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Abstract—Nonalcoholic fatty liver disease is a type of hepatic steatosis that is not only associated with critical
metabolic risk factors but can also result in advanced liver diseases. Ultrasound parametric imaging, which is
based on statistical models, assesses fatty liver changes, using quantitative visualization of hepatic-steatosis–
caused variations in the statistical properties of backscattered signals. One constraint with using statistical models
in ultrasound imaging is that ultrasound data must conform to the distribution employed. Small-window entropy
imaging was recently proposed as a non–model-based parametric imaging technique with physical meanings of
backscattered statistics. In this study, we explored the feasibility of using small-window entropy imaging in the
assessment of fatty liver disease and evaluated its performance through comparisons with parametric imaging
based on the Nakagami distribution model (currently the most frequently used statistical model). Liver donors
(n = 53) and patients (n = 142) were recruited to evaluate hepatic fat fractions (HFFs), using magnetic resonance
spectroscopy and to evaluate the stages of fatty liver disease (normal, mild, moderate and severe), using liver biopsy
with histopathology. Livers were scanned using a 3-MHz ultrasound to construct B-mode, small-window entropy
and Nakagami images to correlate with HFF analyses and fatty liver stages. The diagnostic values of the imaging
methods were evaluated using receiver operating characteristic curves. The results demonstrated that the entropy
value obtained using small-window entropy imaging correlated well with log10(HFF), with a correlation coeffi-
cient r = 0.74, which was higher than those obtained for the B-scan and Nakagami images. Moreover, small-
window entropy imaging also resulted in the highest area under the receiver operating characteristic curve (0.80
for stages equal to or more severe than mild; 0.90 for equal to or more severe than moderate; 0.89 for severe),
which indicated that non–model-based entropy imaging—using the small-window technique—performs more fa-
vorably than other techniques in fatty liver assessment. (E-mail: tsuiph@mail.cgu.edu.tw) © 2018 World Federation
for Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Hepatitis steatosis is a condition characterized by the
accumulation of fat in hepatocytes and may progress to

nonalcoholic steatohepatitis, fibrosis, cirrhosis and even
hepatocellular carcinoma (Raff et al. 2015). Nonalco-
holic fatty liver disease (NAFLD) is the type of hepatic
steatosis that most commonly leads to chronic liver disease
(Loomba et al. 2012). In addition, NAFLD is related to
metabolic risk factors including cardiovascular disease,
obesity, diabetes mellitus and dyslipidemia (Lin et al. 2015).
Therefore, early diagnosis and assessment of hepatic
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steatosis are crucial for prompt treatment and for prevent-
ing cirrhosis.

Conventionally, liver biopsy is considered the golden
standard of fatty liver assessment (Bravo et al. 2001). Liver
biopsy may result in sampling errors and have complica-
tions such as bleeding (Nalbantoglu and Brunt 2014;
Sumida et al. 2014). Because most patients with fatty livers
do not have clinical symptoms, performing liver biop-
sies during routine examination is difficult and unethical.
Therefore, using noninvasive imaging techniques to assess
fatty livers is of clinical interests. Compared with other
methods, ultrasound imaging is widely used as a first screen
for liver disease. Ultrasound characterizes liver tissues by
transmitting ultrasound waves to the liver; liver paren-
chyma can thus be modeled as a scattering medium that
consists of numerous acoustic scatterers. Various scat-
terer arrangements or structures result in various acoustic
properties, which are used to distinguish tissues. For
example, acoustic attenuation (Kanayama et al. 2013; Lu
et al. 1999) and the backscatter coefficient (Lu et al. 1999)
have been used in liver disease assessment. Microstruc-
ture changes within liver parenchyma alter the speckle
pattern and image texture of a B-mode image (Berzigotti
and Castera 2013; Toyoda et al. 2009). B-mode image
texture analyses have also been employed to assess the fat
in the liver (Gaitini et al. 2004; Layer et al. 1991). However,
texture analysis is typically based on processed gray-
scale images (not raw data), and the process of tissue
characterization is thus system dependent (Chang et al.
2005).

A speckle pattern is formed by ultrasound
radiofrequency (RF) backscattered echoes, which are typ-
ically considered random signals. Based on signal
randomness, analysis of the statistical distribution of
backscattered signals may provide clues that are useful in
the diagnosis of liver diseases. Acoustic structure quan-
tification (ASQ) is a technique that has recently been
employed to characterize liver parenchyma by measur-
ing the difference between backscattered statistics and the
Rayleigh distribution. The ASQ technique has been used
to assess liver fibrosis (Huang et al. 2015, 2016) and to
determine the stage of NAFLD (Karlas et al. 2015; Kuroda
et al. 2012; Lee et al. 2017; Shen et al. 2016; Son et al.
2016); however, it was argued that it is an imprecise tool
(Krämer et al. 2014). One study suggested using the shape
parameter of the Nakagami statistical model to more pre-
cisely quantify liver tissue echo amplitude statistics (Tsui
et al. 2016a). Several non-Rayleigh statistical models have
also been proposed to describe backscattered statistics for
ultrasound tissue characterization. The homodyned-K dis-
tribution has been recommended as a general model of
ultrasound backscattering (Destrempes and Cloutier 2010;
Hruska and Oelze 2009). However, considering the ana-
lytical complexity of the homodyned-K distribution, the

Nakagami distribution—with its useful approximation of
backscattered statistics, simplicity and low computa-
tional complexity—is the most frequently adopted method
for tissue characterization (Mamou and Oelze 2013). Re-
cently, ultrasound Nakagami parametric imaging based on
the Nakagami distribution has been systematically vali-
dated (Ma et al. 2016; Tsui and Chang 2007; Tsui et al.
2014, 2015; Yu et al. 2015). Several studies have sup-
ported the practicality of Nakagami imaging in biologic
and medical applications, such as in thermal ablation moni-
toring (Wang et al. 2013; Zhang et al. 2014, 2017),
atherosclerotic plaque characterization (Han et al. 2017)
and cataract detection (Caixinha et al. 2014). Nakagami
images were also correlated with fatty liver stages in
animals (Ho et al. 2013) and humans (Wan et al. 2015).

The Nakagami distribution and imaging technique per-
forms well at tissue characterization; however, a prerequisite
for using statistical models describing the statistical prop-
erties of echo signals is that the ultrasound backscattered
data must conform to the used distribution (Shankar 2006;
Smolikova et al. 2004; Tsui et al. 2011; Zhou et al. 2014),
which is not always satisfied because of the differing signal
detection and processing hardware and software designs
among the different ultrasound imaging systems. From this
point of view, non-model–based parameters, which can be
calculated using any data regardless of the distribution
model, have practical application in tissue characteriza-
tion. Shannon (1948) established information theory and
defined entropy (not based on a particular statistical dis-
tribution) as a measure of information uncertainty. Hughes
pioneered the use of Shannon entropy for analyzing ul-
trasound signals, indicating that entropy can quantitatively
depict changes in the microstructures of scattering media
(Hughes 1992, 1993, 1994; Hughes et al. 2007, 2013). In
our recent study, we showed that the Shannon entropy is
proportional to the Nakagami parameter (Tsui 2015) and
demonstrated that ultrasound entropy imaging allows vi-
sualization of the changes in signal uncertainty induced
by fatty infiltration in the liver (Tsui and Wan 2016b). In
particular, small-window entropy imaging was proposed
to improve the spatial resolution and suppress boundary
artifacts (Tsui et al. 2017a).

In this study, we explored the feasibility of using
small-window entropy imaging in ultrasound quantifica-
tion of hepatic steatosis and to compare the performance
of small-window entropy imaging with that of B-mode and
Nakagami parametric imaging. Liver donors and pa-
tients were recruited and scanned, using ultrasound for
parametric imaging and analysis. The stages of hepatic ste-
atosis were identified using hydrogen 1 (1H) proton
magnetic resonance (MR) spectroscopy (i.e., 1H-MRS) and
histologic findings. The clinical results revealed that small-
window entropy imaging had superior performance in fatty
liver assessment compared with conventional B-mode and
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