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Abstract—High-frequency B-mode images of 19 fresh human liver samples were obtained to evaluate their
usefulness in determining the steatosis grade. The images were acquired by a mechanically controlled single-
crystal probe at 25 MHz. Image features derived from gray-level concurrence and nonseparable wavelet
transform were extracted to classify steatosis grade using a classifier known as the support vector machine. A
subsequent histologic examination of each liver sample graded the steatosis from 0 to 3. The four grades were
then combined into two, three and four classes. The classification results were correlated with histology. The best
classification accuracies of the two, three and four classes were 90.5%, 85.8% and 82.6%, respectively, which
were markedly better than those at 7 MHz. These results indicate that liver steatosis can be more accurately
characterized using high-frequency B-mode ultrasound. Limitations and their potential solutions of applying
high-frequency ultrasound to liver imaging are also discussed. (E-mail: paichi@cc.ee.ntu.edu.tw) © 2005
World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Hepatic steatosis (the accumulation of fat within liver cells)
is a common histologic finding in liver biopsies (Teli et al.
1995). Steatosis can be classified as microvesicular or ma-
crovesicular, depending on the morphology and size of lipid
droplets. Microvesicular steatosis occurs in a variety of
inherited and acquired disorders that share a final common
pathway of defective �-oxidation of free fatty acids, such as
acute fatty liver of pregnancy and Reye’s syndrome. Mac-
rovesicular steatosis is frequently seen in patients with
obesity, alcoholic liver disease, insulin resistance diabetes, a
wide variety of drug-induced and inherited metabolic dis-
orders and hepatitis C (Angulo 2002; Brunt 2001). Mac-
rovesicular steatosis in nonalcoholic patients is widely be-
lieved to be a benign condition with little or no risk of
disease progression. However, marked macrovesicular ste-
atosis may result in necroinflammation, fibrosis and even
cirrhosis (Brunt 2001; Teli et al. 1995). This kind of liver
injury in nonalcoholic patients, known as nonalcoholic ste-
atohepatitis (NASH) or nonalcoholic fatty liver disease, has
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been widely investigated (Angulo 2002). Brunt et al. (1999)
proposed a grading and staging system for histologic ex-
aminations of NASH, which included the steatosis grade as
determined by the percentage of affected hepatocytes. They
found that the mean value of serum liver enzymes increased
with the grade of NASH. Clinically, patients with mildly
elevated levels of serum liver enzymes are not always
subjected to invasive studies (e.g., liver biopsy) that can
help determine the cause of hepatitis. B-mode ultrasound is
usually recommended as a first step and it has been used to
classify liver tissue. Yang et al. (1988) developed a scoring
system to evaluate the severity of liver steatosis based on
several image characteristics such as echogenicity, attenu-
ation and masking of the portal vein or gall bladder. Ste-
atosis can also be classified on the basis of image features.
Mojsilovic et al. (1998) proposed a nonseparable wavelet
transform (NSW) method to extract the B-mode image
features for the classification of healthy liver, cirrhosis and
steatosis. However, the spatial resolution of B-mode ultra-
sound at lower frequencies (�10 MHz) is generally inad-
equate for revealing morphologic changes of steatosis and
for estimating the percentage of hepatocytes affected.

High-frequency ultrasound (�20 MHz) has been

used to investigate skin structures (Raju et al. 2003), eyes
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(Nouby-Mahmoud et al. 1993), blood vessels (Nissen
and Yock 2001), myocardium (Dent et al. 2000) and
small-animal embryos (Foster et al. 2002; Li et al. 2004).
Nevertheless, high-frequency ultrasound has not been
widely applied to the characterization of liver tissue,
primarily due to its limited penetration. For example,
Fox and Pruehsner (1997) used 8- to 20-MHz ultrasound
to analyze liver and cardiac tissues in vitro based on the
signal spectrum and Yoshihara et al. (1998) used 30- to
70-MHz ultrasound on hen livers and found that the
attenuation patterns of the ultrasound differed between
normal and steatosis livers. Petersen (2003) used intra-
vascular ultrasound in inferior vena cava to guide the
puncturing for an intrahepatic portacaval shunt. Good
resolution of the hepatic structures and the image guide
were helpful in completing the procedure with minimal
complications. Although the center frequencies of the
catheter transducers in his system were less than 10
MHz, other intravascular ultrasound systems operating at
higher frequencies can also be applied (Nissen and Yock
2001). The intravascular approach provides a potential
solution for the application of high-frequency ultrasound
to the human liver. Inserting the imaging catheter into the
hepatic veins from the inferior vena cava allows the
ultrasound to penetrate deeper into the liver, because the
vessel walls are thinner in the branches of hepatic veins
(Wachsberg et al. 1997). In this study, we evaluated the
feasibility of tissue characterization of the human liver
using 25-MHz B-mode ultrasound in vitro. The initial
experiments revealed promising preliminary results.
Some qualitative similarities can be found in comparison
of the histologic images of steatosis livers with the 25-
MHz ultrasound images. Figure 1a shows that the ste-
atosis-affected hepatocytes (grade 1) were located
mainly in the central area of the acinus and that the
clusters of affected hepatocytes appeared to be oval
(indicated by the arrow). The 25-MHz ultrasound image
shows a similar pattern to the clusters of affected hepa-
tocytes shown in Fig. 1a (indicated by the arrow in Fig.
1b). Figure 1c shows that the steatosis-affected hepato-
cytes in another liver (grade 1) were located mainly in
the periportal area (indicated by the arrow). Again, the
25-MHz B-mode image in Fig. 1d presents a similar
pattern (indicated by the arrow). Also, comparison of the
25-MHz ultrasound images of a mild steatosis liver with
those of a severe-steatosis liver revealed that brightened
lesions (representing the steatosis areas) occupy larger
areas in the latter. Thus, 25-MHz B-mode ultrasound
seemed to have the ability to reveal detailed morphologic
changes of steatosis. The results of this feasibility study
could form the foundation of the use of intravascular

high-frequency ultrasound in liver disease classification.
MATERIALS AND METHODS

Image feature extraction and classification
The increase in echogenicity of liver relative to that

of the kidneys associated with steatosis has been utilized
in clinical diagnoses (Joseph et al. 1991). However,
computer-aided diagnosis requires more image features.
The present study adopted the gray-level concurrence
(GLC) (Wu et al. 1992) and NSW (Mojsilovic et al.
1998) methods to classify steatosis grades using the
support vector machine (SVM), a classification tech-
nique proposed by Cortes and Vapnik (1995).

In the GLC method, a spatial gray-level dependence
matrix (i.e., the concurrence matrix) is first calculated
(Haralick 1973). The matrix, Co(i,j;d,�), represents the
probability that the first pixel has a gray level of i and the
second pixel has a gray level of j under the condition that
the distance between the two pixels is d in the direction
� (Wu et al. 1992). Figures 2a and 2b show the concur-
rence matrices (d � 6, � � 0°) of 25-MHz ultrasound
images of a steatosis liver and a nonsteatosis liver, re-
spectively. Generally, the probability pattern of the con-
currence matrix of a steatosis liver has a wider distribu-
tion than that of a nonsteatosis liver. Image features such
as the angular second moment, contrast, correlation, en-
tropy and sum entropy can be derived from the concur-
rence matrix (Wu et al. 1992; Yeh et al. 2003).

In addition to GLC, NSW was also applied to ex-
tract the image features, using the quincunx wavelet
transform (Mojsilovic et al. 1998; Yeh et al. 2003). In
this case, the original image was filtered by a 2-D dia-
mond-shaped high-pass filter and a low-pass filter of the

Fig. 1. (a) and (c) Low-magnification images of two steatosis
livers with Masson’s trichrome stain; image size is 21.0 � 16.0
mm. (b) and (d) The corresponding 25-MHz ultrasound images;
image size is 18.6 � 11.8 mm. The steatosis patterns (arrows in
(b) and (d)) in the 25-MHz ultrasound images are very similar
to those in the low-magnification images (arrows in (a) and (c)).
same shape before it was downsampled to a new image
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with half the original area. Filtering and downsampling
were performed four times, thus producing high-pass-
filtered subimages H1–H4 and low-pass-filtered subim-
ages L1–L4. The variances of images H1–H4 and L4
were taken as the image features (Mojsilovic et al. 1998;
Yeh et al. 2003). Figure 3 compares the NSW output
images of a steatosis liver (Fig. 3a) with those of a
nonsteatosis liver (Fig. 3b) (25-MHz ultrasound). In this
particular case, the variances of the output images
(H1–H4 and L4) of the steatosis liver (1037.1, 568.3,
376.4, 416.4 and 1529.5, respectively) exceed those of
the nonsteatosis liver (964.1, 465.5, 243.8, 177.2 and
428.4, respectively).

The features extracted by the above two methods
were used for classification. This study used the SVM as
a classifier. The SVM maps features of the training
examples to a higher dimensional space and finds a
hyperplane to separate the two classes with the decision

Fig. 2. B-mode subimages of 25-MHz ultrasound with their
corresponding concurrence matrices in (a) a steatosis liver

(grade 1) and (b) a nonsteatosis liver.
boundary set by the support vectors (Burges 1998; Chan
et al. 2002). A multiclass SVM classifier developed by
Junshui Ma (NIS-2, Los Alamos National Laboratories,
USA) and Yi Zhao (Electrical Engineering Department,
Ohio State University, USA) was used in this study (see
http://www.csie.ntu.edu.tw/�cjlin/libsvm).

Image acquisition and processing
Nineteen fresh human liver samples obtained from

surgical specimens were studied. Among them, 13 sam-
ples had hepatitis B virus (HBV) infection, three samples
had hepatitis C virus (HCV) infection and the others had
no evidence of HBV or HCV infection. These specimens
were cut into bar shapes (3 to 5 cm wide, 2 to 3 cm thick
and 5 to 6 cm long) and immersed in normal saline. After
scanning by 25- and 7-MHz ultrasound, the specimens
were graded for steatosis histologically.

High-frequency ultrasound (25 MHz)
A lithium-niobate single-crystal focused transducer

(NIH Resource Center for Medical Ultrasonic Trans-
ducer Technology, Penn State University, USA) was
used. The center frequency of the transducer was 44
MHz (�6 dB bandwidth: 34 to 59 MHz). The transducer
had a diameter of 6 mm and was geometrically focused
at 12 mm. The distance from the probe to the surface of
the liver samples was initially set to 10 mm. An arbi-
trary-function generator (DAC200, Signatec, Corona,
CA, USA) was used to generate the desired transmit
waveform, which was sent to a power amplifier
(25A250A, Amplifier Research, Souderton, PA, USA) to
drive the lithium-niobate focused transducer. A three-
axis motor system with the precision of 1 �m (SMAC,
Taipei, Taiwan) was used to control the relative position
between the target and the transducer. To extend the
depth of focus of the fixed-focus transducer, two images

Fig. 3. Nonseparable wavelet transform of (a) a steatosis liver
(grade 1) and (b) a nonsteatosis liver. H1–H4: images after
high-pass filtering and downsampling. L4: image after final
low-pass filtering and downsampling.



602 Ultrasound in Medicine and Biology Volume 31, Number 5, 2005
were acquired and combined (also known as a depth
scan). The two images corresponded to two transducer
positions separated by 2 mm in the axial direction (Pass-
mann and Ermert, 1996). The scan-line data acquired at
each position were detected by an ultrasonic receiver
(5900, Panametrics, Waltham, MA, USA). Finally, the
signal was sampled with an analog-to-digital converter at
200 Msamples/s with an 8-bit resolution (PDA500, Sig-
natec) and recorded on the hard disk of a personal
computer.

For 25-MHz imaging, three cycles of a sine-wave
pulse with a center frequency of 25 MHz were transmit-
ted. Note that 25 MHz was used instead of the center
frequency of transducer, because 44 MHz did not have
adequate penetration depth required by this study. The
spacing between two adjacent scan lines was 20 �m. The
scanning distance was 20 mm and the scanning time was
0.2 s for each frame. The signal-to-noise ratio at the focal
point was around 30 dB. All images in this paper are
displayed with a 36-dB dynamic range.

Conventional ultrasound (7 MHz)
After the 25-MHz data were acquired, the same

specimen was scanned using a 7-MHz linear-array trans-
ducer (10L/LOGIQ 500, GE, Chalfont St. Giles, UK) in
a water tank. Three-dimensional data were acquired
whilst using a stepper motor to move the probe. The
images were then acquired using a frame grabber
(UPG401B, UPMOST, Taipei, Taiwan) with 256 gray
levels and 320 � 240 pixels per image.

Image processing
A subimage of 64 � 64 pixels (11.0 � 11.0 mm and

2.8 � 2.8 mm, equivalent to 51.3 � 51.3 � and 46.7 �
46.7 � for 7- and 25-MHz, respectively, where � is the
ultrasound wavelength) was selected from each image.
Areas of blood vessels and image artifacts, such as
shadowing, were avoided. Ten subimages at each fre-
quency were selected for each specimen; the cross-cor-
relation coefficients among the images were all below
0.5. Gray-scale mapping was not adjusted, because the
gain and the dynamic range were fixed during image
acquisition. Image features were extracted using the
GLC and NSW methods from these subimages.

After ultrasound scanning, the specimens were fixed
in formalin and embedded in paraffin. Several sections
were cut from each specimen at a thickness of 5 �m and
stained with Masson’s trichrome stain for histologic ex-
amination. Slices of all specimens were photographed
with a digital camera (S85 Sony, Tokyo, Japan) under
low magnification (3�). The steatosis grade was classi-
fied by an experienced pathologist according the follow-
ing criteria (Brunt et al. 1999): 0, no fatty change; 1, less

than 33% of hepatocytes affected; 2, 33 to 66% of
hepatocytes affected; and 3, more than 66% of hepato-
cytes affected. A semiautomatic method to calculate the
percentage of affected hepatocytes was also adopted to
verify the results of steatosis grading. The liver slices
were also photographed at high magnification (30�)
with a digital camera (Coolpix 4500, Nikon, Tokyo,
Japan) mounted on a microscope (XTL 300A, Teng-Bo,
Taipei, Taiwan). The digitized images were then sent to
a personal computer and processed using commercial
image processing software (Photoshop version 4.0.1 TC,
Adobe, San Jose, CA, USA). The hepatocytes affected
by steatosis (black arrow in Fig. 4a) are shown in white
in Fig. 4b; unaffected hepatocytes are gray and the other
tissues, such as fibrosis regions (white arrow in Fig. 4a),
are black. The percentage of steatosis can be calculated
as the number of affected hepatocytes (number of white
pixels in Fig. 4b) divided by the total number of hepa-
tocytes (number of white and gray pixels) and the ste-
atosis grade can be determined. The four grades of ste-
atosis were then combined into two, three and four
classes according to the following criteria: two classes
(grade 0 and grades 1 to 3; representing nonsteatosis and
steatosis), three classes (grade 0, grade 1, and grades 2
and 3; representing nonsteatosis, mild steatosis and ob-
vious steatosis) and four classes (all four grades). The
classification accuracy was tested using the SVM by the
leave-one-out method (Ney et al. 1995; Weiss 1991).
After testing, the classification results were recorded.
The process was repeated until all images had been
tested. The accuracy was then determined as

Accuracy �
CI

N
, (1)

where CI is the number of correct incidences in a par-
ticular class and N is the total number of samples in that
class. Various combinations of input features (angles and
distances of GLC; filter pairs of NSW) and SVM param-
eters (penalty term and kernel-function parameters) were
tested to determine the best performance achievable

Fig. 4. (a) A high-magnification image of a steatosis liver
(grade 2) with Masson’s trichrome stain; image size is 2.1 �1.6
mm. (b) The steatosis-affected hepatocytes (black arrow in (a))
are shown in white, unaffected hepatocytes are gray and the

other tissues (white arrow in (a)) are black.
(Yeh et al. 2003).
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RESULTS

The numbers of specimens in each steatosis grade
are as the following: nine in grade 0, seven in grade 1,
two in grade 2 and one in grade 3. Table 1 lists the mean
steatosis percentages (calculated from five different im-
ages of each specimen) and the grading results of the 10
steatosis specimens using the semiautomatic method and
also by the pathologist. It was verified that the grading
results were the same by both methods. All the classifi-
cation results herein were estimated with a Gaussian
radial-basis function kernel, since this outperformed the
polynomial kernel. Table 2 presents the classification
accuracy obtained using the GLC features and the NSW
features. It shows that the accuracy of the NSW is better
than that of the GLC. Combining features slightly im-
proves the performance. The combination of all features
of the GLC (d � 6, � � 0°) and all features of the filter
pair B of NSW (as defined in Yeh et al. 2003) yielded the
best results among all the different combinations. For
25-MHz ultrasound images, the best classification accu-
racies of the two, three and four classes were 90.5%,
85.8% and 82.6%, respectively, as shown in Table 3,
which were markedly better than those for conventional
ultrasound at 7 MHz (best classification accuracies of
81.6%, 75.8% and 74.2%, respectively).

DISCUSSION AND SUMMARY

The 25-MHz images resulted in more accurate ste-
atosis classification. The Figure 6 compares the images
for 25- and 7-MHz ultrasound. The hepatocytes affected
by steatosis in the high-magnification image (indicated

Table 1. Mean percentage of steatosis and grading of te
and by t

Specimen no. 1 2 3 4
Mean percentage 9.5 49.2 12.6 14.5
Semiautomatic 1 2 1 1
Pathologist 1 2 1 1

Table 2. The c

Method GLC (d � 6)

Group 1 2 3

2 83.7 81.6 82.1
3 74.7 74.2 76.3
4 70.0 70.5 74.7
GLC: gray-level concurrence; NSW: nonseparable wavelet transform; d: di
for the GLC; A, B, C: different filter pairs for the NSW as defined in Yeh et
by the arrow in Fig. 5a) appear as bright oval or strip-
shaped structures in the low-magnification image (indi-
cated by the arrow in Fig. 5b). Furthermore, the pattern
of steatosis distribution in Fig. 5b is more clearly dem-
onstrated in the 25-MHz ultrasound image (indicated by
the arrow in Fig. 5c) than in the 7-MHz ultrasound image
(indicated by the arrow in Fig. 5d). Because the spatial
resolution is directly related to the frequency, the 25-
MHz images resembled the low magnification optical
images, while the 7-MHz images did not contain the
details.

On histologic sections, fat in the liver appears as a
globular intracytoplasmic clear space, since the fat is
removed by routine tissue processing that leaves only the
shape interface that the lipid body forms with the remain-
ing aqueous cytoplasm (Edmonson and Peters 1985).
Liver steatosis is usually graded using slices stained with
hematoxylin and eosin (Brunt et al. 1999). With Mas-
son’s trichrome stain, the fatty droplets can still be rec-
ognized easily and the fibrosis tissue can also be dem-
onstrated clearly (Fig. 4a).

The degree of liver fibrosis ranges from fibrous
expansion in the portal area to cirrhosis (Edmonson and
Peters 1985). Fibrosis and steatosis often coexist in the
liver. Steatosis induces fibrosis and HBV hepatitis is also
complicated with steatosis. Detections of fibrosis and
steatosis grades are both needed in liver tissue charac-
terization. In our 19 liver samples, 13 had HBV infec-
tion, three had HCV infection and the others had no
evidence of HBV or HCV infection. All samples had
fibrosis (7 cirrhosis, 12 noncirrhosis). Among the 10
steatosis cases, two had cirrhosis. Using GLC and NSW,

imens of steatosis livers by the semiautomatic method
hologist

5 6 7 8 9 10
34.4 75.9 4.3 17.8 2.2 18.0
2 3 1 1 1 1
2 3 1 1 1 1

ation accuracy

Accuracy (%)

NSW

4 A B C

81.6 90.5 88.4 87.9
73.7 84.7 77.9 82.1
71.1 82.6 75.8 79.5
n spec
he pat
lassific
stance of pixels, 1: � � 0°, 2: � � 45°, 3: � � 90° and 4: � � 135°
al. (2003).
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we have compared the image features of a cirrhotic liver
with those of a steatosis liver. Generally speaking, values
of the GLC and the NSW image features lie in different
ranges among a cirrhotic liver, a steatosis liver and a
nonsteatosis/ noncirrhotic liver. Nonetheless, the classi-
fication accuracy decreased when we attempted to dif-
ferentiate different steatosis grades from fibrosis grades.
The decrease may be due to the inherent limitation of
such a classification approach, but may also be partly due
to the limited number of liver samples in each individual
combination of steatosis and fibrosis grades.

High-frequency ultrasound provides better spatial
resolution and reveals more details of steatosis than does
conventional ultrasound (operating at lower frequencies),
but its clinical applications are limited by intraabdominal
organs being difficult to visualize, because high fre-
quency sound waves cannot penetrate the abdominal
wall. The intravascular approach may be a potential
solution to this problem. In addition to the limited pen-

Fig. 5. (a) A high-magnification image of a steatosis liver (grade
2) with Masson’s trichrome stain; image size is 2.1 � 1.6 mm.
Hepatocytes affected by steatosis are indicated by the arrow. (b) A
low-magnification image with Masson’s trichrome stain; image
size is 19.6 � 16.0 mm. Hepatocytes affected by steatosis are
shown as light gray (arrow). (c) The corresponding 25-MHz
ultrasound image; image size is 18.6 � 11.8 mm. The steatosis
regions appear bright (arrow). (d) The corresponding 7-MHz ul-
trasound image; image size is 20.0 � 15.0 mm. The margins of

Table 3. The classification accuracy with combined features

Number
of classes

Accuracy in different steatosis grade (%)

3 2 1 0 Overall

2 90 91 90.5
3 66.7 81.4 95.6 85.8
4 20.0 65.0 82.9 93.3 82.6
steatosis areas are not clearly evident (arrow) at 7 MHz.
etration, the small depth of focus of the single-crystal
probe creates another limitation. For example, fibrosis
patterns, especially cirrhosis, may not be adequately
demonstrated using high-frequency ultrasound. The di-
ameter of regenerative nodules (the key feature for the
pathologic diagnosis of cirrhosis) is generally greater
than 3 mm in patients with late-phase of hepatitis-B
cirrhosis (Edmonson and Peters 1985). We have previ-
ously classified the fibrosis grade by SVM using 7-MHz
ultrasound (Yeh et al. 2003) and the increased spatial
resolution of 25-MHz may not improve the classification
of fibrosis, due to the limited penetration and the small
depth of focus. Nevertheless, the depth of focus can be
increased by using a high-frequency array transducer
with dynamic focusing (Buma et al. 2003).

Among the 10 steatosis cases investigated here, two
cases with very mild steatosis in the central area of the
acinus presented inhomogeneous brightened lesions in
the 25-MHz ultrasound images (Fig. 6a). Figure 6b
shows the magnified region of interest (white window in
Fig. 6a), in which the intensity of the central parts
(indicated by the triangle) is higher than that of the
surrounding parts of the brightened lesions (indicated by

Fig. 6. (a) A 25-MHz ultrasound image of a steatosis liver
(grade 1); image size is 18.6 � 11.8 mm. (b) Magnified
B-mode image of the region-of-interest (white window in (a));
image size is 4.0 � 3.0 mm. In the bright regions, the intensity
of central parts (triangle) is higher than that of the surrounding
areas (arrows). (c) A high-magnification image with Masson’s
trichrome stain; image size is 2.1 � 1.6 mm. The central
steatosis part of the acini (indicated by the triangle) corre-
sponds to the brightest regions in the ultrasound image (also
indicated by the triangle in (b)). The pericentral areas of the
acini corresponding to the less-bright regions in the ultrasound
image (arrows in (b)) are indicated by arrows. (d) A high-
magnification image with periodic acid-Schiff stain; image size
is 2.1 � 1.6 mm. The pericentral areas of the acini show a
strong positive reaction to the special stain for glycogen

(arrows).
the arrows). Correlating with the high-magnification im-
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age shown in Fig. 6c, the central brightest regions in the
ultrasound images correspond to the steatosis areas (in-
dicated by the triangle); the less-bright areas in the ul-
trasound images correspond to the gray pericentral parts
of the acinus (indicated by the arrows). These pericentral
parts had a positive reaction (indicated by the arrows in
Fig. 6d) to the periodic acid-Schiff stain which is a
special stain for glycogen (Hammad et al. 1982). This
showed that 25-MHz ultrasound can also potentially
detect the glycogen storage area, where the image inten-
sity is lower than in the steatosis area. With conventional
ultrasound, the livers in patients with glycogen storage
disease or hepatic glycogenosis are frequently diagnosed
as steatosis liver (Chatila and West 1996; Lee et al.
1994). With high-frequency ultrasound, the glycogen
storage areas can be further differentiated, making non-
invasive studies of glycogen metabolism possible.

In conclusion, the 25-MHz ultrasound images re-
sulted in more accurate steatosis classification. However,
future clinical applications will require the limitations of
poor penetration depth and small focal zone to be over-
come.
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