑
j=1

P(i,j)
i2·j2

Short Run High Gray-Level Emphasis (SRHGE): 1
S

M∑
i=1

N∑
j=1

P(i,j)·i2
j2

Long Run Low Gray-Level Emphasis (LRLGE): 1
S

M∑
i=1

N∑
j=1

P(i,j)·j2
i2

Long Run High Gray-Level Emphasis (LRHGE): 1
S

M∑
i=1

N∑
j=1

P(i, j) · i2 ·

j2

where S is the total number of runs in the image

(
(

S =
∑M

i=1

∑M
j=1P(i, j)

)
), and n is the number of pixels in

the image.

A.3. Gray Tone Difference Matrix

Gray Tone Difference Matrix (GTDM) has been suggested by
Amadasun and King [14] and it is a column matrix. Given that f(k,
l) has i gray level value in any (k, l) position.

¯ ¯ 1
d∑ d∑
Ai = A(x, y) =
W − 1

m=−dn=−d

f (k + m, l + n), (m, n) /= (0,  0).

In the above equation, the average gray level in a definite neigh-
borhood except (k, l) is found, and d shows the neighborhood level
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nd W = (2K  + 1)2. The GTDM value at level i is calculated following
y [14]:

(i) =
{∑

|i − Āi| if Ni /= 0 i ∈ Ni

0 otherwise
,

here Ni is the set of all pixels that have i gray level (except circum-
erential areas in d width). By using GTDM matrix s(i), the features
elow are found [14].

Coarseness (Ccos):

(
ε +

G∑
i=0

pis(i)

)−1

, pi = Ni
n2

Contrast (Ccon):

⎡
⎣ 1

Nt (Nt−1)

G∑
i=0

G∑
j=0

pipj(i − j)2

⎤
⎦[(

1
n2

G∑
i=0

s(i)

)]

Busyness (Cbus):

∑G

i=0
pis(i)∑G

i=0

∑G

j=0
|ipi−jpj |

, pi /= 0, pj /= 0

Complexity (Ccom):
G∑

i=0

G∑
j=0

|i−j|
n2(pi+pj)

[pis(i) + pjs(j)], pi /= 0, pj /= 0

Texture strength (Cstr):

∑G

i=0

∑G

j=0
(pi+pj)(i−j)2

ε+
∑G

i=0
s(i)

, pi /= 0, pj /= 0,

here G is the highest gray tone value, Nt is the total number of
ifferent gray levels in the image and ε is a small number to prevent
cos becoming infinite.

.4. Laws’ Texture Features

Laws’ Texture Features are also used in many different appli-
ations [15]. In this approach, first small convolution kernels are
pplied onto the image, and then features are calculated by fol-
owing several steps, including a nonlinear windowing operation.
wo dimensional (2-D) texture detecting convolution kernels are
roduced from 1-D kernels known as “Level, Edge, Spot, Wave, and
ipple” abbreviated as L5, E5, S5, W5, and R5, of length 5:

L5 =
[

1 4 6 4 1
]

, E5 =
[

−1 −2 0 2 1
]

, S5 =
[
− 1 0 2 0 −1

]
,

W5 =
[

−1 2 0 −2 1
]

, R5 =
[

1 −4 6 −4 1
]

By convolving these 1-D kernels horizontally and vertically with
ach other, 25 different 2-D convolution kernels are produced:

5L5 E5L5 S5L5 W5L5 R5L5
5E5 E5E5 S5E5 W5E5 R5E5
5S5 E5S5 S5S5 W5S5 R5S5
5W5 E5W5 S5W5 W5W5  R5W5
5R5 E5R5 S5R5 W5R5 R5R5

Each of these kernels is separately applied onto the image and
5 filtered images are obtained. Then, each pixel of 25 images is
eplaced with the Texture Energy Measurement (TEM) value which
s obtained by adding the absolute values of the surrounding pixels,
.e., in a square neighborhood centered around the pixel. Since our
OIs were 32 by 32 pixels, we have used assuming neighborhood
indow of size 5 × 5 in this step. We  call the resultant images as

EM images and denote them with a TEM subscript, as in L5E5TEM.
Next, a normalization step is carried out on TEM images to elim-

nate the possible effect of contrast. All of the above listed 2-D
ernels has zero mean except L5L5. Thus, the TEM image obtained

rom L5L5 kernel is used as normalization image, i.e., all other TEM
mages are pixel by pixel divided by the L5L5 TEM image. We  des-
gnate the normalized images as with a TEM NR subscript, as in
5E5TEM NR.
puting 25 (2014) 399–413 411

In our case, direction of texture features was not important.
Therefore we have combined pairing normalized TEM images are
to obtain some rotationally invariant texture energy measurements
(denoted by TEM RI) as suggested by Rachidiet al. [33]. For instance,
L5E5 and E5L5 images are sensitive to vertical and horizontal edges
respectively. By adding these two  TEM images, we  will have a single
measure sensitive to “edge feature”. Following a similar argument
for other similar features, we  obtain our final set of Laws’ features
as:

E5L5TEM RI = (E5L5TEM NR + L5E5TEM NR)/2
S5L5TEM RI = (S5L5TEM NR + L5S5TEM NR)/2
W5L5TEM RI = (W5L5TEM NR + L5W5TEM NR)/2
R5L5TEM RI = (R5L5TEM NR + L5R5TEM NR)/2
S5E5TEM RI = (S5E5TEM NR + E5S5TEM NR)/2
W5E5TEM RI = (W5E5TEM NR + E5W5TEM NR)/2
R5E5TEM RI = (R5E5TEM NR + E5R5TEM NR)/2
W5S5TEM RI = (W5S5TEM NR + S5W5TEM NR)/2
R5S5TEM RI = (R5S5TEM NR + S5R5TEM NR)/2
R5W5TEM RI = (R5W5TEM NR + W5R5TEM NR)/2
E5E5TEM RI = E5E5TEM NR
S5S5TEM RI = S5S5TEM NR
W5W5TEM RI = W5W5TEM NR
R5R5TEM RI = R5R5TEM NR

where TEM RI subscript denotes final rotational invariant text fea-
ture image. Hence, we have obtained a stack of 14 images from the
original image, i.e., for each pixel in the original image we have
generated total of 14 new values or measurements indicating dif-
ferent texture features at that pixel location.For this method, also
the kernels of length-3 can be used [15,34], in which case our start-
ing 1-D filters would be L3 =

[
1 2 1

]
, E3 =

[
1 0 −1

]
, and

S3 =
[

1 −2 1
]
.

A.5. Discrete Wavelet Transform

Discrete Wavelet Transform (DWT) of an image matrix is gen-
erally calculated by convoluting the image with two filters, which
are low-pass and high-pass, throughout its rows and columns. Two-
dimensional discrete wavelet transform processes the image with
separable filter bank as in the following equation:

An = [Hx ∗ [Hy ∗ An−1]↓2,1]↓1,2
Vn = [Gx ∗ [Hy ∗ An−1]↓2,1]↓1,2

Hn = [Hx ∗ [Gy ∗ An−1]↓2,1]↓1,2
Dn = [Gx ∗ [Gy ∗ An−1]↓2,1]↓1,2

,

where the * symbol shows the convolution operation, ↓2, 1 and
↓1, 2 are the down-sampling throughout rows and columns, and
A0 = I(x, y) is the original image. H and G respectively show the low-
pass and band-pass filters. The approximation image A is called as
the low-resolution image in n scale obtained by the low-pass filter.
Hn, Dn and Vn are the images in n scale obtained by applying the
filters onto the image in specific directions [16].

For each level wavelet transform, an image is decomposed
into four sub-bands (LL, LH, HL and HH) which represent the
approximation (A), horizontal (H), vertical (V), and diagonal (D)
information respectively, and wavelet coefficients are obtained.
As each sub-band will reveal different features about the origi-

nal image, different features can be obtained. Fig. 3 shows DWT
computation for one level. Using this technique sub-bands can be
produced for different levels. Fig. 4 shows n-level of wavelet decom-
position of the image f(x, y).
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Fig. 3. Decomposition step for one level.
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Fig. 6. Sample CT images (left) and their 2-D DFT magnitude spectrums (right). (a)
Fig. 4. Block diagram for n-level wavelet decomposition.

.6. Discrete Fourier transform

2D Discrete Fourier Transform (DFT) of an M × N image f(x, y) is
efined as:

(u, v) = 1
MN

M−1∑
x=0

N−1∑
y=0

f (x, y)e−2�i((ux/M)+(vy/N))

 = 0, 1, 2, . . .,  M − 1, v = 0, 1, 2, . . .,  N − 1, (5)

here F(u, v) is the component at frequency (u, v) in the M × N
requency rectangle. Low frequencies (small gray-filled squares)
epresent the four corners of matrix F, and the highest frequencies
re in the middle of the matrix (see Fig. 5a). As we  are interested
n the power in certain frequency regions/bands, we first take the

agnitude of the 2-D DFT and apply a simple shift operation known
s fftshift.  (Because of the symmetries of the spectrum, the entire
uadrant positions can be replaced or shifted diagonally.)

After the fftshift,  high/low frequency components go to the cor-
ers/middle of the matrix respectively (see Fig. 5b). Therefore, four

requency bands LL, LH, HL and HH, where the first and second let-
ers correspond to the horizontal and vertical low/high frequencies
espectively, can be obtained as shown in Fig. 5c.We then compute
he relative power in these bands, as the ratio of sum of magnitude
f DFT coefficients in these particular regions to the grand total in
he upper right quadrant (i.e., LL + LH + HL + HH) and use these ratios

s features.

Some sample CT images (ROIs) from different fibrosis stages and
heir corresponding DFT magnitude spectrums obtained from the
atients are shown in Fig. 6. In order to suppress or remove possible

ig. 5. DFT of an image (a) original spectrum, (b) replaced spectrum, and (c) replaced
requency bands.
CT liver image of a patient with fibrosis stage 0 and its DFT (b); (c) CT liver image of
a  patient with fibrosis stage 6 and its DFT (d).

distorting effect of the DC frequency term at (u, v) = (0,  0) position,
this component is replaced with a 0, before the relative power com-
putations. This modification is visible in the magnitude spectrums
(Fig. 6, panels b and d), where there is a black pixel at the center
position.

A.7. Gabor filters

By using the kernels of Gabor filters in various directions and
sizes, rotation and size-independent features can be acquired for
texture analysis in pattern recognition. Physiological studies show
that the cells in the primary cortex of the eye in the human vision
system can be modeled with Gabor filters [17], which is the inspi-
ration behind this approach. Gabor filters are obtained by using the
following equation [36]:

G(x, y, f, �) = exp
[
−1

2

(
(x′/sx′ )2 + (y′/sy′ )2)] cos(2�fx),

x′ = x cos(�) + y sin(�), y′ = y cos(�) − x sin(�)

In the above equation, sx′ and sy′ respectively show the variances
in the direction of x′ and y′ axis (i.e., � degrees rotated coordinate
system), f shows the frequency of sinusoidal function, and � shows
the orientation of Gabor filter. These filters can be produced in any
angle and frequency.

In this approach, an image I(x, y) is processed by 2-D convo-
lution operation with a Gabor filter of desired parameters and a
filtered (output) image O(x, y, �, sx′ , sy′ ) is obtained, that is, O = I * G,
where * denotes the convolution operation. Then, the output
image is averaged to produce a single texture feature t(�, sx′ , sy′ ) =∑

x

∑
y

O(x, y, �, sx′ , sy′ ).

A.8. First-Order Statistics
First-order texture measurements are calculated with the
original image pixels. They do not take into consideration the rela-
tionships with the neighborhood pixel. First-order texture features
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uch as mean and standard deviation, average energy, skewness,
nd kurtosis are defined by the equations below:

Mean (�): 1
M×N

M∑
x=1

N∑
y=1

I(x, y),

Standard Deviation (�):

√√√√ 1
M×N

M∑
x=1

N∑
y=1

(I(x, y) − �)2,

Energy (e): 1
M×N

M∑
x=1

N∑
y=1

I2(x, y),

Skewness: 1
M×N×�2

M∑
x=1

N∑
y=1

(I(x, y) − �)3,

Kurtosis (k): 1
M×N×�2

M∑
x=1

N∑
y=1

(I(x, y) − �)4 − 3,

here M and N respectively denote image height and width in
ixels.
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