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Abstract

AIM: To use leptin-deficient (ob/0b) mice with dem-
onstrated differences in steatosis levels to test a new
diagnostic method using the acoustical structure quan-
tification (ASQ) mode and the associated analytical pa-
rameter, “focal disturbance ratio” (FD-ratio).

METHODS: Nine ob/0b mice, at 5, 8, and 12 wk of age
(n = 3 in each age group), were used as models for
hepatic steatosis. Echo signals obtained from ultrasonog-
raphy in the mice were analyzed by ASQ, which uses a
statistical analysis of echo amplitude to estimate inho-
mogeneity in the diagnostic region. FD-ratio, as calculat-
ed from this analysis, was the focus of the present study.
FD-ratio and fat droplet areas and sizes were compared
between age groups.
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RESULTS: No fibrosis or inflammation was observed
in any of the groups. The fat droplet area significantly
(P < 0.01) increased with age from 1.25% £ 0.28% at
5 wk to 31.07% £ 0.48% at 8 wk to 51.69% % 3.19%
at 12 wk. The median fat droplet size also significantly
(P < 0.01) increased with age, from 1.33 (0.55-10.52)
um at 5 wk, 2.82 (0.61-44.13) um at 8 wk and 6.34
(0.66-81.83) um at 12 wk. The mean FD-ratio was 0.42
+ 0.11 at 5 wk, 0.11 £ 0.05 at 8 wk, and 0.03 £ 0.02
at 12 wk. The FD-ratio was significantly lower at 12 wk
than at 5 wk and 8 wk (P < 0.01). A significant nega-
tive correlation was observed between the FD-ratio and
either the fat droplet area ( = -0.7211, P = 0.0017) or
fat droplet size (r = -0.9811, £ = 0.0052).

CONCLUSION: This tool for statistical analysis of
signals from ultrasonography using the FD-ratio can
be used to accurately quantify fat /7 vivo in an animal
model of hepatic steatosis, and may serve as a quanti-
tative biomarker of hepatic steatosis.

© 2012 Baishideng. All rights reserved.

Key words: Non-alcoholic fatty liver disease; Quantita-
tion of hepatic steatosis; Animal model; Focal distur-
bance ratio; Acoustic structure quantification; Ultraso-
nography

Peer reviewer: Ilker Tasci, MD, Associate Professor, Depart-
ment of Internal Medicine, Gulhane School of Medicine, 06018
Ankara, Turkey

Kuroda H, Kakisaka K, Kamiyama N, Oikawa T, Onodera M,
Sawara K, Oikawa K, Endo R, Takikawa Y, Suzuki K. Non-inva-
sive determination of hepatic steatosis by acoustic structure quan-
tification from ultrasound echo amplitude. World J Gastroenterol
2012; 18(29): 3889-3895 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v18/i29/3889.htm DOI: http://dx.doi.
org/10.3748/wjg.v18.i29.3889

August 7,2012 | Volume 18 | Issue 29 |



Kuroda H et a/. Quantification of hepatic steatosis by ASQ

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a clinically
important disease that occurs in subjects with underly-
ing conditions such as obesity or insulin resistance, and is
frequently accompanied by metabolic syndrome, including
diabetes, hypetlipidemia and/or hypertension“fs]. Non-al-
coholic steatohepatitis (NASH) is the most extreme form
of NAFLD, and is regarded as a major cause of cirrhosis
of the liver of unknown cause"”. Methods for early de-
tection and assessment of NAFLD through quantitative
measurement of steatosis are needed to achieve earlier
intervention and avoid the progression to cirrhosis.

The gold standard for quantitative assessment of ste-
atosis has been considered to be liver histology" . How-
ever, liver biopsy shows various limitations, such as po-
tential sampling error, difficulties repeating the procedure
because of ethical concerns, and complications including
bleedingm]. Non-invasive alternatives to liver biopsy thus
need to be established.

Several methods have recently been established for
non-invasively quantifying steatosis using imaging tech-
niques. Non-invasive modalities such as ultrasonography,
computed tomography (CT), and magnetic resonance
imaging (MRI) have been employed for the assessment of
hepatic steatosis' . However, using these modalities for
the repeated evaluation of NAFLD is difficult, because
CT involves radiation exposure and MRI is expensive to
perform. From these perspectives, ultrasonography repre-
sents an excellent examination modality that is minimally
invasive, inexpensive, and can be performed repeatedly
with no risk to the patient. Furthermore, ultrasonography
is known to be highly sensitive for detecting fat accumula-
tion in the liver"!. However, the diagnostic performance
of ultrasonography depends on the empirical and qualita-
tive reading skills of the examiner, and quantitative meth-
ods to evaluate liver lipogenesis have yet to be established.

In recent years, Yamaguchi et al'™™ have reported
that diffuse pathological changes in the liver tissue can
be quantitatively evaluated based on the statistical devia-
tion of ultrasound signals compared to normal liver.
Generally, ultrasonographic images of parenchymal ot-
gans such as the liver are designated as having a “speckle
pattern” consisting of numerous fine echo spots. The
speckle pattern is constructed by ultrasonic interference
of scattered ultrasound waves generated by innumerable
reflexive objects that are distributed closer than the ultra-
sonic Wavelengthm’wl. Image analysis of speckle patterns
has been used to identify tissue characteristics associated
with chronic liver diseases, because the pattern changes
according to the structural characteristics of the medium.
One such analytical method, the probability density func-
tion (PDF) of the echo amplitude of a speckle pattern,
has been reported to be approximated by a function
called the Reyleigh distribution. Moreover, Toyoda ef a/™”
proposed the acoustical structure quantification (ASQ)
method and reported the possibility of quantifying dif-
fuse liver disease or monitoring regression/progtression
in cases of liver fibrosis and during treatment. However,
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no reports have yet described assessments of hepatic ste-
atosis in NAFLD patients using this tool for the statisti-
cal analysis of ultrasonic signals.

The present study aimed to validate a quantitative im-
aging technique used to detect and measure steatosis with
statistical information from ultrasound echo signals with
the focal disturbance ratio (FD-ratio) as a parameter in
leptin-deficient (0b/0b) mice, a pure NAFLD model.

MATERIALS AND METHODS

This study was a collaborative effort between Iwate Med-
ical University and Toshiba Medical Systems. However,
no direct financial support was received from Toshiba
Medical Systems for this study.

Animals

The animal research protocols for this prospective study
were approved by our institutional research animal re-
source center. Nine 5 wk old (at the start of the study)
male ob/0b mice were purchased from Charles River
Laboratories (Yokohama, Japan) and maintained on con-
ventional food and water throughout the experiment.
These mice were divided into 3 groups (# = 3 each) that
underwent the experiment described below at 5, 8 and
12 wk old, respectively.

General anesthesia was induced in mice by intra-
petitoneal administration of 40-50 mg/kg pentobarbital
sodium (Ovation Pharmaceutical, Deetfield, IL), and un-
derwent laparotomic ultrasonography, prior to having the
liver extracted for histological examination.

Ultrasonographic imaging

An AplioXG ultrasound scanner (Toshiba Medical Sys-
tems, Otawara, Japan) was combined with a 12 MHz
linear transducer (PLT-1204BT) for ultrasonographic
investigations in this study. The scan mode was harmonic
B-mode imaging (T: 6.0/R: 12.0 MHz). Display depth
and transmit focus were fixed at 15 mm and 7.5 mm,
respectively, and cross-sectional images of the hepatic
parenchyma were recorded digitally with raw data, con-
sisting substantially of the linear amplitudes without any
cosmetic image processing. Raw data were uploaded to a
personal computer in the DICOM format. FD-ratio was
determined using ASQ software (details described in the
next section). A region of interest (ROI) was set to a fixed
depth of 2.5 mm to the liver surface (Figure 1). FD-ratio
was measured 10 times in succession, and the mean value
(after excluding outliers) was used as the final result. In
parallel, mean echo intensity of the hepatic parenchyma
was measured using Image-] image analysis software

(NIH, United States).

Analytical method

The principles of the ASQ method™ are as follows. When
echo signals are generated from very small, dense scatters
located beyond the limit of spatial resolution, the pat-
tern of the ultrasound image is constructed based on the
interference of the sound waves (speckle noise). In that
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Figure 1 Acoustic structure quantification imaging. In parametric imaging,
the intensity distribution can be visualized and displayed on a split screen by
color coding. The large-region of interest was set at a fixed depth of 2.5 mm
from the liver surface.

case, the PDF of the echo amplitude can be approximat-
ed using the Rayleigh distribution function. In normal
liver parenchyma, such statistical results are not described
by the Rayleigh distribution due to the existence of struc-
tures such as vessel walls. Results for livers with either
nodules or fibrosis, i.e., liver cirrhosis, are even less simi-
lar to the Rayleigh distribution. We hypothesized that in
the case of progression of fat drops, these scatters would
generate wave interference or mask the original small
structutres, which would change the PDF to more closely
resemble a Rayleigh distribution.

Once the examiner sets a comprehensive ROI (here-
inafter referred to as a large-ROI) on the image, several
hundred small ROIs (small-ROIs heteinafter) are auto-
matically set therein to calculate the PDF (Figure 2A).
The essential parametet, C2, in the analysis is defined by
the equation:

= Ou (Lji
"oor(w) \4-mu,

where p and o are the average and variance of the
echo amplitude in 2 small-ROI, respectively. The & ; () is a
variant if the Rayleigh distribution is estimated from the
measured average. Multiple results for small-ROIs in a
large-ROI are displayed as an occurrence histogram of
C (real line in Figure 2B). If samples consist of speckle
noise, the C* histogram will gather to 100 with narrow
variance, while structural information will make the aver-
age value larger and variance wider.

FD-ratio is calculated in the following manner. First,
C} is defined as:

op(n) \4-m/p
where om is the variance calculated from limited
samples less than p + 4o. If the ratio C'/C? is larger than
the threshold q,, the result of C? is eliminated from the
histogram (real line), but added to the alternative histo-
gram (dotted line). The FD-ratio is the ratio of the area
under the curve (AUC) for these two histograms: Rrp =

[AUC (teal)]/[AUC (dotted)].
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Figure 2 Schematic of region of interests used for statistical analysis of
the radio frequency signal with the acoustic structure quantification meth-
od, and the C_ -histogram. A: The set large-region of interest (ROI) actually
consists of several hundred small ROIs used to calculate multiple C, (intensity or
amplitude) values; B: Results are shown as the occurrence in the C_ histogram.

Here, the threshold o was set to 1.2, so Rep = 0 when
the samples show a Rayleigh distribution for the PDE,
and has a positive value in the presence of tiny structural
changes.

The ASQ software also has an imaging function that
reconstructs the 2-dimensional color map of the C mea-
sured for each position (parametric image).

Histopathological analysis

Histopathological examinations were performed by an
experienced pathologist certified by the Japanese Society
of Pathology. Images from liver biopsy samples were re-
corded using the JPEG format. Using Image-] software,
the percentage fat area was calculated from the ratio
between total fat tissue area and total specimen area, and
the mean value was used to denote the fat droplet area. In
addition, again using Image-] software, the maximum di-
ameter of fat droplets in 8 and 12 wk old mice was mea-
sured, and median values were used to denote the size of
fat droplets. The fat droplet area and size obtained in this
manner were compared with the FD-ratio.

Statistical analysis

Values are shown as mean * SD, or median (range) ac-
cording to the distribution of values. Stat View software
(version 5.0; SAS Institute, Cary, NC, United States) was
used for all statistical analysis. The Spearman rank-order
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Figure 3 Representative histological findings, B-mode images and acoustic structure quantification-mode images for each group. No fibrosis or inflam-
mation was observed in any groups. Large fat droplets were mainly observed at 12 wk old. In parametric imaging, red and green existed together at 5 wk, and red
decreased and green was more abundant at 12 wk. ASQ: Acoustical structure quantification.

correlation test was used to study correlations between
two variables, with a significant correlation considered
to exist for values of P < 0.05, and for correlation coef-
ficient » = 0.40. The Tukey-Kramer method was used for
multiple comparison tests, and values of P < 0.05 were
considered to indicate a significant difference.

RESULTS

Comparison of histological findings and liver
echogenicity

No fibrosis or inflammation was observed in any groups.
Large fat droplets were mainly observed at 12 wk
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(Figure 3). Fat droplet area increased significantly (P < 0.01
each) with age from 1.25% % 0.28% at 5 wk to 31.07% *
0.48% at 8 wk, and to 51.69% * 3.19% at 12 wk. Median
fat droplet size also increased significantly (P < 0.01 each)
with age, from 1.33 pm (range: 0.55-10.52 um) at 5 wk
to 2.82 um (range: 0.61-44.13 um) at 8 wk and 6.34 pm
(range: 0.66-81.83 um) at 12 wk (Figure 4). Mean Gray
values in each group were 65.31 £ 22.52 at 5 wk, 65.95 £
19.41 at 8 wk and 91.32 * 21.83 at 12 wk (Figure 5). Al-
though no differences were observed between the 5 and 8
wk old groups, mean gray value was significantly elevated
in the 12 wk old group, with an increase observed in the
brightness of the hepatic parenchyma.
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Figure 4 Comparison of fat droplet size. Median fat droplet size increased
significantly (°P < 0.01) with age, from 1.33 um (range: 0.55-10.52 um) at 5 wk,
to 2.82 pm (range: 0.61-44.13 um) at 8 wk and 6.34 um (range: 0.66-81.83 pm)
at 12 wk.
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Figure 5 Comparison of liver echogenicity. Mean gray values in each group
were 65.31 £ 22.52 at 5 wk, 65.95 + 19.41 at 8 wk, and 91.32 + 21.83 at 12 wk.
Although no difference was apparent between the 5 and 8 wk old groups, mean
gray value was significantly elevated in the 12 wk old group, with increased
brightness of the hepatic parenchyma. °P < 0.01. NS: Not significant.

Relationship between FD-ratio and fat droplet area or
size

Mean FD-ratio was 0.42 = 0.11 at 5 wk, 0.11 + 0.05 at
8 wk, and 0.03 £ 0.02 at 12 wk. The FD-ratio was signifi-
cantly lower at 12 wk than at 5 or 8§ wk (P < 0.01 each).
In parametric imaging, red and green existed together
at 5 wk, and the red had decreased and green was more
abundant at 12 wk (Figure 3). A significant negative cor-
relation was observed between FD-ratio and both fat
droplet area (r = -0.7211, P = 0.0017) (Figure 6A) and fat
droplet size (r=-0.9811, P = 0.0052) (Figure 6B).

DISCUSSION

The results of this study demonstrated a close correlation
between FD-ratio and the degree of histologically evalu-
ated fat accumulation in the liver. These data suggest that
ASQ analysis of liver ultrasonography and its representa-
tive parameter, FD-ratio, may offer a reliable new clinical
modality for the assessment of liver steatosis.

With regard to the ultrasonographic diagnosis of fatty
liver disease, Joseph e al'” advocated the bright liver pat-
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Figure 6 Relationship between “focal disturbance ratio” and fat droplet
area or size of fat droplets. A: Significant negative correlations were observed
between focal disturbance ratio (FD-ratio) and either fat droplet area (r =
-0.7211, P=10.0017); B: Fat droplet size (r=-0.9811, P = 0.0052).

tern, and attempts to quantify the hepatosplenic contrast
or hepatorenal contrast were subsequently proposed”* ™,
Although findings of a bright liver pattern and hepatore-
nal contrast are widely accepted as sensitive, reliable find-
ings for the presence of fatty liver disease, no quantitative
method to evaluate the severity of hepatic fat accumula-
tion has previously been established. The difficulties in
ultrasonographic diagnosis may originate from the fact
that image information obtained by conventional ultraso-
nography lacks an objective or quantitative nature, unlike
the X-ray absorbance in CT. In contrast, ASQ analysis
generate objective data and provide a quantitative assess-
ment of liver histology with respect to fat accumulation.
Taking into account the non-invasive and inexpensive
nature of ultrasonography, ASQ analysis could become a
mainstay in the diagnosis of fatty liver disease and evalu-
ations of disease severity and response to treatment. In
addition, these studies of tissue characterization using
ASQ analysis could lead to the development of methods
for the quantitative diagnosis of other diffuse liver dis-
eases, including fibrosis or inflammation, thus decreasing
the need for liver biopsies.

With regard to the ASQ method, procedures are
undertaken to analyze the RF signals for each of a large
number of small-ROIs set up within a large ROI, for the
purpose of improving analytical precisionmm. The as-
sumption is that in small-ROIs with a high degree of de-
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viation from the Rayleigh distribution, the strength of the
signals contained therein would be non-homogeneous.
We also assumed the presence of two kinds of inhomo-
geneous samples, i.c., diffuse inhomogeneity and focal
inhomogeneity, and by placing our focus on the small-
ROIs with a high degree of deviation from the Rayleigh
distribution resulting from a focally inhomogeneous
structure, we established FD-ratio as a parameter.

Conversely, a bright liver pattern and vascular blurring
are observed in fatty livers, due to reflection and scat-
tering of the ultrasound waves and physical pressure on
small blood vessels by ballooning hepatocytes induced
by the fat droplets. We predicted that, due to the large
number of fat droplets assembled densely (and thereby
enveloping structures such as small blood vessels and
bile ducts), the brightness of the hepatic parenchyma
would be increased, and hepatic vein walls would become
blurred, thus resulting in homogenization of the signal
strength in each small-ROI and a decrease in the number
of focally inhomogeneous small-ROIs. As a result, we
believed that, as the area and diameter of fat droplets
increased, the FD-ratio would decrease. Interestingly,
no significant difference was seen in the brightness of
hepatic parenchyma between 5 and 8 wk old mice, while
FD-ratios were lowest in 8 wk old mice. We can therefore
infer that a tool for the statistical analysis of ultrasonic
signals may detect, beyond a qualitatively oriented read-
ing ability, small changes in the speckle pattern caused by
steatosis.

In conclusion, a novel tool for the statistical analysis
of ultrasonic signals using FD-ratio as a parameter would
be useful for the quantitative evaluation of liver steatosis.
FD-ratio can therefore be used as a non-invasive biologi-
cal marker for the eatly detection and quantitative evalua-
tion of hepatic steatosis.
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Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic
liver disease. The gold standard for quantitative assessment of steatosis has
been considered to be liver histology. However, liver biopsy shows various
limitations and repeating the procedure is difficult because of ethical concerns.
Non-invasive alternatives to liver biopsy are thus needed.

Research frontiers

Non-invasive modalities such as ultrasonography, computed tomography,
and magnetic resonance imaging have been employed for the assessment of
hepatic steatosis. Researchers have recently reported that diffuse pathological
changes in liver tissue can be quantitatively evaluated as the statistical devia-
tion of ultrasound signals compared to normal liver. However, no reports have
described the assessment of hepatic steatosis in NAFLD patients using this tool
for the statistical analysis of ultrasonic signals.

Innovations and breakthroughs

This study validated a quantitative imaging technique used to detect and mea-
sure hepatic steatosis with statistical information from ultrasound echo signals
using focal disturbance ratio (FD-ratio) as a parameter in an animal model.
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Applications
FD-ratio can be used as a non-invasive biological marker for the early detection
and quantitative evaluation of hepatic steatosis.

Peer review
The authors present some pilot data from their research on the diagnostic utility
of a new ultrasound technique in an animal model of fatty liver.
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