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Background

Summary

The aim of the study was to apply a computer aided analysis of the three-dimensional (3D)
ultrasound images for the diagnosis of focal liver lesions.

Patients with various hepatic changes were examined using standard US unit equipped with a
transducer positioning system based on the magnetic field sensor. The data were imported by the
graphical workstation and processed. The computer analysis comprised 3D image segmentation
as well as the lesion volume and echogeneity determination. Moreover, a set of parameters was
calculated to quantify morphology and texture of the lesions.

The collected results confirmed that calculations of lesion volume and echogeneity as well
as quantification of the morphological features have a limited value in the diagnosis of liver
tumors. In contrast, the quantification of selected texture features of the 3D liver images enables
differentiation between malignant and benign tumors. The best parameters to distinguish between
different types of the liver lesions are angular second moment and entropy.

The results suggest that quantification of the texture features offers the supplementation of the
routine US approach to the liver lesion diagnosis by a new quantitative tool.
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niques with the development of three-dimensional (3D) US

equipment [6-8]. In a 3D US examination, the 2D images are

In the last two decades two-dimensional (2D) ultrasound
(US) imaging has made tremendous progress in obtain-
ing important diagnostic information [1]. Despite all the
advances in US imaging techniques [2-4] detection and
characterization of liver tumors still represent the chal-
lenge to 2D imaging methods. For example, the reported
sensitivity of 2D US for the detection of liver metastases
varies from 40% to 70% [5]. The main limitations are high
operator dependency and low specificity.

Over the past few years, research investigators and com-
mercial companies have further advanced ultrasound tech-

combined to form a 3D image of the anatomy and pathol-
ogy. Theoretically, this image can then be viewed, manipu-
lated and quantitatively measured as well as 2D cross-sec-
tional image can be generated in any orientation. Therefore,
3D US seems to overcome the limitations of 2D US imaging.

State-of-the-art 3D US imaging is limited to the acquire-
ment of a “pretty picture” and to the determination of the
organ volumes. The techniques does not provide, at pres-
ent, additional diagnostic information. Since the recon-
struction of 3D images is the computer aided technique,
the raw data are stored in the digital form. Therefore, the
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advanced computer processing of the 3D US images seems
to be natural extension of the routine approach. The aim
of this paper is to highlight the various issues related to
computer aided analysis of the 3D US images of focal liver
lesions.

Material and Methods

The present study included 25 subjects (17 males and
8 females). Informed consent was obtained from all sub-
jects prior to US and computed tomography (CT) examina-
tions. Mean age was 60.1 y (range 41-83 y). Because of the
methodical character of the project patients with different
alternations were chosen in order to check the abilities of
tested methods in different conditions. Malignant as well
as benign lesions were observed within the investigated
group: malignant liver changes — 15 cases (colorectal cancer
metastasis - 9, gastric cancer metastasis - 3, hepatocellular
carcinoma - 3), benign liver changes - 10 cases (cyst - 6,
focal steatosis — 4). The diagnosis was confirmed with the
fine needle aspiration biopsy and/or the CT examinations.

The 2D US examinations were performed with the use of
Hitachi EUB-525 US unit. All images were obtained by
using 3.5 MHz transducer. The same US unit was used in
the 3D investigations. In this part of the study the device
was equipped with the 3D imaging system delivered by
Echotech 3D Imaging Systems (Hallbergmoos, Germany).
The 3D US images were collected using a free-hand scan-
ning approach. A magnetic field sensor with six degree of
freedom was applied to mark the transducer position. Data
processed preliminary by the 3D imaging system software
were exported as the series of TIFF files, subsequently
imported by the graphical workstation and processed.

The routine CT examinations were done with the use of
Siemens Somatom Sensation 10 multi-slice system. Data
saved as DICOM files were also imported into the graphical
workstation in order to reconstruct the 3D images and to
perform volume measurements.

DELL Precision Workstation 530MT equipped with two
Intel Xeon 2.8 GHz processors and 2 GB f RAM was used
for data processing. Specially developed dedicated software
created in our laboratories was used for data import, recon-
struction and analysis.

Computer aided analysis of the 3D US data begins with the
image segmentation. On the basis of performed tests the
modified version of the split-and-merge algorithm [9] was
used for isolating the lesion in a digital image. It should be
clearly pointed out that we did not use any image enhance-
ment methods before segmentation. Such approach was
selected to avoid any changes in the internal structure of
the lesion. The split-and-merge method is a top-down tech-
nique which begins with the entire field of view (FOV). The
well defined image property is selected as criteria to decide,
whether to FOV is uniform or not. If the criterion is not met
the FOV is divided into eight cuboids. Then each of cuboids
is examined in the same way and subdivided, if necessary up
to the level of one voxel. Each dividing step is followed by a
merge step. In the merge step adjacent cuboids are connect-
ed if they are similar according to the pre-selected criterion.

In our implementation of the split-and-merge algorithm
we choose the standard deviation of the brightness histo-
gram and the size of the cuboid as the criteria to subdivide
cuboids. The threshold values of both quantities are two
adjustable parameters. It should be noted that the size of
the cuboid below which the division step is not performed
determines the roughness of the region border. The lowest
possible value (1 voxel) was fixed in the calculations. In the
merge step the classification of the cuboids was based on
their mean brightness.

Next, the determination of the lesion echogeneity was per-
formed. The degree of internal echogeneity was accessed
by comparing the lesion with the surrounding liver tissue.
The simplest technique of echogeneity calculation was
applied. The method relies on the calculation of the aver-
age grey level within the lesion and within the surrounding
liver tissue. The parameter, equals to the ratio of both aver-
age values was applied to quantify the echogeneity of the
lesion. Additionally, the volume of the lesion was calculated
by simple summation of all voxels within the segmented
region. The volume determination was performed for US
and CT images. Since the real dimensions of investigated
structures were not known the CT results were treated as
the most reliable data (“gold standard”) and the outcomes of
the 3D US method were compared to the CT results.

The final step of the computer aided analysis was the quan-
titative description of features to characterize the hepatic
lesions. The first group of quantities described the morphol-
ogy of the lesion. As the preliminary step of the morpho-
logical feature extraction the lesion was approximated by a
convex solid body and by an ellipsoid centered at the center
of the lesion. It should be noted that fitting of the ellipsoid,
results in the description of the lesion by three parameters,
equal to the three main axes of the ellipsoid. In the present
studies the following quantitative measures of the morpho-
logical features were calculated for 3D US images: (1) com-
pactness (COM) defined as Sc/S. where Sc and S are the
surface of the convex solid body and the lesion respectively,
(2) filling ratio (FR) equals to V./V¢, where V. and V¢ are
the volumes of the lesion and the convex solid body respec-
tively, (3) eccentricity (EC) given as (maximal axis of the
ellipsoid)/(minimal axis of the ellipsoid). It should be noted
that COM and FR give values between and 1 while EC is, by
definition, bigger or equal to 1.

To extract texture characteristics spatial grey level depen-
dency (SGLD) matrices were calculated. The (j,h)th ele-
ment of the SGLD matrix for an object is the number of
times, divided by the number of voxel pairs contribut-
ing to SGLD, that gray levels i and j occur in two voxels
separated by the distance d in the image. The size of the
SGLD matrix equals the number of grey levels (NxN).
To avoid a large SGLD matrix, the number of grey levels
was reduced to 128 after histogram equalization. A num-
ber of SGLD matrix-based parameters have been defined
and tested [10]. In the present studies three measures are
extracted from SGLD matrices: entropy (EN), angular sec-
ond moment (ASM) and contrast (CON). Assuming that grey
scale has N shades of grey and pjj marks (i,j)th element of
the SGLD matrix:
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Figure 1. 3D USimaging study of a 62-year-old male with a liver
metastases.

Figure 2. Conventional 2D US showing the lesion presented in Figure
1. Scan from a 62-year-old male with a liver metastases

shown.
N-1N-1
EN==3"% p,In(p;) 1)
i=0 j=0
N-1N-1
ASM ==Y">"p}) (2)
i=0 j=0
CON==-%"%(i-j)p, (3)
i=0 j=0

It should be pointed out that the SGLD matrix is a probabil-
ity of grey level i and j for two voxels with defined separa-
tion in the image. The separation is described in terms of
distance d and angle @. For each (d,®) pair one SGLD matrix
was calculated. In the present studies the SGLD matrices
are constructed for the distances d=(1+15) voxels and for
three perpendicular directions.

Results

An example of 3D US image is presented in Figure 1. The
software provides three perpendicular planes which are
displayed simultaneously. The results of routine 2D US and
CT examinations are shown in Figures 2 and 3 for compara-
tive purposes. In Figure 4 the results of partitioning of a 3D

Figure 3. 2DCT imaging study of a 62-year-old male with a liver
metastases. Arrow marks the focal liver lesion shown in
Figure 1.

Figure 4. Automated segmentation of the digital image presented
in Figure 1. The surface rendering technique was used to
visualize the lesion.

US digital image is given. The surface rendering technique
was used to visualize the focal liver lesion.

After the lesion is segmented, the voxels were summed and
the matrix voxel scaling factor was applied to determine
the volume. In the examined subjects the volumes deter-
mined on the basis of 3DUS images ranged from 6.8 cm? to
156 cm3, i.e. were typical for the liver lesions (Table 1). The
US volumes correlate well with the values extracted from
CT images (correlation coefficient =0.87). The observed dif-
ferences do not surpass 10%. For example, for the lesion
presented in Figure 1 the US and CT volumes equal to
18.7 cm? and 18.2 cm3, respectively.

The results of the echogeneity quantification are given in
Table 1. Since the malignant lesions (metastasis - MET,
hepatocellular carcinoma — HCC) may be hypo- or hyper-
echoic the observed values of the echogeneity (Table 1) are
smaller or bigger than 1. In the case of the cyst (CYS) and
the focal liver steatosis (FLS) the echogeneity is always
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Table 1. Quantitative description of the focal liver lesions. Values of parameters (Mean £SD) and ranges for 4 groups of subjects (MET — metastases,
HCC - hepatocellular carcinoma, CYS — cyst, FLS — focal liver steatosis) are given.

Parameter Volume (cm?) Echogeneity
Group Mean £SD Range Mean £SD Range
MET 51.5+439 6.8+156 0.94+0.21 0.67+1.40
HCC 55.0+26.9 28.5+91.8 0.91+0.11 0.81+1.05
Ys 45.8+19.6 8.5+70.1 0.67+0.15 0.53+0.75
FLS 44.7+25.4 14.6+-80.9 0.75+0.09 0.69-+-0.84

Table 2. Morphological measures applied for the quantitative description of the focal liver lesions. Values of parameters (Mean £5D) for 4 groups of
subjects (MET — metastases, HCC — hepatocellular carcinoma, CYS — cyst, FLS — focal liver steatosis) are given.

Parameter Compactness Filling ratio Eccentricity
Group Mean =SD Range Mean =SD Range Mean +SD Range
MET 0.79+0.08 0.66+-0.91 0.55+0.12 0.37+0.72 50+1.5 2.8+79
HCC 0.80+0.07 0.71+0.88 0.57+0.11 0.42--0.69 6.5+1.8 4.7+9.0
Ys 0.90+0.04 0.89-+0.94 0.62+0.10 0.49-0.75 7.2+13 53+9.8
FLS 0.90+0.03 0.85+-0.93 0.66+0.10 0.53+0.78 59+1.6 4.1+8.5
smaller than 1 what confirms the anechoic or hypo-echoic Discussion

US appearance of the benign liver lesions.

The quantitative description of the morphology of the liver
lesions is summarized in Table 2. The presented measures
characterize quantitatively different features of the lesions.
It should be emphasized that the ranges of parameters in
Table 2 overlap. For the statistical inference the malignant
(MET and HCC) and benign (CYS and FLS) tumors were
pooled together. The mean values of the parameters equal
to: COM = 0.79%0.08 and 0.90%0.03, FR=0.55+0.12 and
0.63+0.10, EC=5.3+1.7 and 6.7+1.6, for malignant and
benign groups respectively. Although trends may be rec-
ognized, the observed differences are not statistically sig-
nificant (ANOVA, p=0.05). It should be pointed out that
the parameters presented in Table 2 are extracted from 3D
images.

Examples of the texture quantification are given in
Figures 5 and 6. The calculations were performed with dif-
ferent distances d and for three perpendicular directions.
To represent each texture feature of the 3D image by one
parameter the average values were calculated for the voxel
separation d in the range of (6+-15) voxels. The limits of the
ranges was selected assuming that the parameters values
are independent of d. The final results of the quantitative
texture analysis are given in Table 3. It should be point-
ed out that the average values were obtained on the basis
of 30 SGLD matrices (three directions times 10 d values).
The data in Table 3 revealed that ASM values enable dis-
tinguishing of all groups under considerations because the
ranges of the values do not overlap. The EN values offer
the possibility to separate malignant (MET and HCC) and
benign (CYS and FLS) lesions while in case of the CON the
overlap of the ranges were observed.

Although clinical application of 3D US imaging is grow-
ing, currently the technique is mostly applied to quantify
the volumes and to provide “pretty pictures” of organs and
lesions [11-13]. It pertains also to the use of the contrast
enhanced agents. We have presented an attempt to assess
automated quantification of the 3D US images of the focal
liver lesions. The first step of the proposed evaluation meth-
od relies on the 3D image reconstruction and lesion visu-
alization, i.e. overlaps with the widespread clinical use of
the 3D US technique. Many reconstruction algorithms and
display methods (surface rendering, multi-planar reformat-
ting, volume rendering) are currently used [6,7]. The optimal
approach to examine and interpret patient data has yet to
be established. The best visualization method is operator-
dependent. Therefore, variety of visualization tools should
be available, to assist the physician to optimize examination.

After the reconstruction is completed the 3D US images
have to be segmented. Methods for performing segmenta-
tion vary widely depending on the specific application and
imaging modality. There is currently no single segmenta-
tion method that yields acceptable results for every medi-
cal image. In case of 3D US, high levels of speckling make
accurate segmentation difficult. Automated, semi-automat-
ed and manual segmentation techniques are used to isolate
focal lesions from noisy backgrounds [14-16]. On the basis
of performed tests we applied the split-and-merge algo-
rithm for segmentation of 3D US liver images. After adjust-
ment of three parameters the fully automated segmenta-
tion was performed. The correctness of the algorithm was
confirmed by the presence of the liver lesions both in 3D
US and CT images of all subjects under considerations.

31



Original Article

© Pol J Radiol, 2009; 74(2): 28-34

8.5

804 + T R Y
_ 754 . L & & ® 8 & & ® 3 @ @
g- * LI T I I T |
S04,

657 .

6.0 T T T .

0 4 8 12 16
Distance [voxel]

07 .
16 4
12
g .
E - " » g = g = = = = = =
= 8 .
2 ' ® & 4 ° 8 8 8 e s " s
44 “AAAAL‘A.A‘
VY Yy vy vy vy Yy yvyovow
0 T : T .
0 4 8 12 16
Distance [voxel]

Figure 5. The texture quantification for the focal liver lesions.
The entropy vs distance between voxels is presented.
The average values in three perpendicular directions for
4 groups of subjects (metastases — ¥, hepatocellular
carcinoma — A, cyst — @, focal liver steatosis — M) are
given.

Figure 6. The texture quantification for the focal liver lesions. The
angular second moment (ASM) vs distance between voxels
is presented. The average values in three perpendicular
directions for 4 groups of subjects (metastases — ¥,
hepatocellular carcinoma — A, cyst — @, focal liver
steatosis — M) are given.

Table 3. Texture measures applied for the quantitative description of the focal liver lesions. Values of parameters (Mean+SD) and ranges for 4
groups of subjects (MET — metastases, HCC — hepatocellular carcinoma, CYS — cyst, FLS — focal liver steatosis) are given.

Parameter Entropy Angular second moment (10-4) Contrast
Group Mean £SD Range Mean £SD Range Mean £SD Range
MET 8.3+0.2 7.9+8.5 3.0+04 24+37 541+19 396717
HCC 8.0+0.1 7.9+8.1 4.6+0.3 42+49 288+24 252324
s 7.6+0.1 7.5+7.7 6.8+0.3 6.3+7.3 238+18 226+316
FLS 7.2+0.1 7.1+73 9.3+0.3 9.1+9.5 195+8 192+199

Moreover, the volumes determined on the basis of 3D US
and CT images correlate well.

Although the segmentation facilities the visual assessment
of the lesion, the goal of the computer aided processing
relies on the labeling of the region. For focal liver lesions,
labeling is the process of assigning a meaningful designa-
tion to each region as being malignant or benign. As may
be expected the volume of the lesion as well as the aver-
age echogeneity (Table 1) are useless for this purpose. The
volume of the lesion is important in the planning of the
treatment and for the assessing treatment while the aver-
age echogeneity has only a supplementary diagnostic value.
In routine clinical practice the liver lesions are described
qualitatively. For example, liver cyst is characterized as the
round, anechoic lesion possessing the smooth well-defined
borders which differs in echogeneity in comparison with
the surrounding liver tissue [1]. More variable and non-spe-
cific description is correlated with US appearance of the
malignant tumors [17]. In the present studies a trial was
undertaken to assess quantitatively the morphology and
texture of the focal liver lesions.

The morphological features have come into common use
because they are important in a variety of pattern recog-

nition problem. For example, morphological features have
been used in a range of mammographic studies [18,19] to
select micro-calcifications. Many quantities are used to
quantify morphology of the lesions [14,15]. We limited our-
selves to three parameters that may be considered as the
representative examples. The compactness and the filling
ratio are measures of the surface complexity. A lesion pos-
sessing the complicated border could be expected to have
smaller COM and FR values than a tumor characterized by
the smooth surface. The eccentricity is a compact repre-
sentation of a lesion shape. Round lesions are character-
ized by the EC value close to 1 while for elongated regions
EC should be much bigger than 1. The collected results
(Table 2) do not confirm the usefulness of the morphological
feature quantification in the diagnosis of focal liver lesions.
Probably, it results from the fact that malignant and benign
liver tumors have non-specific shape and border character-
istics. Moreover, the border structure may be influenced by
the segmentation procedure.

Contrary to morphological features, the quantitative
description of the lesion texture has an important diagnos-
tic value. The texture analysis method was applied previ-
ously in clinical research to detect pathology [20-23]. The
most important problem in the image texture quantification

32



© Pol J Radiol, 2009; 74(2): 28-34

Rokita E et al — Quantitative analysis of 3D US images in the relationship...

is the selection of the optimal d value [24,25]. In our studies
the problem was solved by calculations of the mean val-
ues over the carefully selected range of the distance d. The
selection of the range was based on the assumption that for
the optimal distance the parameter is independent of d. It
should be emphasized that the image texture is quantified
by one parameter which may be easy calculated in the rou-
tine clinical practice.

A great number of parameters can be calculated on the basis
of the SGLD matrix [10,26,27]. We limited ourselves to two
parameters (AFM, EN) which offer the best differentiation of
the focal liver lesions. Moreover, one quantity (CON) which
is useless for this purpose was considered for comparative
purposes. The parameters included into considerations may
be correlated with the internal structure of the lesion.

The entropy is a measure of the disorder of gray voxel val-
ues. Low values of EN are obtained when SGLD matrix ele-
ments are very different from each other. It corresponds
to the image which contains small number of gray levels.
Higher values of EN indicate the SGLD matrix is equal
what means that the lesion is composed of voxels char-
acterized by many different shades of gray. In agreement
with commonly accepted opinion [5,17], for malignant liver
tumors (MET, HCC) the EN values should be bigger than for
the benign lesions (CYS,FLS). The results of our studies (Fig.
5) showed that, when the EN values are calculated for focal
liver lesions, malignant and benign nature of the tumor
may be easy recognized since the ranges of EN values do
not overlap (Table 3).

The angular second moment is used to characterize the homo-
geneity of the lesion. In a homogeneous image there are few
(at the limit one) dominant gray levels and the SGLD matrix
contains only few elements of a large magnitude. In contrast,
in a less homogeneous image there are many entries in the
SGLD matrix of smaller magnitude and the ASM is smaller in
magnitude. Hence, homogenous lesions (CYS, FFL) are char-
acterized by bigger ASM values than malignant ones (MET,
HCC). It may be concluded that ASM values enable separation
of all groups distinguished in our studies since the ranges of
parameters do not overlap (Table 3). Although, the small num-
ber of subjects in each group limits the diagnostic value of the
latter conclusion, the significant difference between malig-
nant and benign groups is worthy of remembrance.

The contrast is a measure of the amount of local varia-
tion in the image. A low values of contrast results from
uniform images without pronounced variation of the gray
levels whereas images with large local variation produce
a high value. In our studies the ranges of the CONT values
for CYS and HCC groups overlap. Probably, it results from
the fact that cysts complicated by infection or hemorrhage
may have septations and/or internal debris. Therefore, the
US image of the cyst may be characterized by bigger local
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variation than that of the focal fatty lesion. What is more,
the local variations in the images of the cyst and the HCC
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Conclusions

US liver imaging is usually undertaken to search for pri-
mary or metastatic liver disease. The 3D technology is a
certainty and will continue to have a major impact on US
application for the foreseeable future. The success of 3D
US methods will depend on providing performance that
exceeds that of 2D US. We introduced a new quantitative
approach to 3D US liver imaging. The proposed method is
based on the digital image analysis. It was confirmed that
the quantification of the selected texture features (angular
second moment and entropy) of the 3D US images may be
useful in the liver lesion characterization. Since the ranges
of texture parameters do not overlap, the separation of dif-
ferent pathologies may be based on the parameter values.
The statistical methods were not applied to support the
conclusions. With the use of the proposed method, the visu-
al human experience is supplemented by the quantitative
tool. It is also worthy to note that the reconstruction and
data processing can be conducted with the use of a stan-
dard PC, so low-costs investment results in the introduc-
tion of advanced and useful diagnostic possibilities.
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