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Article history: Purpose: Texture patterns of hepatic fibrosis are one of the important biomarkers to diagnose and classify
Received 30 October 2014 chronic liver disease from initial to end stage on computed tomography (CT) or magnetic resonance (MR)
Received in revised form 22 june 2015 images. Computer-aided diagnosis (CAD) of liver cirrhosis using texture features has become popular

Accepted 2 September 2015 in recent research advances. To date, however, properly selecting effective texture features and image

parameters is still mostly undetermined and not well-defined. In this study, different types of datasets
acquired from CT and MR images are investigated to select the optimal parameters and features for the
proper classification of fibrosis.
Methods: A total of 149 patients were scanned by multi-detector computed tomography (MDCT) and 218
patients were scanned using 1.5 T and 3 T superconducting MR scanners for an abdominal examination.
All cases were verified by needle biopsies as the gold standard of our experiment, ranging from 0 (no
fibrosis) to 5 (cirrhosis). For each case, at least four sequenced phase images are acquired by CT or MR
scanners: pre-contrast, arterial, portal venous and equilibrium phase. For both imaging modalities, 15
texture features calculated from gray level co-occurrence matrix (GLCM) are extracted within an ROI in
liver as one set of input vectors. Each combination of these input subsets is checked by using support
vector machine (SVM) with leave-one-case-out method to differentiate fibrosis into two groups: non-
cirrhosis or cirrhosis. In addition, 10 ROIs in the liver are manually selected in a disperse manner by
experienced radiologist from each sequenced image and each of the 15 features are averaged across the
10 ROIs for each case to reduce the validation time. The number of input items is selected from the various
combinations of 15 features, from which the accuracy rate (AR) is calculated by counting the percentage
of correct answers on each combination of features aggregated to determine a liver stage score and then
compared to the gold standard.
Results: According to the accuracy rate (AR) calculated from each combination, the optimal number of
texture features to classify liver fibrosis degree ranges from 4 to 7, no matter which modality was utilized.
The overall performance calculated by the average sum of maximum AR value of all 15 features is 66.83%
in CT images, while 68.14%, and 71.98% in MR images, respectively; among the 15 texture features, mean
gray value and entropy are the most commonly used features in all 3 imaging datasets. The correlation
feature has the lowest AR value and was removed as an effective feature in all datasets. AR value tends
to increase with the injection of contrast agency, and both CT and MR images reach the highest AR
performance during the equilibrium phase.
Conclusions: Comparing the accuracy of classification with two imaging modalities, the MR images have
an advantage over CT images with regards to AR performance of the 15 selected texture features, while
3T MRI is better than 1.5T MRI to classify liver fibrosis. Finally, the texture analysis is more effective
during equilibrium phase than in any of the other phased images.
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1. Introduction

Patients suffering from chronic liver diseases are at a severe risk
from complications such as hepatocellular carcinoma (HCC) and
liver failure [1]. In the diagnosis and therapeutic assessment of cir-
rhosis of the liver and chronic hepatitis, it is necessary to stage the
degree of hepatic fibrosis as an important indicator of cirrhosis as
well as a critical predictive factor for the occurrence of HCC [2],
which is one of the most common malignancies in patients that are
affected by these diseases [3]. Fibrosis is caused by excessive depo-
sition of extracellular matrix owing to histological and molecular
reshuffling of various components such as collagens, glycoproteins,
proteoglycans, and other macromolecules within the extracellular
matrix. These features, common to almost all patients with chronic
liver disease, lead to the changes in the hepatic morphology, tex-
ture pattern, and degree of liver stiffness. Accurate assessment of
hepatic fibrosis is crucial for the determination of the appropriate
treatment because fibrosis is potentially a reversible process in the
early stages.

Liver biopsy, which is used for histological scoring and is still
used as a reference test for fibrosis staging, is considered the
gold-standard method for the assessment of the degree of fibro-
sis. However, liver biopsy is an invasive procedure with possible
side effects such as pain in 30-40% of the cases, pneumotho-
rax (3%.) or even death (2/10,000) [4,5]. To decrease the need
for painful biopsies, non-invasive methods using MR and ultra-
sound imaging have been proposed to obtain images of the liver.
With the development of high-speed imaging devices, highly pre-
cise medical imaging services are now widely available. Recently,
radiological assessments of hepatic fibrosis by magnetic resonance
elastography (MRE) [6-8], gadolinium- or superparamagnetic iron
oxide-enhanced MR imaging [9,10], diffusion-weighted MR imag-
ing [11], and real-time ultrasonographic elastography [12] have
beenreported, and their feasibility, usefulness, and limitations have
been shown. Wang et al. [13] have reported on real-time elastog-
raphy with a new quantitative technology for diffusing histological
lesions as a new and promising sonography-based non-invasive
method for assessing liver fibrosis in patients with chronic hep-
atitis B. These new imaging technologies have greatly impacted
the traditional diagnostic methods. However, the interpretation of
the numerous diseases from different types of medical images is
not an easy task, especially for inexperienced residents or general
radiologists. In the last decade, different types of computer-aided
detection/diagnosis (CAD) systems have been developed to ease
the workload of radiologists. There are several promising reports
on the CAD of liver fibrosis on MRI, which have been obtained by
analyzing morphology changes [14,15] and the texture pattern of
fibrosis [16] through images.

Texture patterns of hepatic fibrosis are one of the important
features to diagnose the chronic liver disease from initial to end
stage on computed tomography (CT) or magnetic resonance (MR)
images. However, quantification and classification of hepatic fibro-
sis with only texture patterns in liver is an extremely difficult task
for both the radiologist and computer, resulting in a low accuracy
rate of diagnosis. However, subtle differences of tiny structures of
fibrosis within a small size of ROI provide the computer with an
advantage to the reader as compared with the clinical interpre-
tation using other image features such as shape, volume, surface
irregularity, etc. Some work has been developed utilizing intelligent
algorithms to stage the fibrosis by feeding the features calculated
from 1st and 2nd order texture matrixes into a classifier, and stat-
ing their promising results on different kinds of datasets. Gobert
et al. [17] reported the use of six features extracted from tex-
ture features and two statistical measures as input to an ANN
classifier with genetic algorithm, resulting in 73% correct classifi-
cation rate for the characterization of cirrhotic and non-cirrhotic

in MRI images. Li et al. [18] found that integrating the texture
features into shape features with ANN classification of cirrho-
sis may improve the overall performance of cirrhosis detection.
However, these studies used samples of a normal and a cirrhotic
case and the selected features were based on experience. Other
improved classification methods state their effective findings of
parameters [19], but did not provide a “real true” selection of fea-
tures that should be recommended to doctors as their investigation
always works on individual sequenced images or modality. In addi-
tion, the optimal number and effectiveness of input vectors have
not been addressed or identified. These may be due to the lim-
itation of case numbers and large time consumption needed to
optimize each combination of features. Although some efficient
training methods were proposed to reduce the time in training
and testing procedures, their effects are difficult to compare and
evaluate as there was no evaluation against the gold standard until
now.

China has a high incidence rate of hepatic cancer along
the coastal areas, especially in Fushui county of the Guangxi
autonomous region, where high liver cancer incidence rate
of 56.45/100,000 in average has been reported and for male
91.11/100,000 and female 21.80/100,000, respectively [20]. There-
fore, collecting a large amount of fibrotic cases is feasible in our local
hospitals. Several hundred patients with different grade distribu-
tion of fibrosis were scanned in at least four different sequenced
phases using various CT and MRI modalities. In order to find out
the “real true” features that impact the classification of texture
patterns of hepatic fibrosis utilized in computer-aided diagnosis,
we chose the most accurate validation method of leave-one-case-
out to check each combination of features. Considering that 21> — 1
different combinations are obtained in a single phased image, the
iteration is large and time consuming which would estimate the
overall time length to perform the experiment at over 3 years.
The accuracy rates outputted from different modalities, sequenced
phased images and texture features could not only tell us the “true”
of optimal set of fibrotic texture patterns guiding the radiologists
to analyze fibrosis efficiently from numerous medical images, but
also help to clarify how many and what kind of texture features
should be utilized for CAD [21].

This study is focused on the effective selection of texture fea-
tures for fibrosis classification. We utilized 15 texture features
calculated from all of the CT datasets with slice thickness from
0.625mm to 5mm, and over four different sequenced CT or MR
phased images are investigated. Each combination of features is
evaluated using support-vector-machine (SVM) with leave-one-
case-out method to select the optimal feature subsets according to
their performance. In this paper, Section 2 describes the acquire-
ment of experimental datasets by CT and MR modalities with their
imaging protocols. Section 3 describes the methods of the ROI
selection, feature extraction and optimization by SVM and leave-
one-case-out approach. In Section 4, classification results from the
different imaging modalities are demonstrated and discussed. The
accuracy rate of each combination of feature subsets is compared to
find out the most informative features as well as the optimal num-
ber of texture features from the experimental results. The paper
concludes in Section 6 with further discussion of the proposed
approach and future works.

2. Experimental materials

To evaluate and compare the contribution of texture features
derived from CT and MR images towards the diagnosis of liver
fibrosis, a total of 367 patients with or without hepatic fibrosis
are scanned by 3 different modalities from two different hospitals,
including 149 cases from CT and 218 cases from MR.
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Table 1
Patients statistic with five fibrous stages according to VHPTA system [22].
Stage of fibrosis Score Description of hepatic fibrosis Number of MRI cases Number of MRI cases Number of CT cases Groups
degree (hospital no. 1) (hospital no. 2) (hospital no. 1)
Normal 0 No fibrosis 40 5 36 Non-cirrhosis
Mild fibrosis 1 Fibrous expansion of some 30 4 26 (Group 0)
portal areas, with or without
short fibrous septae
2 Fibrous expansion of most 23 10 13
areas and bridging fibrosis
appeared
Severe fibrosis 3 Most fibrous septum and 18 8 19 Cirrhosis
lobular structure disorder (Group 1)
4 Early cirrhosis, diffuse fiber 22 16 19
hyperplasia
Cirrhosis 5 Cirrhosis 40 2 36

2.1. Computed tomography (CT) image

A total of 149 patients were scanned by CT (GE Lightspeed VCT)
from June 2009 to March 2012 at the Department of Radiology,
First Affiliated Hospital of Guangxi Medical University (Hospital
no.1). The data set consists of 36 normal cases, 39 mild fibro-
sis cases, 38 severe fibrosis cases and 36 typical cirrhosis cases.
The imaging protocol is as follows: quad-phase scans are made
at 120kV tube voltage, 250 mA tube current; the image size is
512 x 512 pixel. The arterial, portal venous and equilibrium phases
are acquired at 25, 60, and 120s after contrast injection, respec-
tively. The injection speed is 3.0 ml/s, concentration is 320 mg/ml,
dosage is 85-90 ml. For each case, five different CT datasets with
different slice thickness are acquired with interval of 0.625m,
1.25mm, 2.5mm, 3.75mm and 5mm, respectively. For a case
with one thickness, there are four sequenced phase images: pre-
contrast, arterial, portal venous and equilibrium phase. Therefore,
a total of 20 sequence/series types were acquired in one CT case.
All cases have been verified by needle biopsies as the gold standard
of our experiment. Surgical specimens were retrospectively exam-
ined by a pathologist who was blinded to patient histories and
radiology and surgery reports. The patients’ fibrosis stages are eval-
uated in accordance with the Chinese Viral Hepatitis Prevention
and Treatment Plan (VHPTA) [22], ranging from O (no fibrosis) to
5 (cirrhosis). In this paper, the entire dataset is divided into two
groups: non-cirrhosis (containing normal cases SO and mild liver
fibrosis cases S1, S2); and cirrhosis (containing severe liver fibrosis
cases S3, S4 and typical cirrhosis cases S5), as illustrated in Table 1.

2.2. Magnetic resonance (MR) image

From February 2011 to March 2012, a total of 173 patients had
an abdominal examination performed using a 3-T superconducting
MR scanner (Intera Achieva Quasar Dual; Philips Medical Systems,
Netherlands) with a six-channel torso array coil at Hospital no.
1. The imaging protocols used include TR/TE, 2.3/82ms in plan
scanning phase; 7 mm slice thickness and 1 mm inter-slice gap;
interpolated imaging matrix, 512 x 512; slice thickness; 4 mm and
2mm inter-slice gap. In dynamic contrast scanning phase: 7 mm
slice thickness and 1 mm inter-slice gap; contrast injection, Gd-
DTPA; the dosage, 0.2 mmol/kg; injection speed, 2-3 ml/s. Since
contrast injection after 16s, 50-60s and 2-3 min arterial, portal
and equilibrium scanning are performed, respectively. Among the
datasets, there are 18 patients without liver disease history and
hepatic dysfunction, and the fibrosis stage of other patients is con-
firmed by the result of the liver biopsy procedure.

An additional 45 MR cases were acquired from the No.1 Peo-
ple’s Hospital of Nanning (Hospital No. 2) in China using a 1.5T
(Signa Horizon, GE Healthcare) MR scanner and were included in
our experiment. The gadolinium-enhanced T1-weighted images

(150/1.6; matrix, 512 x 512; flip angle, 90°; signal acquisition, 1;
slices, 18 per 26-second acquisition time) sequences are with sec-
tion thickness 8 mm with a 2 mm intersection. Table 1 gives the
detailed distribution of the 3 datasets. This study was approved
by the institutional review board at both hospitals and informed
consent was obtained from all patients.

3. Methods

In this section, we give a brief overview of the gray level co-
occurrence matrix (GLCM), Support Vector Machine (SVM) and
Leave-one-out cross-validation methods, including the guideline
of ROIs selection and pre-processing procedures for feature extrac-
tion. We then describe a texture features optimizing method for
the analysis of the hepatic fibrosis on CT/MR images.

3.1. Selecting ROIs for feature extraction

We have been developing a CAD system named CirrhoView for
cirrhosis clinical research. Fig. 1 is the graphical user interface (GUI)
of our software that enables the radiologists to open DICOM files on
a server; manually select ROIs by moving and clicking the mouse
button; automatically calculating texture features within the ROI
and store to an excel file for further analysis. In this experiment,
10 ROIs in liver were manually picked in a disperse fashion from
each sequenced image by L. Long, a diagnostic radiologist with
over 20 years’ experience of radiological images interpretation. The
ROIs are shown as red squares in Fig. 1. Selecting ROIs relies on
the guidelines illustrated in Table 2: 1 ROI selected in left medial
segment, right anterior lateral segment and right posterior lateral
segment, respectively, at the second porta hepatis; 2 ROIs selected
in right anterior lateral segment and right posterior lateral seg-
ment, respectively, at the first porta hepatis; 1 ROI selected in
right anterior lateral segment and right posterior lateral segment,
respectively, below the first porta hepatis. Considering the dif-
fuse distribution of liver, large blood vessels and focal liver lesions
within the liver are excluded. Three sizes of the ROIs (32 x 32,
20 x 20, 16 x 16 pixel) are generated individually according to the

Table 2
Guideline of selecting ROIs relied on the location of liver.

Number of ROIs Position of ROIs in hepar Hepatis partition
2 Right anterior lateral segment First porta

2 Right posterior lateral segment hepatis

1 Right anterior lateral segment Below the first

1 Right posterior lateral segment porta hepatis

1 left medial segment Second porta

1 Right anterior lateral segment hepatis

1 Right posterior lateral segment

1 Left lateral segment
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Fig. 1. The graphical user interface of our software CirrhoView, designed for selecting ROIs by radiologists and automatic feature extraction by CAD system. The red square
of ROl indicates a texture pattern of liver cirrhosis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

start point of a square, and all ROIs are pre-processed with or with-
out Sobel filter. Thus we have 10 ROIs with 3 sizes, processed by 2
different filtering procedures, and in 4 phases for calculating fea-
tures in a single sequenced CT/MR image. Considering there are 5
available slice thicknesses in one CT case, the total number of ROIs
reaches to 1200 asillustrated in Fig. 2. Due to the technical difficulty
and the focus on this study, only one slice thickness is used in MRI.

3.2. Gray level co-occurrence matrix and texture features

The texture features are obtained by gray level co-occurrence
matrix (GLCM) method. As the DICOM images have 12-bit gray
levels, which is too large for establishing co-occurrence matrices,
the gray levels of an image are reduced to 4-bit, which is accurate

40 ROl number
600 features
remained/case

5 1

\ 1 Slice thickness

[ 1 patient's case ]

| 1 case

4 image phase I

| 4 phase

’ 5 slice thickness | 10 |

I averaging 10 ROl |
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‘ 10 region-of-Interesting | 13 |

| 200 ROI set | chosing1 ROI size |
’ 3 different size of ROI | 2 |
| 600 ROI subset | without Sobel |
| with and without Sobel | |
l 1200 ROI number reducing features by
[ 15 texture feature | — 19000 featlies | known optimal resuits
per case

Fig. 2. The evolution of number of features in one CT case demonstrates the input
features generated for initial optimization (left) and reduced by some previous
investigations (right).

enough for this study [17], and the matrix element in row i and
column j are denoted:

P(ls]7870) :{[[(X7y)7(X+AXay+Ay)]|]
fxy)=i, fx+Axy+Ay)=j; xy=01,..,.N-1

where ij=16; §=1; 6=0°,45°,90°,135°.

Assume that P is the matrix of GLCM extracted from ROI, G is
the gradation order of GLCM, u is the mean value of the matrix.,
Wx, [y, Ox, Oy are the means and standard deviations of Py and Py,
respectively. Px(i) is the sum of row i of the matrix P, while Py(j) is
the sum of column j of P.

(3-1)

G-1
Pe(i)=> P(i.j)
j=0
G-1
Py() =Y P(i.j)
i=0
G-1 G-1 G-1
px= Y0y P(i.j)=Y iPx(i)
i=0 j=0 j=0
G-1 G-1 G-1
py =y PA.)=Y i)
i=0 j=0 j=0
G-1 G-1 G-1
o =Y (=Y Pl =Y (Px(i)— ux (1)
i=0 i=0 i=0
G-1 ZG—l G-1
02 = (i- )" Pl =3 (PG) -~y ()’
j=0 i=0 j=0

Thirteen texture features are calculated by the method
introduced by Haralick [23] based on the co-occurrence matrix:
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Angular second moment (ASM):

G-1G-1

asM=S"5N"{pi.i)}

i=0 j=0
Contrast (CNT):

G-1

CNT = anpx_y (n)

n=0

(3-2)

(3-3)

where

G-1G-1

Px,y(k):ZZP(i,j) li—jl=k k=0,1,2,...G—1

i=0 j=0
Correlation (COR):

COR ii{i xj} x Pi.) = {1 x iy}

Ox X Oy (3-4)

i=1 j=1
Entropy (ENT):

G-1G-1

ENT ==Y ") " {P(i.)} log(P(i.)))

i=0 j=0

(3-5)

Sum of squares: Variance (SQV):

G-1G-1

SQV=> "> "{P(i.j)} log(P(i.j)

i=0 j=0

(3-6)

Inverse Difference Moment (IDM):

G-1G-1

IDM = ZZ;P(M)

12 (3-7)
io joo 1 +(I+J)

Sum Average (SUMayg)

2G-2

SUMave = ) iPxiy (i)
i=0

(3-8)

where
G-1G-1

Px+y(k) = Z

i=0 j=0
Sum Variance (SUMyag):

P(i,j) i+j=k k=0,1,2,...,2(G-1)

2

2G-2
SUMyar = Z (i — SUMAvE) Prry(i) (3-9)
i=0
Sum Entropy (SUMgnr):
2G-2
SUMent = ) _ Prsy(i)10g (Prsy(i)) (3-10)
i=0
Difference Variance (DIFpyg):
G-1 G-1 2
DIFavg = —Z{i - Zipwm} Pyy(i) (3-11)
=0 =0
Difference Entropy (DIFgnT):
G-1
DIFent = =) _Pr-y (i) l0g (Pe-y(1)) (3-12)
i=0

Information Measures1 (IMC1):
ENT — HXY1

IMCI = X (ENTy . ENTY ) (3-13)
where
G-1
ENTy = —ZPX (i) log { Py (i)}
i=0
G-1
ENT, = *ZPy (j)log {Py U)}
j=0
G-1G-1
HXY1 = —ZZP(i,j)log {P()Py (i)}
i=0 j=0
G-1G-1
HXY2 = =3 > "Px(i)Py () log { P () Py (i)}
i=0 j=0
Information Measures2 (IMC2):
IMC2 = \/1 — exp {~2.0(HXY2 — ENT)} (3-14)

In our experiment, two features based on first order statistics of
the image: (14). Mean gray value (MGV) and (15). Standard devia-
tion (SD) are also used in this study, thus there are total 15 texture
features used in a ROL

N N
MoV = 3> )

(3-15)
x=1 y=1
1 N N
SD = NZZ {f(x.y)-MGV?} (3-16)
x=1 y=1

3.3. Support vector machine (SVM)

SVM originated on the basis of statistics by Vapnik et al. [24] is
a current general learning method. The discrimination function for
linear separable problem is:

FX) = Z:V_1yia,- xk(X;, X) + bx

where N is the number of support vector, X;, y; are the labels of cor-
responding support vectors, and «;* and b* are parameter learned
from training samples. The kernel k(Xi, X) is significant for deter-
mining the behavior of the classifier. In this study, the Radial Basis
Function (RBF) kernel function is used:

v
k(X,Y)=exp ST

The |x-y| represents the distance between two vectors, where o
is a constant 1. The input vectors to SVM are 15 texture features
in this study while the output is probability for the presence of
cirrhosis.

(3-17)

(3-18)

3.3.1. Leave-one-out cross-validation (LOOCV) method

The practical goal of using the SVM model would be to determine
which subset of the 15 texture features should be used to produce
the best predictive model. For most modelling procedures, if we
compare feature subsets using the in-sample error rates, the best
performance will occur when all 15 features are used. However
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under cross-validation, the model with the best fit will generally
include only a subset of the features that are deemed truly infor-
mative.

The Leave-one-out (LOO) [25] method, as the name suggests,
is to take out a single observation from the original datasets con-
taining M samples as the validation data, and the remaining M — 1
samples as the training data to build a classification model of SVM.
After validating this model, the sample will be moved back into the
training data set and another sample is selected. The procedure is
repeated such that each observation in the sample is used once as
the validation data. After looping a total of M times of training and
testing on M samples, all of the cases in one dataset are validated by
the SVM model. In this study, the number of samples M is selected
as 50, 50, 18, corresponding to CT set, 3.0T MR and 1.5T MR sets.

Leave-one-out cross-validation is typically used in the analy-
sis of very small datasets. Although usually the LOOCV method is
expensive to train since such training must be carried out repeat-
edly, it is still the most robust and accurate way to evaluate a
predictive model. In some studies, a few modified methods such
as the least squares and kernel regression, cross-validation can
be sped up significantly by pre-computing certain values that are
needed repeatedly in the training, or by using fast updating rules.
However, careful attention is needed to preserve the “total blind-
ing” of the validation set from the training procedure, otherwise
bias may result. In order to develop the modelling procedures accu-
rately, we choose the traditional LOOCV method in our experiment.

Among the testing results, the ratio between the number of
correctly classified cases as cirrhosis and total number of cirrho-
sis cases is defined as true positive (TP) while the ratio between
the number of correctly classified cases as non-cirrhosis and total
non-cirrhosis cases is defined as true negative (TN). The average of
TP and TN is defined as the accuracy rate (AR).

3.4. Calculation of texture features with different conditions

Texture features will present different values if calculated from
varying pre-processing methods, image quality or ROI sizes. There-
fore, we should optimize each of these conditions before analysing
and optimizing feature subsets.

First, the accuracy rate detected w/o a Sobel Filter is tested in a
sequenced dataset to determine the best input pattern of SVM, and
half of the datasets will be excluded with this result [18]. Second,
for CT image sets, accuracy rate calculated from 5 different slice
thicknesses are obtained by testing the samples from portal venous
phased images. Only one slice thicknesses with highest rank will be
kept in further study and other data is excluded [19]. This step is
skipped in MR image sets with single slice thickness. Third, one
optimal size is chosen among the three different ROI sizes [26].

Since the numbers of ROIs selected are too large, 15 x 10 tex-
ture features in one sequenced case are reduced by averaging the
features value from 10 selected ROIs, respectively, and turned into
a new dataset with only 15 texture features. After all of the above
processing steps, the total number of ROIs in a case is reduced from
1200 to 40 as shown in Fig. 2. This step may significantly decrease
the number of input samples to ensure SVM efficient training.

3.5. Optimizing the features

Besides the above optimizing problem, there remains the chal-
lenge to optimize the 15 texture features, e.g. how many and which
ones are the best features to represent fibrosis? In this paper, the
data samples are divided into two categories in the SVM classifica-
tion model: the mild liver fibrosis cases SO, S1, S2 as the negative
samples group 0, while S3, S4, S5 severe liver fibrosis cases and
typical cirrhosis cases as the positive samples group 1. Among
sequenced datasets, each possible combination of 15 features is

performed by the SVM model with LOOCV method to compare their
accuracy. The method is executed as the following steps in detail:

e Step 1: Non-cirrhosis and cirrhosis groups are read into Group 0

and Group 1, respectively, containing M samples in each group.

15 features are extracted by GLCM and averaged over 10 chosen

ROIs. (2M x 15 features as input candidates).

Step 2: The number of input items n is selected from the combi-

nations of 15 features. (21> — 1 different combinations obtained,

where ne([1,15]).

e Step 3: According to the selected n items in a subset from Step2,

2M x n input features are picked up from Group 0 and Group 1,

respectively. A single sample with n features is chosen as the vali-

dation data, and the remaining 2M — 1 samples are used as the

training data.

Step 4: SVM classifier is modelled with 2M — 1 training samples

and validates the remained test sample k. If k belongs to Group 0

and is correctly classified, then TN=TN + 1; likewise, if Group 1 is

correctly classified, then TP=TP +1.

Step 5: If there are undetermined samples within 2M then run

Step 3; if not, calculate the accuracy rate (AR): ARO=TN/M,

AR1=TP/M, and AR=(ARO +AR1)/2.

e Step 6: If the ergodic process does not finish, then run Step 2,
otherwise, run Step 7.

e Step 7: Complete. 215 —1=32,767 numbers of AR are produced
for further processing.

3.6. Evaluation of the performance of texture features

Each sequenced datasets has 32,767 numbers of AR values that
canbedividedinto 15 groups [AR!,AR?, .., AR}, ..., AR'5] according
to the numbers of selected items in a subset. Each AR also has
numbers of subsets by the combination of i items out of 15 features,
among which a maximum value of AR! is defined as Max AR'. Since
the CT and MR datasets contain 4 phased images, the maximum
value of AR! in a certain jth sequenced datasets is defined as Max
ARji. In addition, an average sum of maximum value in a whole m
sequenced datasets acquired by one modality k can be calculated
as

m m
1 1 1 2
ARy = P § MaxAR;, = § MaxARY, ...,
j=1 Jj=1

m m
1 i 1 n
p E MaxARS, ..., - E MaxARj (3-19)
j=1 j=1

where k=1:CT, 2: MRI 3T, 3: MRI 1.5T.

4. Results and discussion

The grade accuracy rate varies with different imaging condi-
tions and combinations of different number of texture features. In
our previous study [18], the performance of classification of fibro-
sis on MRI w/o Sobel filter was investigated. The result showed a
best variation accuracy of 0.76 without Sobel pre-processing vs.
0.64 with filter. Comparing with the high score of using raw data
directly, Sobel filter is insignificant in pre-processing the MR or CT
images. This may be due to the fact that the Sobel filter not only
enhances the fibrosis pattern but also the background noises. We
also concluded that different sizes of ROl may impact the classifi-
cation, and 20 x 20 is the optimal size among the three ROI sizes
[26]. Therefore, this experiment was performed by using 20 x 20
ROI raw data. For the CT datasets, the optimal size of CT image slice
thickness is 1.25 mm, which demonstrates the fibrosis information
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Fig. 3. Accuracy Curve by selection of number of features indicates the different
performance on 3 different modalities. Where A MR images from Hospital no. 1; ll
MR images from Hospital no. 2; and € CT images from Hospital no. 1.

in this interval is the most adequate on CT image. Likewise, the
20 x 20 ROI raw data with 1.25 mm interval is the default setting
for this experiment on CT datasets.

4.1. Selecting optimal number of features

In order to determine a subset of features that are deemed truly
informative, LOOCV is performed on each of the sequenced imag-
ing datasets. In this modelling procedure, every combination of 15
features is generated to provide the best AR from 1 to 15 feature
subsets in Table 3. As shown in Fig. 3, the optimal number of texture
features to classify liver fibrosis degree is from 4 to 7, no matter
what modalities are used. The best testing average sum of maxi-
mum value of ARare 71.72% and 76.61%, obtained by 6 features from
CT and MRI (3.0T) images at hospital no. 1, respectively, and 73.22%
in case of 5 features from MRI (1.5 T) at hospital no. 2. The overall
performance calculated by the average sum of the maximum value
of all 15 features is 66.83% in CT images, with 68.14% (1.5T), and
71.98% (3T) in MR images, respectively. It is obvious that the AR
of MR images is better than that of CT images by comparing the
three curves in Fig. 3. The results also imply that 3T MR has better
image quality for classifying fibrosis than that of 1.5 T, as both aver-
age sum of maximum value of AR’s in MR are higher than CT. We
should notice that the fibrotic texture is better observed on MR than
on CT images in clinical practice and the results reflect this trend.
In addition, the lowest average sum of maximum value of AR indi-
cated in Table 3 occurs when using all of the 15 features together
to build the predictive SVM model, which implies the importance
of selecting informative features.

4.2. Distribution of informative features

From the results of the average sum of maximum values of AR,
we have concluded that the number of feature subset ranging from
5 to 7 features has better performance than other numbers. Another
interesting point to investigate is what these 5 to 7 features actually
are. A threshold value of AR value is set to 0.7 so as to pick the
subset features having excellent performance. If an AR value is >0.7,
then the number of each of the items in this AR is plus 1. Based on
this statistics, a discriminative power histogram of every feature
contributed to the classification is generated in Tables 4a and 4b
and shown in Fig. 4 after normalizing the scale into a range of [0-1].

Table 3

AR values of MRI and CT by using different number of features as input vectors of SVM.

12 13 14 15

11

10

Number
MRI3T

0.699 0.679 0.651 0.607

0.714

0.728
0.704

0.750 0.739
0.710
0.683

0.758

0.764
0.737

0.766
0.739
0.714

0.763
0.738
0.709

0.737 0.755

0.687

0.652 0.621 0.562
0.539

0.672

0.688

0.720
0.705

0.730

0.694 0.727

0.682

0.663

MRI1.5T

0.655 0.619 0.587

0.670

0.696

0.715

0.717

0.701

0.634
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Table 4a
Value of feature importance in MRI and CT modalities (1).
Feature ASM CNT COR SQv IDM SUMave SUMyar SUMEgnT
MRI3T 0.644 0.034 0.000 0.070 0.647 0.736 0.006 0.484
MRI 1.5T 0.213 0.568 0.000 0.491 0.476 0.315 0.502 0.698
CT 0.164 0.375 0.000 0.347 0.474 0.147 0.253 0.243
Table 4b
Value of feature importance in MRI and CT modalities (2).
Feature ENT DIFave DIFgnT IMC1 IMC2 MGV SD
MRI 3T 0.581 0.026 0.061 0.452 0.007 1.000 0.336
MRI 1.5T 0.596 0.225 0.253 0.227 0.282 0.614 1.000
CT 0.386 0.399 0.330 0.284 0.163 1.000 0.475
1
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Fig. 4. From the discriminative power histogram for all of the 15 characteristics extracted from 3 different datasets, the ability of each feature in the differentiation of fibrous
texture is investigated by counting the frequency of high scores appeared in AR values.

Fig. 5 indicates the top 7 texture features extracted in CT images
and MR images in the discrimination power histogram. The red cir-
cle contains the top 7 features extracted in CT images: mean gray
value (MGV), standard deviation (SD), inverse difference moment
(IDM), difference variance (DV), entropy (ENT), contrast (CON), and

IDM

SA
ASM
- IMC1

SE

SV

SQV

Fig. 5. The distribution of features used in 3 datasets with top ranking 7 from Fig. 3.

sum of squares variance (SQV). The blue circle contains the top
7 features extracted in MR images from hospital no. 2: SD, sum
entropy (SE), MGV, ENT, CON, sum average (SV), SQV. On the other
hand, the green circle contains the top 7 features extracted in MR
images from hospital no. 2: MGV, sum average (SA), IDM, angu-
lar second moment (ASM), ENT, SE, and information measures of
correlation1 (IMC1). It should be noted that among the 15 texture
features, mean gray value and entropy are the most commonly
included as high performing in all 3 imaging datasets. With the
development of fibrosis, more and more fibrous pattern appear
in liver region. This phenomenon significantly changes the inten-
sity and the complexity of an image/ROI, which corresponds to
the features of MGV and ENT, respectively. Other features such
as standard deviation, contrast, sum of squares variance, inverse
difference moment, and SE are selected by 2 datasets. Correlation
(COR) has the lowest AR value and is removed the feature set in
all image datasets. Selecting features based on this ranking will be
more efficient in future studies.

4.3. Performance of different phased images

AR values tend to increase with the injection of contrast agency,
and both CT and MR images reach highest performance in the equi-
librium phase as shown in Fig. 6. MR can demonstrate fibrotic
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Fig. 6. The AR value in 4 phased images show that the texture analysis is effective
in equilibrium phase than in other phased images.

texture efficiently and the equilibrium phase image is recom-
mended as a main tool for interpretation of cirrhosis.

Exhaustive validation processing by LOO with SVM method is
very time consuming because the number of combination of 15
texture features is very large. In our experiment, a 40 group 0 +40
group 1 dataset in one sequenced image dataset utilizing the loop
procedure of training and testing, for example, takes an average
of 6 to 9h on a workstation (4.3G CPU with 4G RAM, Win7 64bit
version). However, once the modeling is completed, we can use
this predictive model to diagnose a new dataset within a sec-
ond. Although some studies announced their effective methods
for training samples with improved algorithms that may greatly
reduce the validation processing time, the robustness and accu-
racy still has problems. Furthermore, it is hard to determine a gold
standard to verify their results. Therefore, in this study we chose the
most critical validation method of LOOCV to ensure the objectivity
of our results.

It will be a great challenge to include a same procedure of
human’s observation experiment to check if its conclusion is
identical with CAD’s. One of our former studies [27] demon-
strated some preliminary results on the comparison of the human’s
observation with computer-aided diagnosis. Although radiologists’
performance was significantly lower than that of the computer
algorithm with only the texture pattern of fibrosis, the trend of
accuracy changing is the same on both sides.

There are some limitations to our study, and these should be
improved upon in our future work. First, the datasets are only
divided into two groups. This is due to the unbalanced distribution
of each of the fibrous stages and the purpose of decreasing the com-
plexity of the validation. In the next step, our studies will extend
to the quantitative assessment of fibrosis into 5 stages with the
increasing datasets. Second, this study does not combine images
from multiple phases due to the computational complexity. Top
features from each phase could be combined to get up to 60 (15 x 4)
features per case, and the performance of such a future work will
tell us the variable importance from all phases. Third, this study
was conducted as preliminary research, and considerable time and
effort was expended to manually define the ROIs and record the val-
ues for validation. We have now started to develop an automated
algorithm to select ROI within the extracted liver region, as well
as integrate the GLCM, LOOCV and SVM method into one program.
Finally, the overall AR’s classified by texture analysis are not high
(less than 0.8) enough to be used as an individual model to stage
fibrosis in clinical practice. This may due the fact that the fibrous
pattern is not obviously different from different stages, and even
the experienced radiologist cannot interpret fibrosis well only with
texture on images. It is possible to differentiate individual fibrosis

stages by using texture features with combination with other
effective features such as shape, volume, elasticity, and so on [28].

5. Conclusion

This study demonstrated that SVM and leave-one-case-out
method are effective in feature selection from a large number of
datasets. The iteration test on all of the subsets indicates that 4 to 7
features are the optimal number of features to classify liver fibrosis
into two groups. Comparing the accuracy of classification on two
modalities, we have shown that MR images have an advantage over
CTimages, while 3 TMRis better than 1.5 T MR to classify liver fibro-
sis, and mean gray value and entropy are the most useful features.
The texture analysis is more effective in equilibrium phase than in
other phased images and thus is recommended as a main tool for
interpretation of cirrhosis.
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