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ORIGINAL ARTICLE
NON-INVASIVE QUANTIFICATION OF LIVER DAMAGE BY ANOVEL
APPLICATION FOR STATISTICAL ANALYSIS OF ULTRASOUND SIGNALS

Yuta Yakoshi”, Daisuke Kudo”, Yoshikazu Toyoki’, Keinosuke Isido”,
Norihisa Kimura®, Taiichi Wakiya", Shingo Sakuraba”, Tadashi Yoshizawa?,
Yoshiyuki Sakamoto”, Hiroshi Kijima2> and Kenichi Hakamada"

Abstract Aim: Hepatic steatosis is a major cause of steatohepatitis and is observed in several diffuse liver diseases.
We studied the efficacy of a novel ultrasound application, acoustic structure quantification (ASQ), for analyzing the
amount of fat deposition in the liver parenchyma.

Methods: Forty-three patients who received a hepatectomy at our institution participated in this study. An ultrasound
machine equipped with a software application for ASQ was used to detect steatosis prior to surgery. Non-tumoral
liver parenchyma obtained by hepatectomy was pathologically evaluated according to the three-grade system.
Results: Histopathologically, twenty-three patients did not present steatosis, seventeen presented grade 1, and the
remaining three presented grade 2 steatosis. The median “focal disturbance ratio” (FD-ratio), a representative index
obtained by ASQ, decreased with the steatosis grade, from 0.157 (range: 0.039-0.410) at steatosis grade 0, 0.085 (range:
0.021-0.159) at steatosis grade 1, and 0.039 (range: 0.021-0.048) at steatosis grade 2. There were significant differences
in the FD-ratio between steatosis grades 0 and 1 and between steatosis grades 0 and 2 (p = 0.001 and p = 0.007,
respectively).

Conclusions: ASQ can be useful during a quantitative examination of the fat accumulation in the liver parenchyma
and offers a reliable marker for the early detection of liver injury.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is
one of the most common causes of chronic liver
injury in many countries around the world".
NAFLD includes both simple steatosis and non-
alcoholic steatohepatitis (NASH)? that can
progressively lead to cirrhosis and ultimately
hepatocellular carcinoma®. Liver injury has
also been observed in patients with colorectal
liver metastases after systemic chemotherapy®

? and it can have an undesirable effect on the

perioperative course®.

A liver biopsy is recommended to make a
definitive diagnosis of steatosis and NASH"?,
but it carries a risk of complications'™ . The
accuracy of the liver biopsy for steatosis and
NASH is problematic due to the inhomogeneous
distribution of these diseases within the liver.
Therefore, non-invasive assessment of NAFLD
has been employed instead of liver biopsy.

Several methods have been reported for
the quantitative analysis of steatosis and
NASH, such as computed tomography (CT),
magnetic resonance imaging (MRI) and
ultrasound (US)'™'%. US has been applied
during steatosis screening because it is both
less invasive and inexpensive relative to other
modalities™? " *® but US lacks in objectivity and
quantitativeness'® ',

Recently, acoustic structure quantification
(ASQ), a novel application for ultrasound,
has been developed to analyze the statistical
distribution of echo patterns in the reflected
signal from the parenchyma of organs,
characterizing the structural changes in liver
tissues™?. ASQ calculates the inhomogeneity
of the echo pattern of the liver and has been
proposed as a useful means to exam diffuse liver
disease and monitor fibrotic hepatic change
during treatment”®. However, the availability
of ASQ for patients with NAFLD has only
rarely been demonstrated.

In this study, we applied ASQ to patients
intended to undergo liver surgery and evaluated
its efficacy at predicting NAFLD by comparing
the histopathological findings in the resected
liver specimen with that of ASQ findings.

Methods

Patients

Forty-three patients who underwent liver
resection at Hirosaki University School of
Medicine and Hospital from April 2012 to
August 2013 were enrolled in this study. The
present study was approved by the ethical
committee of the Hirosaki University Graduate
School of Medicine, and informed consent was
obtained from each included patient.

ASQ

The principle of the ASQ method* 2 s
briefly presented below.

A region of interest (ROI) is set within the
ultrasound images, and the probability density
function (PDF) is calculated for the echo
signal amplitude within the ROI Therefore, the
calculated PDF is known to be approximated
by the Rayleigh distribution if the ROI contains
only a homogeneous echo pattern and is free
of any tissue structure higher than the spatial
resolution level®. In normal liver parenchyma,
the PDF is not described by the Rayleigh
distribution due to the presence of the vessel
walls and Glisson’s capsule. The PDF in livers
that contain fibrosis or cirrhosis greatly deviates
from the Rayleigh distribution. However, during
the progression of fatty liver, the PDF closely
resembles the Rayleigh distribution.

If the examiner sets a comprehensive ROI
(large-ROI) within the image, hundreds of
small ROIs (small-ROI) are automatically set
within the large-ROI (Figure 1A). Then, a PDF
calculation and an analysis of the deviation from
the Rayleigh distribution are carried out for
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each of these multiple small-ROI. The chi-square
test is carried out to evaluate the significance
of the results, and the specific parameter “C3” is

defined as follows:

_ oh _( T )a%
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2 .
where u and ¢° are the average and variance

Ca

of the echo signal amplitude in a small-
ROI, respectively. The o2 is the variance
calculated from the measured value of the
signal amplitude. The ¢&(i,) is the approximate
variance estimated from the average x# when it
is supposed that the multiple small-ROI consist
of homogeneous region. The Ci value is the
degree of deviation calculated as the ratio of
o4 to oa(uy). All results for C2 are plotted on an
occurrence histogram (C3-histogram; red line
in Figure 1B). If the samples are homogeneous,
the C2-histogram reveals a narrow peak of
100%, and both the CZ average value and the
mode value are equal to 100%. However, if the
samples are inhomogeneous, the C2-histogram
shows a broader peak, and both the C3 average
value and the mode value increase in relation to
the inhomogeneity. In this case, the samples are
considered to be either diffusely inhomogeneous
or focally inhomogeneous. The latter reveals
the presence of unnecessary structures (e.g.,
the cross section of vessels). At this point, to
remove local structures from the ROIs, the ASQ
software performs the procedure to recalculate
CZ from limited samples smaller than x4 + 4o.
Then, the recalculated C§ value (rC3) is smaller
than C7, and the CZ value is sometimes even
equal to 100%. If the ratio C3/rC3 is larger
than 1.2, the result of C3 is eliminated from the
histogram (red line, Figure 1B) and added to
the alternative histogram (blue line, Figure 1B).
As a new parameter, the focal disturbance ratio
(FD-ratio) is defined by the histogram. The FD-
ratio is the ratio of the area under the curve
(AUC) for these two histograms: FD-ratio =
[AUC (blue)]/[AUC (red)]. If the samples

exhibit a Rayleigh distribution for the PDF, the
FD-ratio is equal to 0. Following a deviation
from the Rayleigh distribution, the FD-ratio
becomes larger.

Based on the above-mentioned principle,
the ASQ method is designed to quantitatively
evaluate slight structural changes using the FD-
ratio.

Ultrasound

Ultrasonography was performed within
1 week before resection using an Aplio XG
(Toshiba Medical Systems, Osaka, Japan)
combined with a 3.5 MHz convex transducer
(PLT-375BT). The scan mode was harmonic
B-mode imaging. The display depth and
transmit focus were fixed at 8 cm and 6 cm,
respectively. We captured three images for
analysis from the right hepatic lobe using an
intercostal approach. A single ROI (600 mm?)
that included the widest portion of the hepatic
parenchyma that was free of great vascular
structures was positioned in each image in the
vicinity of the focused area with dimensions of
30 X 20 mm. The median value of the FD-ratio
was used as the final result.

Clinical and laboratory evaluation

The body weight and height of all patients
were measured upon admission, and the body
mass index (BMI) was calculated. Venous blood
samples were obtained following 12 hours of
overnight fasting, and from these samples, the
platelet count (Plt), prothrombin time (PT),
aspartate aminotransferase (AST), alanine
transaminase (ALT), y-glutamyl transpeptidase
(y-GTP), total bilirubin (T-Bil), total cholesterol
(Chol), triglycerides (TG), and the plasma
retention rate of indocyanine green at 15
minutes (ICG-R15) were analyzed in this study.

Histopathological analysis
Specimens of operative hepatic resection
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Figure 1 Schematic diagram of the region of interest (ROI) used for statistical analysis of the radio frequency
signal with the acoustic structure quantification (ASQ) method, as well as the occurrence histogram.
A: A large-ROI consists of several hundred small-ROIs used to calculate the degree of deviation.
B: Results are shown in an occurrence histogram. The red line demonstrates the “diffuse
inhomogeneity” and “homogeneity” of the each small-ROI, and the blue line shows the “focal

inhomogeneity” of the each small-ROI.

were examined by three pathologists under
blinded review, and non-tumorous tissue was
evaluated in all samples from the patients. The
NAFLD activity score (NAS) established by
Kleiner et al” was used to grade NASH, and
the degree of steatosis, lobular inflammation,
and hepatocellular ballooning were separately
assessed. The degree of necroinflammatory
activity and fibrosis of NASH was scored
according to the Brunt classification®. The

inflammatory activity and fibrosis of chronic
hepatitis was assessed in accordance with the
new Inuyama classification””. The severity of
sinusoidal dilatation was scored by the method
of Rubbia-Brandt™.

Statistical analysis

Each histopathological finding was regarded
as the reference standard. PASW Statistics
ver. 18.0 software (SPSS Inc. Chicago, USA)
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Table 1 Characteristics of all patients

n (%)
Age (years, mean = SD.) 641 = 11.1
Gender
Male 31 (71D
Female 12 (289)
Condition
HBV 12 (267)
HCV 5 (111
Medication for
Diabetes mellitus 6 (15.6)
Hypertension 5 (13.3)
Hyperlipidemia 3 (89)
Diagnosis
Colorectal liver metastases 22 (489)
Hepatocellular carcinoma 11 (245)
Adenocarcinoma of the biliary tree 10 (22.2)
Operation
Anatomical 15 (378)
Non-anatomical 22 (489)
Combined 6 (13.3)

S.D. = standard deviation.

was used to carry out all statistical analyses.
The Kruskal-Wallis test was used to test the
statistical significance of inter-group differences
from the clinical data and histopathological
findings. When a significant difference was
detected using the Kruskal-Wallis test, we
compared the median values of all groups using
the Mann-Whitney U test. The Spearman’s rank
correlation coefficient was used to compare the
histopathological findings with the FD-ratios. In
all tests, p < 0.05 was regarded as a statistically
significant difference.

Results

Patient characteristics

The study group consisted of 31 men and
12 women with a mean age (* standard
deviation) of 64.1 (+ 11.1) years. The other
characteristics of all patients are summarized in
Table 1.

Comparison of histopathological findings and
clinical data

There were significant differences in FD-
ratio among steatosis grade of NAS, but FD-
ratio was not significantly correlated to the
other histopathological findings (Table 2).
The NAS presented a steatosis grade 0 (n =
23),1 (n=17),2 (n=3),0or 3 (n =0). There
were significant differences in the FD-ratio, LS-
ratio, BMI, and »-GTP (p < 0.001, p = 0.023, p =
0.021, and 0.027, respectively) according to the
steatosis grade of NAS (Table 3). The FD-ratio
and BMI showed a stepwise change with the
steatosis grade of NAS. The graphic chart of C3
obtained by ASQ corresponds to the steatotic
change in the liver, ie, diffuse homogeneity in
the each small-ROI yields a thinner red line, and
a reduction of the focal inhomogeneity among
the numerous ROIs lowers the peak of the blue
line (Figure 2).

Relationship between the histological findings and
clinical data

Because the FD-ratio results differed
significantly depending on the steatosis grade,
we compared the median value of all groups
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Figure 2 The occurrence histogram and microscopic evaluation of the liver parenchyma,
corresponding to the steatosis grade of the NAFLD activity score.

according to the steatosis grade. The median
FD-ratio decreased with the steatosis grade,
from 0.157 (range: 0.039-0.410) at steatosis grade
0, 0.085 (range: 0.021-0.159) at steatosis grade 1,
and 0.039 (range: 0.021-0.048) at steatosis grade
2 (Table 3). There were significant differences
in the FD-ratio between steatosis grades 0 and
1 and between steatosis grades 0 and 2 (p =
0.001 and p = 0.007, respectively), although no
significant difference was observed between
steatosis grades 1 and 2 (p = 0.050) (Figure 3).

The Spearman’s rank correlation coefficient
revealed significant negative correlation
between the steatosis grade and the FD-ratio (r
=-0.608, p < 0.001).

Discussion

In the present study, we found the strongest
correlation between the FD-ratio obtained by
ASQ and histopathological steatosis grade of
NAFLD activity score (NAS) among patients
regardless of background factors, and serological
liver function tests. These results suggest that
ASQ analysis of the liver and its outputs reliably
detect steatosis by calculating the statistical
deviation of ultrasound imaging.

Although ultrasonography is perceived to
be highly sensitive and reliable manifestations
of fatty liver, quantitative method to examine
the severity of lipid accumulation in the human
liver has not yet been reported. Here, we have
demonstrated that ASQ can be used to detect
the degree of steatosis corresponding to the
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Table 2 Focal disturbance ratio with histopathological findings

Histopathological score n (%) . FD-ratio p value
median (range)
Sinusoidal dilatation 0 6 (14.0) 0.100 (0.021-0.191)
1 25 (58.1) 0.112 (0.021-0.410) 0.756
2 12 (279 0.120 (0.039-0.354)
Inuyama classification
Inflammation 1 27 (628) 0.089 (0.021-0.246) 0.088
216 (372 0133 (00480410)
Fibrosis 0 17 (39.5) 0.129 (0.021-0.246)
1 17  (395) 0.081 (0.026-0.194)
2 3 (7.0) 0.146 (0.048-0.298) 0.298
3 1 (2.3) 0.125
4 5 (11.6) 0.134 (0.069-0.410)
Brunt classification of NASH
Necroinflammation 1 26 (60.5) 0.104 (0.021-0.298)
2 11 (25.6) 0.125 (0.026-0.189) 0.888
36 (140 0108 (00390410)
Fibrosis 1 29 (674) 0.096 (0.021-0.246)
2 8 (186) 0.115 (0.026-0.298)
3 1 (2.3) 0.125 0486
4 5 (11.6) 0.134 (0.069-0.410)
NAS 0 1 (23) 0.180
1 11 (25.6) 0.139 (0.061-0.298)
2 19 (44.2) 0.096 (0.021-0.410) 0.043*
3 9 (20.9) 0.132 (0.052-0.191)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 13 (70 003 (00210048
Lobular inflammation 0 1 (2.3) 0.180
1 25 (58.1) 0.089 (0.021-0.298) 0.358
2 14 (326) 0.140 (0.039-0.410) ’
3.3 (0)  0l5 (006%019)
Hepatocyte ballooning 0 40  (93.0) 0.116 (0.021-0.410) 0215
13 @0 0039 (00z10162)  *P
Steatosis 0 23 (535) 0.157 (0.039-0.410)
1 17 (395) 0085 (0.021-0.159) < 0.001*
2 3 (7.0) 0.039 (0.021-0.048)

FD-ratio = focal disturbance ratio, NASH = nonalcoholic steatohepatitis, NAS =
non-alcoholic fatty liver disease activity score.

* p < 0.05, Kruskal-Wallis test.

histopathological steatosis grade in patients
who have received hepatectomy. Difficulties in
making a diagnosis using the usual methods
might arise from a lack of objectivity and
quantitativeness'® '; however, ASQ outputs
a numerical value and provide a quantitative
assessment of the liver tissue according to the
lipid deposition. As this novel method is non-
invasive, inexpensive, and amenable to repeated
use, analysis by ASQ could be a prop for
detecting the severity of hepatic steatosis and
the follow up of patients with NAFLD.

During the application of ASQ, the
ultrasound signals from the numerous small-
ROI are analyzed respectively to ameliorate the
analytical precision, and “diffuse inhomogeneity”
and “focal inhomogeneity” are postulated in each
small-ROI If a large amount of fat accumulates
in the liver, the parenchymal image will cause
the deviation of signal intensity in the small-
ROIs to be homogeneous, and the proportion of
“Inhomogeneous” small-ROIs will decrease.

Recently, it has been reported that certain
types of chemotherapy also lead to fat
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Table 3 Physical and biochemical characteristics of patients with steatosis

Steatosis grade of NAS
0 1 2

(n = 23) (n=17) (n=23) p value
) 21.22 22.66 2503 )
BMI (ke/m’)  (1608'9891)  (1722-2768)  (24.68-26.80) 0.021
. 175 179 173
Plt (x107/mL) g 055 ) (5.327.2) (17.2-21.5) 0879
97 99 91
PT (%) (73.0-115.0) (65.0-109.0) (79.0-97.0) 0.209
AST (IU/L) 31 26 38 0.283
(10.0-54.0) (13.0-83.0) (35.0-41.0) :
ALT (IU/L) 30 2l 48 0.113
(12.0-66.0) (8.0-168.0) (35.0-50.0) :
.GTP (IU/L) 81 38 92 0027*
v (16.0-408.0) (17.0-223.0) (67.0-98.0) :
T-Bil (mg/dL) 0.6 0.5 0.5 0.667
g (0.20-1.30) (0.30-1.00) (0.40-0.50) :
179 185 198
Chol (mg/dL)  (10909520)  (134.0-242.0)  (170.0-231.0) 0.646
104 96 166
TG (mg/dL)  (60,02270) (56.0-240.0) (82.0-203.0) 0.464
14 10 8
ICG-R15 (%) (3.0-47.0) (3.0-39.0) (6.0-22.0) 0.878
. 0.157 0.085 0.039 .
FD-ratio (003904100 (0.021-0159)  (0.021-0.048) < 0.001

Data are median value (range) measured in the current study population.

NAS = non-alcoholic fatty liver disease activity score, BMI = body mass index, Plt =
platelet count, PT = prothrombin time, AST = aspartate aminotransferase, ALT =
alanine transaminase, »-GTP = y-glutamyl transpeptidase, T-Bil = total bilirubin, Chol
= total cholesterol, TG = triglycerides, ICG-R15 = indocyanine green retention rate at
15 min, FD-ratio = focal disturbance ratio

*p < 0.05, Kruskal-Wallis test.
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Figure 3 Comparison between the steatosis grade and the focal disturbance ratio (FD-ratio).
The median FD-ratios of all groups were compared using the Mann-Whitney U test. There were
significant differences in the FD-ratio between steatosis grades 0 and 1 and between steatosis
grades 0 and 2. The Spearman’s rank correlation coefficient revealed a highly significant
negative correlation between the steatosis grade and the FD-ratio (r = -0.608, p < 0.001).

deposition in the liver”. Therefore, detecting and for monitoring the therapeutic efficacy in
the magnitude of steatosis is thought to patients with chronic liver disease in general
be increasingly important as a means of rather than simply NAFLD.

prophylaxis of the progression to liver cirrhosis In this study, ASQ demonstrated the ability
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to detect the presence or absence of steatosis.
This application of ASQ might also be useful for
choosing the optimal timing for hepatectomy in
patients with colorectal liver metastases during
systemic chemotherapy, as this combination of
treatments can involve chemotherapy-associated
steatosis/steatohepatitis and severe damage in
the remnant liver by the chemotherapy, leading
to morbidity and mortality” U In addition, ASQ
will be available to ensure proper selection of
donors for liver transplants, health screening,
and so on, utilizing its non-invasive and
inexpensive characteristics.

In conclusion, a novel analytical method that
is available using conventional ultrasonography
is useful to quantitatively examine the fat accu-
mulation in the liver parenchyma. Furthermore,
it can be a reliable index for the early detection
of diffuse liver disease.
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